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Abstract

As an important land-ocean interaction process, submarine groundwater discharge (SGD) is composed of
multiple dynamical processes at different scales and plays an important role in the study of coastal ocean
geochemical budgets. However, most of the existing studies focus on the quantification of the total groundwater
discharge, few studies are about the differentiation and quantification of groundwater discharge processes at
different scales (i.e., short-scale SGD and long-scale SGD). As a world-class river, the Huanghe River is highly
turbid and heavily regulated by humans. These natural and anthropogenic factors have a significant impact on
groundwater discharge processes in the Huanghe River Estuary (HRE). In this study, the distribution patterns of
the natural geochemical tracer radium isotopes (?2*Ra and 2?Ra) and other hydrological parameters in the HRE
were investigated during four cruises. By solving the mass balance of 2?*Ra and ??Ra in the HRE, the long-scale
SGD flux was quantified as 0.01-0.19 m/d, and the short-scale SGD flux was 0.03-0.04 m/d. The rate of short-scale
SGD remained essentially constant among seasons, while the rate of long-scale SGD varied considerably at
different periods and showed a synchronous trend with the variation of river discharge. The results of this study
are significant for understanding the SGD dynamics in the HRE and the contribution of SGD to the ocean
geochemical budgets.
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1 Introduction

Estuaries play an important role in transport of continental
weathering materials from land to the sea (Meybeck and
Vorosmarty, 2005). A large amount of terrestrial material will
enter the ocean with the river discharge. In addition to terrestrial

inputs, subterranean estuaries can also change the oceanic
chemical budgets in coastal zones (Moore, 1996). Submarine
groundwater discharge (SGD) is now considered as an important
contributor to coastal ocean geochemical budgets that supplies a
significant amount of nutrients and other constituents (e.g., car-
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bon, trace metals) to estuaries and coastal zones (Swarzenski et
al., 2007).

SGD has been commonly defined as any and all flow of water
on continental margins from the seabed to the coastal ocean, re-
gardless of fluid composition or driving force (Burnett et al., 2003;
Taniguchi et al., 2019; Garcia-Orellana et al., 2021). This defini-
tion involves short-scale (centimeters) seawater-porewater inter-
action processes (short-scale SGD) and long-scale (meters to
kilometers) groundwater transport processes (long-scale SGD).
Of course, short-scale SGD may occur at deeper depths in cer-
tain environments with intense bioturbation, such as mangroves.
It should be noted that the chemical composition of these water
fluxes at different spatial and temporal scales may be consider-
ably different due to factors such as the redox condition vari-
ations during transport. For example, Alorda-Kleinglass et al.
(2019), in their study of coastal mine tailing, found that while
most of the dissolved metals were remobilized and released into
the water column by short-scale SGD, the dissolved Fe was im-
ported into the ocean by long-scale SGD. Therefore, differentiat-
ing short-scale SGD and long-scale SGD from total SGD can bet-
ter characterize the fluxes of dissolved constituents to coastal sys-
tems and their ecological implications.

Over the past decades, natural radium isotopes (Moore, 1996,
2007, 2010) and radon (Lambert and Burnett, 2003; Santos et al.,
2008, 2009; Adyasari et al., 2023) are widely applied to estimate
SGD flux/rate due to their conservative chemical behavior and
distinct differences in the concentrations between groundwater
and seawater. However, water fluxes across the sediment-water
interface are commonly a mixture of several components due to
heterogeneous nature of the spatial and temporal distribution of
SGD. Thus, it can be challenging to differentiate advective fluxes
into groundwater components, which commonly have resided in
the aquifer for relatively long periods, and exchange of porewa-
ter, which often spends comparatively shorter time in contact
with sediments. Radium isotopes (?2*Ra, T}, = 3.66 d; ?*°Ra, T} , =
11.4 d; ?8Ra, T, ,, = 5.75 a; #?Ra, T}, = 1 600 a) appear to be reli-
able tracers for distinguishing and quantifying both long-scale
SGD and short-scale SGD (Rodellas et al., 2017). Radium iso-
topes are enriched in both brackish groundwater and porewater
relative to coastal ocean. Considering different half-lives, the in-
growth of radium isotopes governed by their decay constants
makes them to be characteristic in endmembers associated with
different processes. Thus, short-scale SGD occurring on shorter
time scales does not allow a significant ingrowth of the long-lived
radium isotopes, which might be valid for long-scale SGD
(Gleeson et al., 2013). Therefore, endmembers with unique radi-
um isotopes compositions may be a marker to differentiate long-
scale SGD and short-scale SGD.

The Huanghe River Estuary (HRE) is a well-studied example
of SGD in different biogeochemical and hydrological aspects. As
the second longest river in China, the Huanghe River flows over
5400 km and drains an area of 745 000 km? (Jiang et al., 2007).
Previous studies have found that abundant quantities of ground-
water are discharged from the Huanghe River delta into the Bo-
hai Sea, both by using seepage meters (Taniguchi et al., 2008)
and Ra/Rn tracer-based method (Peterson et al., 2008; Xu et al.,
2013, 2014; Xia et al., 2016; Wang et al., 2015). These discharged
groundwaters and associated nutrients make important contri-
butions to the coastal ecosystem, and studies have shown that
SGD flux was higher than the Huanghe River and supplies about
70% of the total nutrient load to the HRE (Xu et al., 2013). A re-
cent study found that SGD in the HRE is spatially heterogeneous

and very important to alter the benthic biogeochemistry (i.e., pH,
DO) (Chen et al., 2022). However, the above results are the quan-
tification of total groundwater discharge fluxes mainly without
distinguishing long-scale SGD and short-scale SGD processes.
Outcomes of relative studies would surely improve the under-
standing of the key driving process on the benthic boundary of
the HRE.

Therefore, the main goal of this work is to distinguish and
quantify long-scale SGD and short-scale SGD fluxes into the HRE
by using radium isotopes (?23Ra and ?24Ra) as tracers. Results ob-
tained from this study would help to better understand the con-
tribution of groundwater discharge processes to regional sub-
stances.

2 Method

2.1 Sampling and analytical methods

Four sampling cruises were conducted in the HRE in June
2014, July 2014, July 2016, and May 2019, and 104 sampling sta-
tions were setup as shown in Fig. 1. Water salinity, temperature,
pH, and DO for all cruises were measured in situ via an XR-420
model submersible multichannel conductivity-temperature-
depth sensor (RBR, Canada). Seawater samples were collected
from 0.5 m below surface for radium isotopes (??°Ra, 224Ra) ana-
lysis. During the same period, three field investigations along the
coast of the Huanghe River delta were conducted to obtain
groundwater samples in June 2014, July 2014, and May 2019. Res-
ults from the 2014 cruises were previously reported by Xu et al.
(2016).

Seawater samples (about 80 L) were collected by using a sub-
mersible pump at each station during the cruises. Shallow
groundwater samples of about 2 L (~0.5-1 m below the sediment
surface) along the coast were collected at each site for radium
analyses by using a push-point piezometer with a peristaltic
pump. All water samples were pre-concentrated by passing
through cartridges filled with ~20 g manganese impregnated ac-
rylic fiber (“Mn-fiber”) at a flow rate of <1 L/min to quantitatively
extract radium isotopes. After collection, all fibers were thor-
oughly washed with distilled water to remove residual salt and
particulate matter. After being partially dried until the water/fiber
mass ratio range reached ~0.8-1.0, fiber samples were taken to
laboratory for later radium isotope activity measurements. The
short-lived radium isotopes (22°Ra and 22*Ra) were then counted
via the radium delayed coincidence counting system (RaDeCC)
(Moore and Arnold, 1996; Moore, 2008). The measurement er-
rors were on average 20% for 225Ra and 12% for 2?Ra.

2.2 Radium mass balance model

The radium quartet (>2°Ra, 224Ra, ??6Ra, and ??8Ra) have been
proven to be powerful tracers for differentiating flows of long-
scale SGD and short-scale SGD in coastal settings (Rodellas et al.,
2017). These water fluxes occurring at multiple spatial scales can
be quantified concurrently by mass balances for different radi-
um isotopes, considering suitable half-lives matching with the
timescales of water flow pathways (Alorda-Kleinglass et al.,
2019). In this model, radium inputs and outputs are quantified,
and the excess (or unexplained) radium inputs must come from
SGD. Finally, different types of volumetric fluxes can be evalu-
ated by dividing the excess radium flux by radium activity con-
centrations in different endmembers (Garcia-Orellana et al.,
2021). Assuming steady state conditions, the mass balance for ra-
dium isotopes can thus be expressed as follows:



34 Xu Haowei et al. Acta Oceanol. Sin., 2023, Vol. 42, No. 8, P. 32-39

117° 120°

123¢

126° 129°E

41°

B‘o\;\a‘\ Sea

1

35°
32°
29°

26°

37.20

118.8° 119.1° 119.4° 119.7°E
b
Bohai Sea
38.1°
° >
Q +
& o
Oy, &
*o % .
F o ¢
% +
37.8° Ty & o
*

seawater in June 2014
4 seawater in July 2014
37.5° + seawater in July 2016

& seawater in May 2019

Laizhouw Bay

groundwater in June 2014
® groundwater in July 2014

@ groundwater in May 2019

Fig. 1. Study area of the Huanghe River Estuary (a), and locations of sampling stations for seawater and groundwater collected from

2014 to 2019 are denoted in color symbols (b).

Fiiver — Faift + Faec =
Qshort-scale SGD * Rashort-scale * S + Qlong-scale SGD * Ralong-scale - S, (1)

FRa - Focean -

where Fp, is the total Ra flux to the HRE (dpm/d) (1 Bq = 60 dpm);
F is the radium flux contributed by the open ocean (dpm/d);

ocean
Fver is the radium input from Huanghe River (dpm/d); Fy;; rep-
resents the radium fluxes diffusing bottom sediments (dpm/d);
Fg.. is the decay loss of Ra (dpm/d); Qgpor¢.scate sgp 1S the short-
scale SGD flux (m/d); Q|ong.scale sgp iS the long-scale SGD flux
(m/d); Rag,,.scale i the Ra activity concentration in short-scale
SGD endmember (dpm/m?3); Ra,,,. 41 is the Ra activity concen-
tration in long-scale SGD endmember (dpm/m?3); and S is the
seawater area (m?2). Two radium isotopes, 223Ra and 22*Ra, were
used together to solve the two unknown terms of long-scale SGD

and short-scale SGD in the equation.
3 Results

3.1 Salinity and radium isotopes in the HRE

Distribution patterns of salinity, 223Ra, and 2?*Ra in seawater
are shown in Fig. 2, with detailed data listed in Table S1. During
the sampling period, the salinity of seawater ranged from 11.80 to
27.29 (mean: 25.40) in June 2014, from 7.77 to 27.14 (mean:
22.57) in July 2014, from 23.96 to 30.15 (mean: 27.52) in July 2016,
from 25.86 to 29.04 (mean: 27.62) in May 2019. Overall, the salin-
ity showed lower values near the estuary and increased toward
the open sea (Fig. 2al-a4). However, the location of minimum
salinity zone varied in different sampling periods, which was
changed from the northern side of the estuary (June 2014 and Ju-
ly 2014) to the southern side of the estuary (July 2016 and May
2019). This phenomenon was corresponding with the deflection
of the flushing direction of the Huanghe River diluted water (Xia
etal., 2016).

During all four-sampling period, 223Ra (Fig. 2b1-b4) and 22‘Ra
(Fig. 2c1-c4) showed similar temporal and spatial distributions

in the coastal waters, which was higher nearshore and lower off-
shore. The main sources of radium isotopes in the HRE are the
Huanghe River runoff input, suspended particulate matter (SPM)
desorption, and long/short-scale SGD. During the four cruise
surveys, the Huanghe River had the highest runoff and sediment
load in July 2014, while the highest isotopic levels of 223Ra and
224Ra were observed in the HRE ranging from 6.03 dpm/m?3 to
41.3 dpm/m3 and 121 dpm/m3 to 1 810 dpm/m?, respectively.

3.2 Ra endmembers of long/short-scale SGD

The salinity and radium activities in groundwater during
coastal investigations (June 2014, July 2016, and May 2019) are
given in Table S2. The salinity of groundwater samples ranged
from 13.66 to 44.80. Salinization of groundwater implies that the
recirculated seawater dominates the shallow coastal aquifer in
the Huanghe River delta region. The averaged activity concentra-
tions of 223Ra and 224Ra (480 dpm/m3 and 17 800 dpm/m?3) in
groundwater were approximately 23 and 36 times higher than in
the coastal seawaters, respectively.

In order to constrain the 224Ra and ??3Ra activities in the
short-scale SGD endmember, the 224Ra/??3Ra activity ratios
(AR,34/2,3) in nearshore coastal waters can be used (Alorda-Kle-
inglass et al., 2019). The AR,,, ,,; in nearshore coastal waters has
proven to be a useful tool for quantifying water age (Moore,
2000). The temporal scales of short-scale SGD are ranging from
second to day, so there would be no significant change in the
AR,,, /093 during this process. Assuming that short-scale SGD in-
put is the main source of short-lived radium isotopes to coastal
waters and there is no significant decay in nearshore samples,
the ARy,, /5y, in those samples should be the same as the ARy, /5,5
in the short-scale SGD endmember. We therefore used the aver-
age of activity concentrations measured in the samples with
AR,,,/993 COmparable to those measured in coastal waters
(ARy,4/253 ~25) as the endmember for short-scale SGD. The re-
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Fig. 2. Distributions of salinity (al-a4), 223Ra activity concentration (b1-b4), and ?24Ra activity concentration (c1-c4) in surface waters

of the Huanghe River Estuary.

maining samples (average AR,,, ,,5, > 40) were then used as the
endmember for long-scale SGD. The apparently different signa-
tures between endmembers supported the separate estimations
of short-scale SGD and long-scale SGD processes sound.

3.3 Residence time of HRE

To calculate the apparent residence time of seawater in the
HRE, we used the “Apparent Radium Age” model pioneered by
Moore (2000), which is the commonly applied approach in con-
tinental shelf and large river plume environments (Xu et al., 2016;
Garcia-Orellana et al., 2021; Wang et al., 2021; Guo et al., 2022).
The water ‘“‘age” represents the time that passed since the short-
lived radium isotopes were added to the system from a common
source with a constant isotopic composition. 22Ra and 223Ra
were used because their short half-lives are suited for the expec-
ted short residence times on time scales of days to weeks. Thus,
the water residence times (7) of four cruise periods are calculated
by Eq. (2),

_ In[(Rajz4 /Razzs)obs / (Ragzes/ Razzs)i]
Ao23 — Aooa

@

)

where (Ra,,,/Ra,,;),, refers to the radium activity ratio at a spe-
cific sampling location/time, while (Ra,,,/Ra,,;); represents the
initial activity ratio at/near the source. The 1,,; and 4,,, are the
decay constants of 222Ra and ??4Ra, respectively. The apparent
water age, 7, represents the calculated water residence time. In
our case, (Ra,,,/Ra,,;); is the maximum ratio among all sampling
locations for each cruise, and (Ra,,,/Ra,,),, is the average radi-
um activity ratio of all sampling stations in the system.

The water residence time was calculated to be ranged from 3-
7 d. Xu et al. (2016) estimated the residence time of the HRE from
5d to 8 d using the “Apparent Radium Age” model. Xia et al.
(2016) estimated the residence time of 2.7-3.8 d by radium age
model. Compared with the previously reported results, it is reas-
onable for the estimated residence time of HRE to be on the time
scale of about one week. The study area was calculated to be ap-
proximately 400 km?. Therefore, the average aerial mixing rate for
four cruises were about 52.84 km?/d, 70.80 km?/d, 52.42 km?/d,
and 127.7 km?/d, respectively. These differences are mainly due
to the altered Huanghe River discharge (Table 1). A larger
amount of fresh water was discharged into the estuary in July
2014 and May 2019, resulting in much lower salinities and young-
er water ages.
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Table 1. Parameters and values used in radium mass balance model for submarine groundwater discharge (SGD) assessment

June 2014 July 2014 July 2016 May 2019
Parameter 224Ra 223Ra 224Ra 223Ra 224Ra 223Ra 224Ra 223Ra
S/m?2 4.00x108 4.00x108 4.00x108 4.00x108 4.00x108 4.00x108 4.00x108 4.00x108
V/m3 5.83x109 5.83x109 5.83x10° 5.83x10° 5.83x109 5.83x109 5.83x10° 5.83x10°
A/d1 0.19 0.06 0.19 0.06 0.19 0.06 0.19 0.06
k/(dpm-m-2.d-1) 54.4 0.68 54.4 0.68 54.4 0.68 54.4 0.68
Aq/(dpm-g™) 0.18 0.004 0.18 0.004 0.18 0.004 0.18 0.004
t/d 7.57 7.57 5.65 5.65 7.63 7.63 3.13 3.13
I/dpm 9.85x1011  6.79x101! 3.75x1012  1.22x101 2.26x1012  1.01x101 2.34x1012  1.16x10!!
A,/(dpm-m-3) 27.6 3.88 121 6.03 174 5.93 26.3 10.2
Q,/(m3s71) 378 378 3007 3007 594 594 1003 1003
A,/(dpm-m-3) 426 9.03 986 26.5 651 12.0 679 18.8
Copm/(gm) 580 580 2335 2335 354 354 1215 1215
Fy,/(dpm-d-1) 1.30x101! 8.96x109 6.64x1011  2.15x1010 2.96x1011  1.32x1010 7.25x1011  3.58x1010
F, ean/(dpm-d-1) 2.13x1010 2.99x10° 1.24x101! 6.22x109 1.33x10!! 4.53x10° 4.74x1010 1.85x1010
Fliver/(dpm-d~1) 1.73x1010 3.67x108 3.65x101! 9.21x109 3.67x1010 6.86x108 7.78x1010 2.03x109
F,../(dpm-d-1) 1.84x1011 4.13x10° 7.10x101! 7.39x109 4.28x10! 6.11x10° 4.30x101! 6.82x10°
Fgi/(dpm-d-1) 2.18x1010 2.74x108 2.18x1010 2.74x108 2.18x1010 2.74x108 2.18x1010 2.74x108
Rag, o scate/ (dpm-m-3) 18 600 739 18 300 596 18 600 739 16 000 665
Raj g scate/ (dpm-m=3) 21100 510 8250 76.2 12 000 218 19 400 288
Qshort-scale sgp/ (mM-d™) 0.03 0.03 0.03 0.03 0.03 0.03 0.04 0.04
Qiong-scale sgp/ (mM-d ™) 0.01 0.01 0.19 0.19 0.07 0.07 0.10 0.10

Note: S is the seawater area; V is total seawater volume of Huanghe River Estuary (HRE); 1 is the decay constant of Ra, which is 0.19 d-! and
0.06 d-! for 224Ra and ?23Ra, respectively; k is the diffusion coefficient of radium, which is cited from Wang et al. (2019); A is the desorption
coefficient; 7 is the water residence time; I is the Ra stock in the HRE; A_ is the activity concentration of radium in the Bohai Sea; Q, is Huanghe
River runoff; A is activity concentration of dissolved radium in the Huanghe River; C . is concentration of suspended particulate matter in
the Huanghe River; Fy, is the total Ra flux to the HRE; F, ., is the radium flux contributed by the open ocean; F, is the radium input from

Huanghe River; F, is the decay loss of Ra; F is the radium flux diffusing bottom sediments; Rag, . . .1 is the Ra activity in short-scale SGD
endmember; Ra,, iae sop IS the Ra activity in long-scale SGD endmember; Q.. gcate sgp 18 the short-scale SGD flux; Qg scale s iS the long-

scale SGD flux.
4 Discussion

4.1 Radium mass balance for long-scale SGD and short-scale SGD
assessment
Based on the mass balance for ?24Ra and ?2°Ra, the long-scale
SGD and short-scale SGD fluxes into the HRE can be solved by
putting the source and sink terms of these two tracers in Eq. (1).
Parameters needed for the mass balance model are shown in
Table 1 and discussed as follows.

4.1.1 Total radium flux

As an important parameter in the mass balance model, the
evaluation of radium storage is crucial for estimating long-scale
SGD and short-scale SGD because it directly affects the total radi-
um flux to the HRE. In order to calculate the 224Ra and ??3Ra
stocks, the total study region was divided into 48 triangular ele-
ments (Fig. S1). The stock of a radium isotope in each triangular
cell was calculated as the product of the area, the mean seawater
depth, and the mean radium activity of the corresponding trian-
gular cell.

Overall, the total seawater area (S) and volume (V) of HRE
were estimated to be 4.00 x 108 m? and 5.83x10° m?, respectively.
Stocks of 2?4Ra and ??3Ra during the four cruises were estimated
to be 9.85 x 101! dpm and 6.79 x 101° dpm (June 2014), 3.75 x 1012
dpm and 1.22 x 10! dpm (July 2014), 2.26 x 102 dpm and 1.01 x
1011 dpm (July 2016), 2.34 x 102 dpm and 1.16 x 10!! dpm (May
2019), respectively. Dividing the amount of Ra stock by the water
residence times, the total fluxes (Fy,) of 224Ra and ?2*Ra were es-
timated to be 1.30 x 1011 dpm/d and 8.96 x 10° dpm/d (June
2014), 6.64 x 10! dpm/d and 2.15 x 101° dpm/d (July 2014), 2.96 x
10! dpm/d and 1.32 x 101° dpm/d (July 2016), 7.25 x 10! dpm/d

and 3.58 x 1012 dpm/d (May 2019), which were shown in Table 1.

4.1.2 Riverine inputs

Radium inputs from river are composed of river water dis-
solved radium and the desorbed radium from SPM. The activity
concentrations of dissolved Ra (4,) and SPM concentration
(Cypm) in the Huanghe River were measured and the results are
shown in Table 1. These samples were collected at the Lijin sta-
tion, which is about 100 km upstream of the river mouth. Thus,
the fluxes of dissolved ?24Ra and ??3Ra during the four cruises
were estimated to be 1.39 x 101° dpm/d and 2.95 x 108 dpm/d
(June 2014), 2.56 x 10! dpm/d and 6.89 x 10° dpm/d (July 2014),
3.34 x 1019 dpm/d and 6.17 x 108 dpm/d (July 2016), 5.88 x 1010
dpm/d and 1.63 x 10° dpm/d (May 2019) by multiplying the Ra
activity concentration by the riverine runoff.

In order to calculate the desorption of radium from suspen-
ded particles, a series of single factor laboratory simulation ex-
periments were previously conducted in our laboratory (Yang
et al., 2019). A matrix of varying salinity (0.5, 10, 20, and 30) and
SPM concentrations (0.2-15 g/L) were set up to evaluate the in-
fluence of these parameters on radium desorption. The results
showed a linear relationship between the activities of radium
with SPM concentrations (R? > 0.8) when salinities are at 10 or
above. And the desorption coefficient (4,) of 22*Ra in seawater
with a salinity of 30 was obtained as 0.18 dpm/g. Due to the low
abundance of ??°Ra in nature, the A, of 223Ra was estimated by
the A, of 224Ra and the ratio of 22°Ra activity to 224Ra activity in
river water, which was calculated to be 0.004 dpm/g. We used
these Ra desorption ratios to estimate the desorption fluxes of
224Ra and 2?23Ra from Huanghe River for the four cruises at
3.41 x 10° dpm/d and 7.24 x 107 dpm/d (June 2014), 1.09 x 101!
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dpm/d and 2.32 x 109 dpm/d (July 2014), 3.28 x 10° dpm/d and
6.95 x 107 dpm/d (July 2016), 1.90 x 101° dpm/d and 4.02 x 108
dpm/d (May 2019). Thus, the fluxes of 224Ra and 223Ra from
Huanghe River (F,,,,) summed to 1.73 x 10'° dpm/d and 3.67 x
108 dpm/d (June 2014), 3.65 x 101! dpm/d and 9.21 x 109 dpm/d
(July 2014), 3.67 x 101° dpm/d and 6.86 x 108 dpm/d (July 2016),
7.78 x 1010 dpm/d and 2.03 x 10° dpm/d (May 2019), which were
shown in Table 1. These inputs are less than 15% of the total radi-
um fluxes necessary to support the measured stocks, except for
June 2014 (more than 42.3%).

4.1.3 Seawater input

The radium in Bohai Sea seawater flowing into the HRE is an
important radium addition despite their low activity. The activity
concentrations of 224Ra and ??3Ra in the Bohai Sea (A,) were de-
termined using the lowest activity concentrations of 224Ra and
223Ra during each sampling period, which were 27.6 dpm/m3 and
3.88 dpm/m?3 (June 2014), 121 dpm/m?3 and 6.03 dpm/m?3 (July
2014), 174 dpm/m3 and 5.93 dpm/m3(July 2016), 26.3 dpm/m3
and 10.2 dpm/m?3 (May 2019), respectively (Table 1). Thus, the
radium flux contributed by the open ocean (F,_,,,) can be calcu-
lated by multiplying the radium activity concentration in the
open ocean over the average HRE water volume (m?) and then
dividing by the water age.

The additions of 224Ra contributed by the Bohai Sea were thus
2.13 x 1010 dpm/d (June 2014), 1.24 x 1011 dpm/d (July 2014), 1.33 x
10! dpm/d (July 2016), and 4.74 x 10! dpm/d (May 2019). As for
223Ra, they are 2.99 x 10° dpm/d (June 2014), 6.22 x 10° dpm/d
(July 2014), 4.53 x 10° dpm/d (July 2016), and 1.85 x 101° dpm/d
(May 2019).

4.1.4 Decay flux
The decay flux can be calculated by Eq. (3) as follows:

Fiec =1-1, 3)

where I (dpm) is the Ra stock in the HRE, which is calculated in the
Section 4.1.1; 1 is the decay constant of Ra (d-1), which is 0.19 d-!
and 0.06 d-! for 224Ra and 2*3Ra, respectively. The decay fluxes of
224Ra and ??°Ra in the four cruises were estimated to be 1.87 x 101!
dpm/d and 4.13 x 10° dpm/d (June 2014), 7.10 x 10! dpm/d and
7.39 x 10° dpm/d (July 2014), 4.28 x 10! dpm/d and 6.11 x 10°
dpm/d (July 2016), 4.30x10"! dpm/d and 6.82 x 10° dpm/d (May
2019), which were shown in Table 1.

4.1.5 Diffusive flux from sediments
Radium inputs from sediments are estimated by using the fol-
lowing formulation:

Fag = k- S, “4)

where k is the diffusion coefficient (dpm/(m2-d)) of radium,
which is cited from Wang et al. (2019); S equals 4.00 x 108 m2. We
assumed that k was constant during the four cruises, and thus the
diffusive fluxes of 2?Ra and ??°Ra were estimated to be 2.18 x 1010
dpm/d and 2.74 x 108 dpm/d, respectively. Consequently, the ra-
dium contribution of sediment may be ignored compared to oth-
er inputs at high runoff rates, but not at low riverine runoff.

4.1.6 Thelong-scale SGD and short-scale SGD fluxes estimation
The estimated short-scale SGD fluxes from four different
cruises were 0.03 m/d (June 2014), 0.03 m/d (July 2014), 0.03 m/d
(July 2016), and 0.04 m/d (May 2019), indicating the short spa-
tial-temporal scale process was almost identical among seasons.

While the long-scale SGD fluxes were more variable at 0.01 m/d
(June 2014), 0.19 m/d (July 2014), 0.07 m/d (July 2016), and 0.10 m/d
(May 2019), suggesting long-scale SGD fluxes were strongly influ-
enced by seasonal factors in this region. The Huanghe River run-
off and groundwater flow discharge rates for different periods are
shown in Fig. 3. The good linear relationship between long-scale
SGD flux and river discharge (R? = 0.895) indicates that long-scale
SGD is strongly influenced by the Huanghe River, while short-
scale SGD is barely influenced by river discharge (Fig. S2).

Groundwater discharges include terrestrial groundwater dis-
charge, density-driven recirculating seawater release, and other
hydrodynamic processes. Xu et al. (2014) showed that an in-
crease in Huanghe River runoff would enhance the rate of
groundwater discharge in the HRE, and Xia et al. (2016) reported
increases of the SGD flux from 2-20 cm/d to 67-122 cm/d be-
cause of the Water-Sediment Regulation Scheme event. These
studies also explain the strong correlation between the river flow
and SGD. Previous study reported that large amounts of silty clay
containing high water contents are deposited near the river
mouth, while some underground paleo-channels are spread
throughout the Huanghe River delta (Yu, 2002). Thus, when the
runoff of the Huanghe River increases, these paleo-channels may
be decongested by higher fluvial hydraulic head and serve as
more significant pathways for groundwater-seawater interaction
(Stieglitz, 2005). This explains why long-scale SGD is only equi-
valent to 30% of short-scale SGD during low runoff periods (June
2014), while can reach up to 6 times of short-scale SGD during
high runoff periods (July 2014).

4.2 Uncertainty and sensitivity analysis

Selecting representative end-members of 224Ra and 223Ra in
mass balance models is of great importance to calculate the
fluxes of long-scale SGD and short-scale SGD. In this study, we
used sensitivity analysis to discuss the impact of parameter vari-
ation on the estimated results. Sensitivity analysis was per-
formed to examine the contribution of the single parameter to
the fluxes of long-scale SGD and short-scale SGD by increasing
and decreasing the parameter by 10% without changing the oth-
er parameters. In this study, parameters of water age, desorption
factor of SPM, sediment release, and activity concentrations of
radium in river, endmembers of long-scale SGD and short-scale
SGD were selected for the sensitivity analysis (Table 2).

Sensitivity analysis showed that water age and radium activ-
ity concentrations in endmembers of SGD had important influ-
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Fig. 3. Huanghe River runoff (Q,), long-scale submarine ground-
water discharge (SGD) and short-scale SGD fluxes (Qgp) in dif-
ferent periods.
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Table 2. Sensitivity analysis of the long/short-scale submarine groundwater discharge (SGD). For this analysis, the value of each list
below was increased (+) and decreased (-) by 10%, while the other parameters remained unchanged

10% increase in term value

10% decrease in term value

Term Change in short-scale Change in long-scale Change in short-scale Change in long-scale
SGD flux SGD flux SGD flux SGD flux
June 2014
T -9.30% +20.55% +11.36% -25.11%
A, +0.12% -3.54% -0.12% +3.54%
Ay +0.03% -0.87% -0.03% +0.87%
Fyig +0.77% -8.12% -0.77% +8.12%
Rajgng/short-scale -9.09% -9.09% +11.11% +11.11%
July 2014
T -17.92% -1.36% +21.91% +1.67%
A, -8.66% -0.96% +8.66% +0.96%
Ay -2.50% -0.83% +2.50% +0.83%
Fu -0.14% -0.29% +0.14% +0.29%
Ray 0 /short-scale -9.09% -9.09% +11.11% +11.11%
July 2016
T -12.56% +2.66% +15.35% -3.25%
A, -0.02% -0.96% +0.02% +0.96%
Ay -0.02% —0.08% +0.02% +0.08%
Fu +0.30% ~0.80% -0.30% +0.80%
Rajgng short-scale -9.09% -9.09% +11.11% +11.11%
May 2019
T -9.63% -4.91% +11.76% +6.00%
A, -1.11% —0.40% +1.11% +0.40%
Ay -0.18% -0.19% +0.18% +0.19%
Fge +0.07% -0.31% -0.07% +0.31%
Rag/short-scale -9.09% -9.09% +11.11% +11.11%

Note: 7 is the water residence time; A, is activity concentration of dissolved radium; A, is the desorption coefficient; Fy;; is the radium flux

diffusing bottom sediments.

ences on long-scale SGD and short-scale SGD. Water age had the
greatest degree of influence, with a 10% variation leading to a
change in the final discharge rate of up to 25%. Variations in radi-
um activity concentrations in endmembers of long/short-scale
SGD had an effect of about 10% on long-scale SGD and short-
scale SGD. As an important factor affecting the distribution of ra-
dium in groundwater, the heterogeneity of ionic strength (salin-
ity) in sediment distribution makes it possible to show several or-
ders of magnitude variation in the activity concentration of radi-
um in coastal groundwater (Webster et al., 1995; Duque et al.,
2019). This explains the fact that the maximum activities of 224Ra
and ??%Ra were an order of magnitude greater than the minimum
activities in this study. Overall, both determining water age and
selecting ?>4Ra and ??3Ra activity concentrations in endmembers
of long/short-scale SGD were crucial for estimating the fluxes of
long-scale SGD and short-scale SGD. In contrast, the accuracy of
determining SPM resolution factors, the activity concentrations
of radium in Huanghe River, and sediment diffusion had negli-
gible effect on the results of the long-scale SGD and short-scale
SGD calculations. SPM resolution factors had the least degree of
influence, with a 10% variation leading to a change in the final
discharge rate of less than 3%. As for the 10% variation of the
activity concentrations of radium in Huanghe River and sediment
discharge, the change of results was less than 5% in most cases.

5 Conclusions

In this study, four field surveys were conducted to compare
the characteristics of radium isotope distribution in different
periods in the HRE. By using the association of radium isotopes,
both long-scale SGD and short-scale SGD fluxes in the HRE were

calculated in different periods. The results showed that short-
scale SGD remained basically unchanged among seasons at
0.03-0.04 m/d. However, the long-scale SGD fluxes varied greatly
in different periods at 0.01-0.19 m/d, which was well correspon-
ded with the variation of the Huanghe River discharge. The max-
imum flux of long-scale SGD could be up to 6 times higher than
that of short-scale SGD.
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