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Abstract
hydrological dynamics. In this study, several hydrological parameters, nutrients, chlorophyll-a (chl-a),
suspended particulate matter (SPM) and Ra isotopes (***Ra, **’Ra and **Ra) of surface waters of the Zhujiang
(Pearl) River estuary (ZRE) were measured. This was done for both winter (December) and summer (July)

Radium (Ra) isotopes are useful for tracing water mass transport and examining estuarine

seasons, to quantitatively understand the seasonal characteristics of river plume flow rate and trajectories,
as well as the ecological response. The results show that Ra concentrations in summer were higher than in
winter, especially 2**Ra (about 2—5 times higher). The spatial distribution of three Ra isotopes and relative
Ra water ages indicated that river water mainly flushed out of ZRE through the western side in winter,
where the water transport was about 5 days faster than in the eastern zone. In summer, diluted river water
expended to the east side, resulting in fairly similar water ages for both sides of the river mouth. Although
nutrients were higher during the summer season, lower chl-a concentrations indicated that reduced primary
production might be caused by high SPM (low light penetration). The results obtained from this study will
provide knowledge needed for effectively developing and managing the ZRE.
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1 INTRODUCTION

In estuarine area, river flow provides a source of
nutrients, metals and other components into the
coastal ocean. As a result, this process would have an
impact on the coastal ecosystem. Water age, which
was derived from Ra isotopes, has been proved to be
an important parameter for understanding the
“metabolic rate” of a coastal ecosystem (Moore,
2006a). **Ra, **Ra and **Ra are three naturally
occurring radium (Ra) isotopes with half-lives that
cover a large temporal range, 3.66d, 11.4d and
1 600y, respectively. The combination of different
isotopes could be used as robust tracer for assessment
of water mixing and transportation under variable

time scales. Short-lived Ra isotopes (***Ra and **’Ra)
are especially suitable and popular for spatiotemporal
scales like estuarine-coastal zones over days to weeks
(e.g., Moore, 2000, 2006b; Peterson et al., 2008; Knee
et al., 2011; Xu et al., 2013). Since the early 1990’s,
some models had been build up to assess ‘water age’
in coastal regions (Moore and Todd, 1993; Moore,
2000). Water age here, originally is regarded as “the
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time elapsed since the water sample became enriched
in Ra and was isolated from the source” (Moore,
2000). It is an apparent age of an observed site
relevant to the chosen source area, which in common
cases will be inner shelf water (Moore, 2000),
groundwater (Hougham and Moran, 2007; Tomasky-
Holmes et al., 2013), river water (Moore and Krest,
2004; Dulaiova and Burnett, 2008), or the sampling
site with highest activity ratio collected (Peterson et
al., 2008; Xu et al., 2016). However, if one just wants
to simply compare the relevant hydrodynamics of two
sampling sites, either site could be deployed as the
source (site 1) and then calculates the apparent water
age of the other place (site 2). If a positive age
obtained in site 2, water flushing rate there was
thought to be slower than which in site 1, and vice
versa.

As the second largest river in China, the Zhujiang
(Pearl) River is important culturally and economically
(Yin and Harrison, 2008). During the past few
decades, massive economic growth and urban
development in the Zhujiang River estuary (ZRE)
have led to an excessive volume of waste water being
released into the sea through this estuary. Assessment
of estuarine water ages is important to provide a more
complete understanding of the flow dynamics for
managing the ecological environment effectively. In
previous studies, researchers mainly used physical
models to examine the estuarine hydrodynamics of
the ZRE (Huang et al., 2013; Pei et al., 2013; Ren et
al., 2014), but few studies published so far have been
based on isotope-tracer techniques (Liu et al., 2012;
Wang, 2014). For better understand the estuarine
water mixing and transportation processes, it will be
more conversable to involve geochemical isotopes
data as a synergy.

Therefore, in this work, we try to use Ra isotopes
as tracers to assess estuarine hydrodynamics and its
ecological influence in the ZRE. The spatial and
temporal distribution patterns of all three Ra isotopes
(**Ra, ?*Ra and ***Ra) in the mouth of the ZRE were
examined. By using the “Apparent Radium Age”
model, water ages were then calculated and compared
to better understand the flow dynamics two different
seasons (December and July). Combining these
observations with nutrient data (dissolved inorganic
nitrogen (DIN) and dissolved inorganic phosphorus
(DIP)), chlorophyll-a (chl-a), and suspended
particulate matter (SPM) distribution patterns, the
ecological influence of the estuarine hydrodynamics
was evaluated. Although we only have limited data

set, we found that the hydrodynamic difference
between western and eastern zone of the ZRE was
indeed smaller in summer than which in winter. Our
preliminary observation is constant with previous
modeling results, which could semi-quantitatively
support that river discharge more intensively
influenced the east zone of the Zhujiang River estuary
in summer. The results of this study will help to
improve the knowledge of flow patterns and
biogeochemistry within the ZRE.

2 MATERIAL AND METHOD

2.1 Site description and sample collection

The ZRE is situated along the northern shelf of the
South China Sea (Ren et al., 2014). The Zhujiang
River is the third longest river in China after the
Changjiang (Yangtze) and the Huanghe (Yellow)
Rivers (Dong et al., 2004). It consists of three major
tributaries: the West River, the North River and the
East River (Guo et al., 2008). The rivers in the lower
reaches are separated in a radial pattern with eight
water channels that eventually flow into the South
China Sea. These eight outlets include Humen,
Jiaomen, Hengmen, Hongqili, Modaomen, Jitimen,
Hutiaomen and Yamen (Nie et al., 2005). About half
of the river flow enters the Lingdingyang, which was
referred to as “the Zhujiang River estuary” in this
paper, through the east four outlets (Fig.1). The ZRE
ecosystem is very important for the economic
development of Guangdong, Hong Kong and Macau.
Unfortunately, it has been suffering from serious
pollution issues due to the rapid industrialization and
urbanization in the area (Cai and Li, 2011).

One transect was set up with four sampling sites
along the mouth of the ZRE (Fig.1). Two cruises were
conducted in December 2012 (circles) and July 2013
(triangles), respectively. Sampling time were
coincided with periods of normal flow year and high
flow year, with annual river discharge of 306.1x10? m?
in 2012 and 333.3x10° m? in 2013 (Zhujiang River
Water Resources Commission of the Ministry of
Water Resources). The annual average discharge of
the whole basin is 10 524 m?/s, 20% of which occurs
during the dry season from October to March, and the
other 80% occurs during the wet season from April to
September (Zhao, 1990; Yin, 2002; Yin et al., 2004;
Dai et al., 2008). Temperature and salinity were
directly measured on-site. Surface water samples
were collected for analysis of Ra isotopes, DIN, DIP,
chl-a and SPM.



1110 CHIN. J. OCEANOL. LIMNOL., 35(5), 2017

South China Sea

f T T T T
113.0° 113.2° 113.4° 113.6° 113.8° E  114.0°

Fig.1 Location of the study area (ZRE) (a); sampling
stations in the ZRE (b)

Circles denoted by lowercase letters represent stations in December
2012, and triangles denoted by uppercase letters were from July 2013.

2.2 Ra isotopes analysis

The concentrations of Ra isotopes could be
determined by various methods (Moore, 1984; Butts
etal., 1988; Kimetal.,2001). The delayed coincidence
counting system (RaDeCC) pioneered by Giffin et al.
(1963) and developed by Moore and Arnold (1996) is
a state-of-the-art technique for measurement of **Ra
and **Ra combined with the Mn-fiber extraction
method. Recent studies show that the *Ra activity
can also be determined by RaDeCC based on the
difference of alpha decay records in all three counting
channels (Waska et al., 2008; Peterson et al., 2009).
For analysis of Ra, 60 L water was collected for each
sample from the surface layer (about 0.5 m). Ra was
extracted by passing water samples through Mn-fiber
cartridges with flow rates <1 L/min. Fiber samples
were sent back to our laboratory within 3 days. After
being washed and moisture adjusted, *’Ra and ***Ra
were counted three times within one month via
RaDeCC (Moore and Arnold, 1996; Xia et al., 2016).
Excess ??*Ra activities were corrected for that portion

Vol.35

supported by **Th (Moore and Krest, 2004; Wang et
al., 2014). After the analysis of short-lived Ra
isotopes, **Ra was also counted via RaDeCC
following the procedures described by Peterson et al.
(2009) and Waska et al. (2008). Uncertainties of Ra
activities were determined by statistical counting
deviation within a 1-c confidence interval.

2.3 Nutrients (DIN and DIP) analysis

For nutrients, DIN was reported as the sum of NOj,
NO;3, and NHj; and DIP as PO?. The water samples
were filtered immediately after collection with acetate
cellulose filters with 0.45 um pore-size, and then
quickly frozen at -20°C (Chen et al., 2002). These
samples were measured by a QUAATRO Continuous-
Flow Analyzer (BRAN-+LUEBBE, Germany) in
accordance with the methods described by Grasshoff
et al. (1999). The analytical precision for all nutrients
was better than 3%.

2.4 SPM analysis

For SPM, samples were filtered with 0.45 um pore-
size pre-weighted filters. After filtration, the filters
were rinsed with Milli-Q water to remove salt and
kept frozen. All filter samples were dried in a 60°C
drying oven and weighted to obtain the SPM
concentration (GB17378.4-1998).

2.5 Chl-a analysis

For Chl-a, 250 mL water samples were collected
and 2 mL (10 g/L) saturated MgCO; solution was
added. After thoroughly mixing, the water samples
were filtered with fiberglass filters with 0.45 um pore-
size under a vacuum pressure of 50 kPa. Then 10 mL
acetone solution (ratio of volume is 9:1) was added,
vibrated and placed for 14-24 h in -4°C to extract the
chl-a with the centrifuged solution at a rotation rate of
3 000—4 000 r/min. Finally, the fluorescence of the
extract was measured with a spectrophotometer at an
excitation wavelength of 436 nm and emission
wavelength of 750 nm (GB17378.7-2007). The
analytical precision was about 5 %.

3 RESULT AND DISCUSSION

Spatial and temporal variations in temperature,
salinity, Ra activity, DIN, DIP, SPM and Chl-a for
surface water in the ZRE during winter and summer
seasons are presented below. For the benefit of a clear
compare, we selected four sites (a(A), b(B), ¢(C), and
d(D)) for further discussion.
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Fig.2 Distributions of salinity and temperature in the ZRE in December 2012 and July 2013

Triangles represent data in July and open circles are for samples collected in December. We denote the study area as a western zone (sites a (A) and b (B) with
low salinity), and an eastern zone (sites ¢ (C) and station d (D) with high salinity) for the convenience of discussion. a, b, ¢, d represent stations in winter, A,

B, C, D represent stations in summer.

3.1 Hydrological characteristics

The spatial and temporal distributions of
temperature and salinity in the ZRE are presented in
Fig.2. It shows high salinity and low temperature in
December and the reverse relationship in July. The
Zhujiang River discharge is low from October to
March, and it starts to increase in April and reaches a
maximum in July (Zhao, 1990; Yin et al., 2011).
During the dry season in the Zhujiang River basin,
seawater could easily enter into the ZRE, especially
along the eastern section of the study area (with the
average salinity of 32.0 between sites ¢ and d). With
prevailing northeast winds in winter (Su, 2004), river
water will mainly exit from the western section (with
the average salinity of 20.4 between sites a and b),
where water was observed to have relatively lower
salinity. During the July observations, the river
discharge increased resulting in much lower salinities
compared with those in December. Lower salinities at
sites A and B than at sites C and D implies that the
river flow also occurs mainly in the western section.
However, there is less of a salinity difference between
the western and eastern sections compare to those
observed in winter, perhaps because the southwest
monsoon resulted in more fresh water being
discharged in the eastern part of the ZRE during the
summer (Dong et al., 2004). In previous studies,
researchers also found that the river plume has distinct
monsoonal characteristics. For example, Su (2004)
found that ocean water directly entered the middle
reach of the ZRE during winter seasons. Ou et al.
(2007) reported that low-salinity river runoff was
extended progressively westward, and seawater was
constrained along the eastern portion of the ZRE
during summer. For the convenience of discussion,

Table 1 2**Ra, ***Ra and ***Ra concentrations in the ZRE in
December 2012 and July 2013

= e =
Sample ID Salinity (dpnui?o ") (dpm/i{(z)iO ") (dpm/i{(z)iO L)
Winter
a 17.1 1.6£0.3 57.1432 498412
b 236 2.00.4 51.7+3.6 53.0£13
c 317 2304 314423 28.4+0.8
d 324 12£03 17.0+1.7 18.5:0.7
Average 262 1.8+0.2 39.3+1.4 37.4+0.5
Summer
A 13.1 3.020.1 11526 21.0£0.8
B 216 1.8£0.1 13247 335414
C 24.8 21202 1136 28.741.0
D 25.8 3.0£0.1 1387 36.7£0.9
Average 213 2.5:0.1 125+3 30.040.5

the study area will be denoted as a western zone (sites
a (A) and b (B) with low salinity), and an eastern zone
(sites ¢ (C) and station d (D) with high salinity).

3.2 Ra distributions in the ZRE

The activities of all three Ra isotopes are shown in
Table 1. These data are consistent with results from
previous studies. Wang (2014), for example, reported
all three Ra isotopes activities in surface waters of the
ZRE in summer (August 2012), autumn (October
2012) and winter (December 2010) were 0.41—
11.1 dpm/100 L (***Ra), 6.30-179 dpm/100 L (***Ra)
and 8.91-109 dpm/100 L (***Ra), respectively.

The seasonal variation patterns for >’Ra, ?*Ra and
226Ra in the ZRE are shown in Fig.3. In summer, **Ra
exhibits significantly higher activities (more than 3
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Fig.3 Concentrations of **Ra, **Ra and **’Ra activities in the mouth of the ZRE in December 2012 and July 2013

Triangles represent data in July and open circles are for samples collected in December. Error bars represent the uncertainties derived from statistical counting

deviation of three Ra isotopes.

times) than winter. Meanwhile, **Ra concentrations
were also elevated (about 40% higher) in summer.
The average values of *Ra in summer and winter,
however, were not significant different. There was
more and faster river discharge in summer than which
in winter (60% or times higher, e.g., Zhao, 1990; Yin,
2002; Yin et al., 2004; Dai et al., 2008), so more
abundant of short lived radium isotopes (with less
decay loss) would be observed in the ocean side of the
estuary. Long lived ?*Ra, however, were not quite
different between two seasons. Desorption from SPM
via ion-exchange processes would likely be another
important Ra source in estuaries, which again,
especially for the short-lived species (***Ra and ?*’Ra)
with more regeneration during SPM transportation
(Dulaiova and Burnett, 2008). The average SPM
concentration was 8 mg/L in winter, which increased
by 50% in summer (12 mg/L). Therefore, higher
short-lived Ra isotopes in summer may be also related
to somehow of a SPM acting as a radium source. The
natural activity of ?*Ra is about one order of
magnitude lower than ***Ra (Dulaiova et al., 2006), so
it is not surprising that the seasonal fluctuation of
22Ra was not as notable as ?**Ra. With a half-life of
1 600 years, *Ra would have negligible regeneration
on SPM.

The salinity of estuarine water could be another
factor that determines the concentrations of dissolved
Ra isotopes (Table 1). A typical non-conservative
radium-salinity distribution pattern in estuaries shows
the peak Ra activities usually appear in the
intermediate salinity areas (salinity of 5 to 25). Yuan
et al. (2014) conducted a series of laboratory
desorption/diffusion experiments and concluded that
Ra desorption is greatest at a salinity of 25. However,
a slow desorption of Ra will also occur in the salinity
range of 25 to 30. Cable et al. (2009) also performed

a series of sediment column experiments and the
results indicated that radium desorption is strongest at
the salinity of 18. Thus, the salinity of maximum Ra
desorption is not necessarily constant but may depend
upon the SPM characteristics (mineralogy, grain size,
etc.). In our case, estuary water was constrained with
a relatively moderate salinity range (13.4-25.8)
during July. While in December, because of weaker
river flow, seawater with higher salinities (17.1-32.4)
and lower Ra was more dominant in the ZRE.
Therefore, river discharge, the concentration of SPM
and salinity were all possible factors leading to the Ra
seasonal distribution patterns.

The spatial distribution patterns for radium isotopes
in surface waters of the study area are also shown in
Fig.3. In the December sampling, ?**Ra and **Ra
concentrations in the western zone were higher than
in the eastern zone while the reverse trend was found
in July. The spatial distribution patterns of Ra were
most likely influenced by the river flow (Dong et al.,
2004). River water, containing higher Ra
concentrations, tended to flush out of the river mouth
along the western coast in both seasons, especially in
winter. Because of weaker river flow and the
prevailing northeast monsoon in December, seawater
with lower Ra would be constrained near the eastern
zone of the estuary. However, higher river discharge
and a southwestern monsoon during July would direct
the river plume to the eastern zone resulting in a
reversed Ra distribution pattern between the two
seasons. This information was more apparently
displayed by using radium than salinity and/or
temperature as tracers.

3.3 Apparent water ages in the ZRE

The “Apparent Radium Age” model was originally
introduced by Moore (2000) and used by multiple
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Table 2 Water ages in the ZRE in December 2012 and July

2013
Sample ID Water age (days) Sample ID Water age (days)
Winter Summer
a 0.0£1.9 A 4.9+0.8
b 2.4+2.1 B 0.0+0.8
c 7.3£2.5 C 2.3+£0.9
d 7.0£1.9 D 3.5+0.8
Average 4.2+1.1 Average 20.7+0.4

authors over the past decade (Dulaiova et al., 2008;
Knee et al., 2011). Short-lived Ra isotopes (***Ra and
22Ra) were used to estimate relative water ages in this
study area. Here the activity ratio of the shorter-lived
isotope (***Ra to **Ra) was employed to calculate the
apparent radium ages:
A 1
AR; j'223 - ]"224 ,

where AR, refers to the activity ratio at a specific
sampling location; AR, is the initial activity ratio (in
this case, closest to the source); and A,,; and A,
represent the *2Ra and ?**Ra decay -constants,
0.060 8/d and 0.189/d, respectively. The apparent
water age, t, represents the calculated time elapsed
since the short-lived radium isotopes were added to
the system and isolated from the source. In this study,
we used the Moore (2000) age model in a different
way. We did not intend to quantify the exact water
ages of the whole estuary. We just want to compare
the hydraulic difference between the east and west
part of the estuary, so we deployed the sampling
stations in the western zone as the source and calculate
the apparent water age of eastern sites.

The average apparent water ages based on this
model were 2.7+0.4 days in July and 4.2+1.1 days in
December (Table 2). The results are consistent with
stronger river flow in the ZRE during July. The
estimate shows that the relative ages in eastern zone
are longer than those in the western sector, and the
difference is exaggerated in December. In December,
the average water age in the eastern zone (7.1+1.6
days) was higher than that in the western zone
(1.2+1.4 days) indicating that the water flushing rate
in the western zone was about 5 days faster than the
eastern zone. This can also qualitatively conclude
from the salinity distribution that large portion of
river discharge flushed out of the mouth through the
western zone in winter. Therefore, a relatively low
river discharge leads to a weaker estuarine dynamics

(longer water residence time) in the eastern zone of
the ZRE. In July, the average water age in the eastern
zone (2.9+0.6 days) was about the same as which in
the western zone (2.4+0.6 days). The salinity
distributions also confirmed that the difference
between the eastern and western zones was smaller in
July than that in December (Fig.3). In the western
zone, salinity values in summer were slightly lower
than which in winter (Fig.2). However, even assume
the estuarine hydrodynamics was the same, it is still
reasonable to infer that river discharge influence in
the eastern zone was much higher in summer than
winter.

3.4 Nutrient and chl-a distributions

Chl-a is the main green photosynthetic pigment.
Jiang et al. (2010) found that chl-a concentration was
significantly correlated with primary productivity in
the ZRE by using Pearson correlation analysis.
Therefore, chl-a was treated as an index to show the
intensity of phytoplankton activities in the study area.
As previously discussed, the ZRE was mainly
controlled by river runoff in July according to the
relatively younger water ages. More nutrients could
be transported to the estuary sooner by river discharge
in summer, and higher nutrient concentrations were
observed in studying area, especially DIP (Fig.4).
Previous studies documented that the ZRE ecosystem
is generally recognized as stoichiometric P-limitation
(Yin et al., 2004), which means DIP is important for
primary production in this area. Theoretically, higher
DIP concentrations should trigger more intense
primary productions. However, as shown in Fig.4,
chl-a concentrations in winter were significantly
higher than which in summer. At the same time, we
found the SPM concentrations showed significant
seasonality. Light penetration is also a very important
factor for phytoplankton growth, and the river
discharge was found to be the main source of SPM in
the estuary (Jia et al., 2005). In summer, estuarine
hydrodynamics was strong, and the ZRE was more
turbid (SPM ranged from 9.0 to 20.3 mg/L). As a
result the optical transmissivity of waters would be
largely influenced by suspended particles. It could
reduce the photosynthesis by phytoplankton and
ultimately lead to low chl-a concentrations. In
December, on the other hand, the river discharge was
lower and older apparent water ages suggest a more
stabilized estuarine environment. Low concentrations
of SPM would led to light penetrate deeper into the
water. Therefore, phytoplanktons had sufficient time
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Fig.4 Concentrations of DIN, DIP, SPM and chl-a in the ZRE in December 2012 and July 2013

Triangles represent data in July and open circles are for samples collected in December.

uptake nutrients in a more suitable environment,
leading to a higher level of chl-a was in December.

Previous studies also found that the primary
production in the ZRE was mainly limited by SPM.
Cai et al. (2004) proposed that light is the main
limiting factor to the primary production of the
Zhujiang River estuary. Kuang and Jiang (2011) used
an ecological model (which was designed in
conjunction with a three-dimensional hydrodynamic
and sediment model) to estimate the influence factors
on the ecologic system in the ZRE. The results showed
that the biological growth in summer was mainly
limited by SPM, and DIN was abundant that it could
not limit the biological growth in the ZRE.

4 CONCLUSION

Ra isotopes are useful tracers to investigate water
transport processes in the ZRE. The temporal and
spatial distribution patterns of **Ra, ?**Ra and **Ra
can be used to indicate the direction of river plume
under the changing effects of monsoon and river
discharge. “Apparent Radium Age” model was used
to estimate relative water ages, and the modelling
results indicate that in July the average water age in
the western zone was about 5 days longer than in the

eastern zone, which in winter were about the same.
Based on the comparison of the age differences
between the western and eastern zones of the ZRE
during the two sampling seasons, one can see that the
estuarine hydrodynamics in the eastern zone were
significantly enhanced in July. Although nutrient
concentrations were higher during July, lower chl-a
concentrations indicated lower primary production.
This might be caused by high SPM (low light
penetration).
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