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Abstract

Submarine groundwater discharge (SGD) plays a major role as a conveyor of metals to coastal waters. However,
the seasonal change of metal fluxes derived through SGD is unclear. Here, we evaluated the behaviours and fluxes
of trace metals (Mn, Fe, Ba, Pb, U, Cr, Zn, Cu) in an estuary under different seasonal conditions. The behaviours
of trace metals revealed that SGD was the source of Mn (3.51 mmol/(m?.d)), Fe (0.174 mmol/(m?2.d)) and Ba
(0.024 mmol/(m?2-d)), but the Cu sink (-0.55 pmol/(m2-d)) and other metals exhibited a seasonal source-sink
conversion. The seasonal variation of dissolved organic matter and the fresh groundwater proportion in
subterranean estuaries may have an important effect on metals fluxes especially for the Fe, Mn and Ba. Our result
shows that the single seasonal metal fluxes estimation applied to the annual scale will cause a large deviation, up
to 3.6 times for Fe, 5.5 times for Mn, and 15 times for Ba. Therefore, the influence of seasonal fluctuations on SGD-
derived metal fluxes cannot be ignored, and our findings will be important for comprehending the metal budget

and cycle in nearshore environment.
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1 Introduction

Submarine groundwater discharge (SGD) research has be-
come a hotspot and attracted the attention of scientists in differ-
ent fields worldwide in the past 30 years. SGD contains fresh
groundwater and circulated seawater. Fresh SGD is a net materi-
al discharge process, while circulated seawater is relatively com-
plex. The circulated seawater carries solutes that exist in the sea-
water to the subterranean estuaries (STE) (recharge). Depending
on the residence time, solutes can be transformed or retained in
the STE until they are discharged into the sea at low tide. A net
increase or decrease in the chemical components existing in
coastal waters is thus made possible by the STE acting as an en-
richer, transformer, or sink of solutes. In short, these two differ-
ent components of water may play an important role in solute
transport, which should not be ignored (Luijendijk et al., 2020;
Santos et al., 2021). The concentrations of specific chemical com-
ponents, such as trace metals, in SGD may be extremely high re-
gardless of to the fast water flow (Mayfield et al., 2021; Wang et
al., 2019; Zhang et al., 2022). This makes SGD a very important
pathway for metals to enter coastal areas from land (Alorda-Kle-
inglass et al., 2019; Trezzi et al., 2016). These released substances

may play a very important role in the biogeochemical cycle of the
ocean (Santos et al., 2011a, 2021).

SGD derived metal fluxes may be very large and may influ-
ence the trace metal reservoirs and ultimately may have a signi-
ficant impact on coastal biogeochemical cycles (Beck et al., 2009;
Hong et al., 2018; Kim and Kim, 2011; Shi et al., 2019; Trezzi et al.,
2016). However, research on trace metal fluxes via SGD has been
somewhat weak compared to studies on nutrients or carbon. Ad-
ditionally, the majority of earlier studies concentrated on a single
season, despite the fact that seasonal fluctuations may have a sig-
nificant impact on the biogeochemical characteristics of trace
metals (Berelson et al., 2003; O’Connor et al., 2018).

Seasonal changes in metal concentrations due to redox gradi-
ents, salinity and other factors in the STE can be very large, and
the processes involved are complex (O’Connor et al., 2022). Fe
has complex interactions with dissolved organic matter (DOM)
(O’Connor et al., 2015; Waska et al., 2019), and the combination
with DOM will increase the Fe mobility (de Souza Machado et al.,
2016; Kim and Kim, 2015; Waska et al., 2019). These changes can
occur in the intertidal zone, in which the ebb and flood of the tide
cause intertidal groundwater to periodically induce changes in
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salinity, oxygen concentration, and DOM concentration (Degen-
hardt et al., 2021). In addition, aquaculture activity also has obvi-
ous seasonal fluctuation, and this can cause obvious seasonal
changes in local biological communities and organic matter.
These seasonal fluctuation would finally lead to significant
changes in the biogeochemical cycling (Li et al., 2020). The large
amount of organic matter derived from the significant increase in
biological metabolism produces lots of manure and residues
(Mendiguchia et al., 2006), which are relatively fresh and en-
riched in proteins, urea, etc. (Nimptsch et al., 2015). These com-
pounds contain reducing groups (carboxyl, hydroxyl, amino,
etc.) that can act as electron donors, promoting metal oxide re-
duction in subsurface sediments (Moosdorf et al., 2021) and res-
ulting in migration of metals (Du Laing et al., 2009; Li et al., 2020).
The subsurface estuary area is experiencing significant changes
in the DOM as well as other chemical (e.g., salinity) and biologic-
al (e.g., microorganisms) variables, and these changes may also
have an effect on metal fluxes ( Ruiz-Gonzalez et al., 2021).

Here, we hypothesized that the seasonal variation of SGD-de-
rived metals fluxes may be significant and will strongly affect the
estimation of annual metals fluxes, and finally we preliminarily
discussed drivers of these seasonal changes (dissolved organic
carbon (DOC) concentration and fresh-salt water ratio). We per-
formed detailed seasonal time series observations (summer: July
2019, autumn: October 2019, spring: April 2021) of 222Rn and
metals (Mn, Fe, Ba, Pb, U, Cr, Zn, Cu) in a typical aquaculture es-
tuary. This study had the following aims: (1) to estimate the SGD-
derived metal fluxes based on a ?22Rn mass balance model, and
the metals were classified into three categories according to their
seasonal source-sink behaviour; (2) to reveal the seasonal vari-
ation and potential mechanism influencing metal dynamics in
STE; and (3) to examine whether the SGD may alter the natural
flux and reservoir of metals due to the influence of season, dis-
cussing the possible implications for the coastal ecological envir-
onment.

2 Materials and methods

2.1 Study site

The study site (5.4x107 m?2) was in the Aojiang River Estuary
(26.18°-26.31°N, 119.54°~119.80°E), Fujian Province, which is
located in southeastern China. The East China Sea is located in
the eastern portion of the estuary, which has a strong tidal (the
average tidal range is 3.8 m) (Peng et al., 2021). This region has a
subtropical maritime monsoon climate with annual average tem-

119°33'

119°36' 119°39'

Wang Xiaoxiong et al. Acta Oceanol. Sin., 2023, Vol. 42, No. 8, P. 113-124

perature of 17-19°C. Aojiang River is the main river in the study
area and it is the sixth largest river in Fujian Province, with an av-
erage flow of 87.7 m3/s.

In Lianjiang, aquaculture is a significant economic sector.
Apart from sowing, manual thinning and harvesting, there are no
other aquaculture interventions in the area and no artificial feed-
ing. The breeds there include shellfish (Sinonovacula constricta,
the most important aquaculture organisms), fish, shrimp, sea-
weed and nori (Peng et al., 2021). April is often the time for shell-
fish seedlings, July is the time for short-necked clam and S. con-
stricta growth, and October is the time for harvest.

2.2 Sampling

Our field observations were performed in July 2019, October
2019 and April 2021. The groundwater samples were divided into
intertidal groundwater sampling and well water sampling. The
surface water samples included river water sampling, sea water
sampling and time series sampling. Figure 1 illustrates the selec-
tion of sampling places. The intertidal groundwater site was
gathered as close to the time series station as practicable, and the
well water site was chosen as close to the shoreline as practical.
To make sure that the water was properly gathered to the bottom,
the well water and river water were collected with a 5 L organic
glass water collector. The water samples for 222Rn were collected
into a 2.5 L brown glass bottle through a rubber pipe (Durridge.
Inc., USA). The rubber pipe was inserted into the bottom of the
brown bottle to ensure that there were no bubbles in the bottle
(Wang et al., 2021). Shallow bores (0.5-0.6 m depth) were dug by
using a spade. The bore experienced a very high groundwater
discharge rate, and the water exchange immediately stabilized.
After purging the bores at least three times, 2.5 L of water was col-
lected for the analysis of 222Rn, and another 500 mL of sample
water was stored in acid-treated HDPE bottles for subsequent
sample processing.

All collected samples were processed within 24 h. The trace
metals, DOC were collected at all sites, and all samples for DOC
and trace metals were filtered through a membrane with an aver-
age pore size of 0.45 pm. The DOC samples were stored in frozen
conditions. Double-distilled HCI was used to acidify the trace
metals below pH 2.

2.3 Analytical methods

222Rn samples were measured within one day by RAD7. The
physical parameters of water were measured using a multipara-
meter water quality analyser (Multi 3 630 IDS, WIW. Inc., Ger-
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Study site of Aojiang River Estuary, Fujian, China, and sampling locations distributed in this study. Five different samples are
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man), and these parameters included temperature, pH, salinity,
and dissolved oxygen (DO). DOC was measured by the Total Or-
ganic Carbon Analyser (TOC-VCPH, Shimadzu Co. Ltd., Japan)
with an error of 0.1 pmol/L (Chen et al., 2018). The dissolved
metals (dMn, dFe, dPb, dBa, dCu, dZn, dU, dCr) were measured
by a high resolution inductively coupled plasma mass spectro-
meter (Element 2) with the addition of indium (In) as an internal
standard (O’Connor et al., 2018). The relative standard deviation
of all sample concentrations was less than 5% except for dCr (6.7%)
and dCu (5.64%). The blank concentrations for Fe, Mn, Ba, Cu,
Zn, Cr, Pb and U were 4.28 pmol/L, 0.328 pmol/L, 0.073 pmol/L,
0.137 pmol/L, 1.73 pmol/L, 0.077 pmol/L, 0.063 pmol/L and
0.000 4 umol/L respectively, and all data used in this manuscript
have been deducted from the blanks. The samples were treated
by direct dilution. The dilution (3% double distilled nitric acid)
ratio was based on the salinity and DOC concentration to ensure
that the salinity and DOC concentration of each sample were less
than 1.5 pmol/L and 60 pmol/L, respectively.

2.4 SGD flux estimation

To calculate groundwater flows, the 222Rn-Box model was
coupled with TS station data. The ?22Rn box model is a mass bal-
ance model, and the sources and sinks were established as equa-
tions to solve the unknown term. The sources included ??6Ra de-
cay (Fp,.206), Iiver input (F,;,), sediment diffusion (F,4), SGD in-
put (Fysp), high tide input (F,,); the sink items include: 222Rn de-
cay (Fgp.000), atmospheric evasion (F,, ), mixing loss (F,,), ebb
tide output (F,,) (Burnett and Dulaiova, 2003; Zhang et al.,
2016). In which high and low tides are combined for 2*?Rn invent-
ory to become the tidal contribution.

The specific calculation methods can be found in supporting
information (Supplementary 222Rn Box model), and related para-
meters are presented in Table S1.

3 Results

3.1 Seasonal variation of salinity and ?Rn

The salinity of intertidal groundwater ranged from 24.9-25.7
(mean 25.2), 12.5-14.3 (mean 13.5), 28.5-29.3 (mean 28.9) in July,
October and April, respectively. The salinity in seawater in July,
October and April was 3.95-26.2 (mean 18.5), 25.9-29.6 (mean
27.2), and 21.8-31.3 (mean 27.2), respectively. Other parameters,
such as DO, pH, and oxidation-reduction potential (ORP) were
listed in Table S2.

The average 2??Rn activity of each endmember showed a clear
trend of well water > intertidal groundwater > river water > sea-
water (Fig. 2). Although a seasonal variability was also noted,
spatial variability stood out more. The range of 222Rn activity in
the intertidal groundwater in July, October and April was 5 200-
7 400 Bq/m? (mean 6 400 Bq/m3), 1 500-13 000 Bq/m3 (mean
6 100 Bq/m?), and 1 800-5 800 Bq/m3 (mean 3 300 Bq/m3), re-
spectively.

3.2 Seasonal variation of dissolved metals and DOC

The metals concentrations also varied greatly in space and
time. Higher concentrations of dMn, dFe, dBa and dPb were ob-
served in intertidal groundwater than in seawater, while dCu and
dU showed the opposite relationship regardless of seasons (Fig. 3).

The concentration of DOC also exhibited strong seasonal and
spatial variations. The DOC concentration in intertidal ground-
water was 234 pmol/L, 208 pmol/L and 125 pmol/L in July, Octo-
ber and April, respectively. The average concentration of DOC in
seawater was 173 pmol/L, 117 pmol/L and 93 pmol/L, respect-
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Fig. 2. The average 2??Rn activity concentration of each end-
member in three season. The box plot shows the 222Rn activity
concentration range of the corresponding endmember and the
green line is the average value.

ively. In the corresponding season, the concentration of DOC in
intertidal groundwater was consistently higher than that in salt-
water.

3.3 Time series observation

Approximately 27 h of time series observations provided in-
formation on various physical and chemical parameters and
222Rn activity (Fig. 4). In July, October and April, the 222Rn activit-
ies were 40-126 Bq/m? (mean 73 Bq/m3), 38-201 Bq/m? (mean
70 Bq/m3), and 58-131 Bq/m? (mean 92 Bq/m3), respectively.
The water depth ranged from 0 to 5.28 m (mean 2.63 m), 0.55-
4.90 m (mean 2.90 m) and 0.27-6.96 m (mean 3.84 m), and the
wind speed was 0-6.4 m/s (mean 2.2 m/s), 3.2-11.2 m/s (mean
6.1 m/s), and 0.0-6.40 m/s (mean 2.2 m/s), respectively. Nearly
all characteristics varied with the tide, however the range of vari-
ation varied from season to season (Fig. 4). According to princip-
al component analysis (PCA, IBM, SPSS Statistics, Version 23)
and correlation analysis, the metal and physicochemical factors
were split into two groups that, respectively, were linked to inde-
pendent from tidal changes. The components closely related to
tidal changes include 222Rn (-), Mn (-), Zn (+), Cu (-), and Fe (-)
in July; 222Rn (-), Cr (=), Fe (-), Cu (-), and Ba (-) in October; and
Pb (+), U (+), Fe (-), Cu(-), Mn (-), and Ba (-) in April (-: oppos-
ite to tidal change, +: same as tidal change) (Fig. 4).

3.4 Metal addition and removal

Each metal has significant addition and removal (Fig. 5). Mn,
Fe, Ba, and Pb all showed obvious additions in the medium salin-
ity (7-28), but Pb was less visible than the other three metals.
While Zn, U, and Cr had major seasonal shifts in removal and ad-
dition, Cu was strongly eliminated during each of the three sea-
sons. The variation for each metal concentration with salinity
was also different, and there were seasonal variations. The con-
centrations of Mn and Ba were negatively correlated with salinity
in all seasons, while the concentration of U was positively correl-
ated with salinity in all seasons. All other metals exhibited sea-
sonal variability.

4 Discussion

4.1 Seasonal SGD flux and its composition
When analysing metal fluxes through SGD, calculating SGD
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Fig. 3. Average concentrations of dissolved metals (dMn (a), dFe (b), dBa (c), dPb (d), dCu (e), dZn (f), dU (g) and dCr (h)) in
intertidal groundwater (box plot in yellow, red line is the mean value) and seawater (blue line).

flux is a crucial step. It also might be an important factor in man-
aging metal fluxes. The 222Rn box model was used to estimate
SGD flux, mainly based on the 2??Rn activity show a clear trend in
different endmember (Fig. 2). Assuming that radon will equilib-
rate with the nearshore groundwater throughout the transfer
from the continental groundwater (Chen et al., 2018), we choose
intertidal groundwater (average value) as the most representative
groundwater endmember. In addition, an approximate inverse
correlation between tidal variation and 222Rn activity in time
series observation (Figs 4a—-c) was observed, which indicates that
tidal pumping may be an important factor driving SGD flux.

The source and sink terms of the 222Rn Box model are shown
in Table 1. The average flux of SGD in July, October and April was
14.0 cm/d, 9.45 cm/d and 14.9 cm/d, respectively. The SGD
fluxes show very large short-term variability but little seasonal
variability (Table 1 and Fig. S2). Because of this, we only calcu-
lated the daily flux, not the hourly flux, in the following calcula-
tions to prevent the introduction of excessive standard deviation;
that is, we assumed that the daily SGD flux did not change much
in the same season.

The intertidal groundwater here represents the total SGD,
which is influenced by two components, one for recirculated sea-
water and the other for fresh groundwater (Nakajima et al., 2018).
So we distinguish between the ratio of salt water and fresh water
in intertidal groundwater, not in seawater. To calculate the
brackish and fresh SGD ratios, we used the simplest salinity mod-
el (two-terminal endmember) between intertidal groundwater

and seawater to estimate (Hagedorn and Tsuda, 2022; Santos et
al., 2009, 2011b):

1=f+f M

Sp = Sofs + Sift, )

where f; is the proportion of recirculated seawater, f; is the pro-
portion of fresh groundwater, S, is the average salinity of intertid-
al groundwater (the salinity was 25.2, 14.3 and 28.9 in July, Octo-
ber and April, respectively), S, is the salinity of seawater in the
mixing zone (the salinity was 27.1, 27.1 and 31.1 in July, October
and April, respectively) and S;is the salinity of fresh groundwater.
The proportion of seawater is:

wn

fi= S—‘S’- 3)

However, there is a problem here that the region is an estuar-
ine area, the river water can be involved in this mixing. If river
water is added, then it will become a three-terminal endmember.
And the existing parameters are not enough to support the mod-
el. In order to solve this problem, we did not choose the salinity
of the outer seawater when choosing the salinity of the seawater
endmember, but used the salinity of the surface water at the in-
tertidal groundwater sampling station instead. In this way, the sa-
linity of S, may be low due to the mixing of river water and seawa-
ter, which leads to a high proportion of f,. In our calculations, the
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October 2019 and April 2021. Other parameters (DO,

um salinity of only 14.3. Finally, the proportions of circulated sea-
water in July, October and April were 0.932, 0.529 and 0.931, re-

spectively, and it also show a clear seasonal difference.

proportion of brackish water in both July and April is 93%, which
is very close to the recommended value (~90%) in the literatures
(Burnett et al., 2003; Taniguchi et al., 2006). The percentage of

salty water in October is only 53%, which is not due to the change
of surface seawater salinity (surface water salinity was 27.1, 27.1,

4.2 Seasonal metal fluxes derived by SGD and its potential reas-

ons

and 31 in July, October, and April, respectively), but to the lower

The SGD-derived metal fluxes are shown in Fig. 6 (Table S3 in

salinity of intertidal groundwater in this season, with a maxim-
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Table 1. Sources and sinks of 222Rn fluxes (Bq/(m?-h)) in July, October and April

July 2019 October 2019 April 2021
Sinks
Atmospheric evasion 1.49 +2.09 5.02+1.61 1.37+1.26
Mixing loss 26.9+2.31 25.6 £ 3.65 459 +1.37
Tidal contribution 3.20+0.301 -1.50 + 0.467 1.90+1.15
222Rn decay 0.01 £ 0.006 0.02 £ 0.009 0.04 £ 0.022
Total 31.6 30.6 49.2
Sources
River input 2.20+£0.493 0.491 £0.10 1.66 = 0.489
SGD input 35.1+3.28 29.5+2.57 43.8 +2.06
Sediment diffusion 1.27 +0.553 1.94+£0.772 0.70 £0.161
226Ra decay 0.097 4 £ 0.063 6 0.106 0 £ 0.049 6 0.1540+0.085 3
Total 38.1 32.0 46.3
Vggp/(cm-d1) 14.0 £ 4.45 9.45+0.974 14.9 £3.70

Note: Vggp, is SGD flux.

supporting information for specific data). Following is the calcu-
lation method (Wang et al., 2019):

Fmetal :VSGD X Metalimerlidal groundwater —
VSGD X (78 X MEtalseawater (4)

We assume that all parameters used here are in steady state
during the season. F, ., is the metal net fluxes of SGD (mmol/(m?-d)),

Vsgp is the SGD flux (m/d), g, is the proportion of circulated sea-
water in SGD, and Metal, and Metal

intertidal groundwater
average metal concentrations in the intertidal groundwater and

seawater are the
seawater

SGD-derived metal fluxes display obvious seasonal variations
and vary widely between different metals. This is also seen in the
time series observation, and different metals’ variations with the
tide over various seasons have visibly different amplitudes and
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Fig. 6. Metal fluxes histogram through submarine groundwater discharge (SGD) in three seasons (a); the negative values indicate that
metal fluxes are net input from sea to land. Ratio of metal fluxes through groundwater to through river (b). The dotted orange line
indicates that the metal fluxes through the SGD is equal to the flow though the river, the negative value is caused by the negative metal
fluxes derived from SGD. The Cr flux in October is relatively small (0.038 pmol/(m?-d), so it cannot be seen. The Pb flux of river in April
is not shown because the Pb concentration is below detection in this season.

trends (Fig. 4). The concentrations of metals in July and October
(except U and Ba) are inversely correlated with the tide level (Figs
4d, e, g, h, j, k, and m), while in April is totally different (Figs 4f, i,
1, and o).

While some metals, such as Fe, Mn and Ba are supplied to the
sea through the SGD, others, such as Cu, are removed from the
water column or behave seasonally (Zn, U, Cr). According to
their source-sink behaviour, the eight metals are divided into
three categories: supply metals (Fe, Mn, Ba), remove metals (Cu)
and dynamically balance metals (Zn, U, Cr, Pb).

As Eq. (4) shows, the SGD flux may also be the reasons for
driving metal fluxes change. However, the variation in SGD flux is
not obvious (Table 1), and the seasonal trend of SGD flux (April >
July > October) has no consistent relationship with the flux of any
metals (Fig. 6). Thus, the main factor controlling the seasonal
variation of SGD-derived metal fluxes should be due to the con-
centration difference of metals between seawater and intertidal
groundwater and should not be due to the SGD flux variation

The supply metals (Fe, Mn and Ba) by SGD are generally with
additions or their concentration is negatively correlated with sa-
linity (Fig. 5). For example, Mn has obvious addition, and its con-
centration is negatively correlated with salinity (the concentra-
tion of Mn in well water is higher than that in seawater). The re-
moval metal (Cu) by SGD is closely related to its strong removal
behaviour in all three seasons (Fig. 5). Cr, Zn and U show signific-
ant seasonal differences in addition and removal, and their fluxes
also show seasonal changes.

4.2.1 Supply metals

SGD-derived Mn, Fe and Ba fluxes are positive in three sea-
sons. These three metals are added in the medium salinity, which
may be due to the metal oxide dissolution or desorption from the
sediment. So, we paid special attention to the factors influencing
the addition and removal behaviour of metals.

The presence of oxygen or sulphide, etc., can affect the redox
state of the interstitial layer. Unfortunately, we only got the DO

and ORP in surface seawater and did not obtain the vertical value
of DO and ORP in the intertidal groundwater layer. However, as
far as we know, in STE, the vertical change of DO is drastic (so is
ORP), which is the same regardless of the season (low DO in deep
groundwater is due to long residence time) (O’Connor et al.,
2018), and DO in deep groundwater is generally at a low level,
while DO in near surface is higher. However, in this research, we
focused on the seasonal change on metal behaviour in the sur-
face layer, so the surface environment was paid special attention.
In addition, the response of the surface waters for season should
be greater than deep STE, so we think the DO in surface waters
may be of greater concern. In this study, the oxygen content in
the upper floating water was always relatively high (mean
value =6.26 mg/L), and its impact on the Mn and Fe supply can-
not be ignored. However, due to the small difference in oxygen in
the upper floating water in the three months (6.26 mg/L, 6.93
mg/L, 7.22 mg/L in July, October and April, respectively), oxygen
had little influence on the seasonal difference in Mn and Fe emis-
sions from STE. Sulphide was not considered in this study be-
cause this region is a sandy coast with less vegetation, there was
no smell of hydrogen sulphide in any water body (Charette et al.,
2005), and the Fe content in intertidal groundwater was very high
in three seasons (Fig. 3), which also seems to account for the
lower content of S?-.

Given that we only have surface water ORP data, and al-
though the surface ORP data are sufficient to explain our main
questions, the fluctuation of subsurface and deep ORP may also
be relevant for our metal research, particularly for the investiga-
tion of redox-sensitive metal cycling mechanisms in interstitial
aquifers. This is a limitation of the current study.

Fe is highly mobile when in the form of Fe?* (Charette et al.,
2005). DOM plays an important role in Fe migration (Waska et
al., 2019). Since DOM is a strong reductant and has a variety of
reducing functional groups, such as hydroxyl, phenolic com-
pounds and amino compounds (Li et al., 2020; Nimptsch et al.,
2015; Santana-Casiano et al., 2014), which can reduce Fe or form
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organometallic complexes. Considering this, can the DOM also
affect the migration of Fe seasonally?

The reason for the association with aquaculture is that DOM
concentration here may be related to aquaculture (Wang et al.,
2017). This study area is a typical aquaculture area (S. constricta,
seaweed, nori and so on), and the seasonal changes in aquacul-
ture stage (seedling, maturity, after harvest of clams) are very
large, so the DOC concentration and composition may also vary
greatly. In July, during clam maturity, there was a large number
of benthic organism (http://hyyyj.fujian.gov.cn/xxgk/tjxx/201912/
t20191211_5148836.htm). The metabolism of these organism can
produce fresh organic matter that was highly reducible (O’Con-
nor et al., 2018) (urea, etc.). Not only that, but the DOC concen-
tration may also exhibit seasonal variations. This is the reason
why we chose these three seasons. The highest DOM concentra-
tion was found in July, corresponding to the maturation period of
clams; a lower DOM concentration was found in October, corres-
ponding to the post-harvest period of the economic organisms,
and the lowest DOM concentration in April, corresponding to the
seeding period of the clams. There are clear seasonal variations
in DOM concentration and composition between periods (Hao,
2021), so that a natural concentration gradient is formed, which
facilitates the examination of the characteristics of metal behavi-
or associated with DOM.

The relationship between DOM and aquaculture was also
verified by another group of culture experiments (Hao, 2021).
This experiment was performed at the same time as ours and in
the same area, with an incubation time of 1 h. The culture experi-
ment of shellfish proved that its metabolism can significantly
contribute to active DOM (for example, the urea concentration in
the feeding group was 1.3 times that of the blank group, the DOC
concentration in feeding group was 1.12 times that of the blank
group, and the DON concentration in feeding group was 1.58
times that of the blank group). The researchers also pointed out
that the excretion or release of benthic organisms is an import-
ant source of glycine. Smaal and Vonck (1997) reported that
farmed mussels can contribute significant amounts of dissolved
organophosphates. The comparison between the aquaculture
area and the nonaquaculture area showed that the urea content
in the aquaculture area was higher. In any case, aquaculture or-
ganisms, as the dominant group of organisms in this region, may
have an impact on local productivity, and may modify or at least
provide some fresh organic matter (old carbon is generally not
highly reactive) and promote Fe reduction in groundwater. Al-
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though we have not observed the interaction between DOC and
Fe at the micro level, Fig. 7 proves that the increase of seasonal
DOC concentration will lead to the increase of Fe flux driven by
SGD.

The seasonal variation in the average Fe concentration in in-
tertidal groundwater is correlated with the seasonal variation in
the DOC concentration both in intertidal groundwater and in
seawater (Fig. 7). This suggests that an increase in DOC is associ-
ated with an increase in SGD-driven Fe flux. Similar result was
found in other study (O’Connor et al., 2018). Waska et al. (2019)
found that most DOM bound with iron came from marine
sources, which indicated that marine DOM could affect the Fe
migration at the molecular level. DOM produced by these
aquaculture organisms entered the intertidal groundwater layer
through tidal pumping (Santos et al., 2009, 2011a), which in turn
interacts with Fe in the sediment and promotes Fe transport.

Although both Mn and Fe migration and solubility are con-
trolled by redox, Mn and Fe change very differently in intertidal
groundwater, and their redox abilities also differ (Charette et al.,
2005). The seasonal changes in Mn (R? = 0.019, r = 0.184, p =
0.144) and Ba (R? = 0.008, r = 0.156, p = 0.220) supply do not ap-
pear to be related to DOC concentrations. So there are large sea-
sonal differences between Mn and Fe fluxes derived from SGD.

Because of the fluxes of Mn and Ba are not correlated with the
DOC concentration, the controlling factors of Mn and Ba fluxes
may be different from Fe. An interesting phenomenon is that the
seasonal variation of SGD-driven Mn and Ba fluxes is very simil-
ar (Fig. 8). This is probably because Ba may be dissolved/de-
sorbed along with the dissolution of Mn oxides (Charette and
Sholkovitz, 2006). Considering that Mn is also a redox-sensitive
metal, the large increase of Mn concentration could be related to
the low ORP. However, as stated above, Mn exhibits different
characteristics from Fe (weak relationship with DOC). And sur-
face water is generally characterized by high ORP and high DO
(except for DOM which is reductive), so the increase of Mn con-
centration is not related to surface water. The fresh groundwater
should be expected to play a major role. Gonneea et al. (2014)
pointed out that fresh groundwater can increase Mn flux, as fresh
groundwater has a long residence time and low oxygen. Figure 8
also shows that the flux of Mn responds high in quarters with a
high percentage of freshwater and this difference is evident.

In addition, ???Rn activity was significantly correlated with Mn
(R2=0.468, r=0.692, p < 0.000 1, n = 49) and Ba (R? =0.455, r =

036
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Fig. 7. The relationship between dissolved organic carbon (DOC) concentration of seawater (circle) and intertidal groundwater
(square) and Fe flux in submarine groundwater discharge (SGD) and the corresponding aquaculture stage (the black colour
represents the seedling period (n = 3), blue represents after clam harvest (n = 6), orange represents clam maturity (n = 10)), since each
point represents of one field observation, we observed three season, so there are only three points. The arrow indicates that the Fe flux

driven by SGD increases with the increase of DOC concentration.
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Fig. 8. Mn and Ba fluxes derived through SGD in different sea-
sons, the blue shaded histogram represents the proportion of
fresh water in groundwater.

0.683, p < 0.000 1, n = 49)(Fig. 9), and 2>?Rn itself is an excellent
tracer for groundwater and its activity in fresh groundwater is
very high (the average activity in well water is nearly an order of
magnitude higher than that of intertidal groundwater, Fig. 2)
(Santos et al., 2010). These also indicate that the fresh groundwa-
ter may be an important factor controlling Mn and Ba fluxes. The
low oxygen content fresh groundwater may reduce the man-
ganese oxide, and then results in an increase in Mn concentra-
tion. Ba is often combined with Mn oxides (in our results, only
Mn and Ba have the strongest correlation), and with the dissolu-
tion of Mn oxides, Ba is also released so that the flux of Ba in
groundwater also increases.

4.2.2 Removal metal

As shown in Fig. 6, Cu fluxes were negative (sinking in the
STE) in all three seasons. The concentration of Cu in intertidal
groundwater was significantly lower than that in surface seawa-
ter in all seasons. Considering that Cu is an essential element for
biological growth, we assumed that the aquaculture may be re-
sponsible for the removal of Cu. Intensive S. constricta and shell-
fish cultivation and other filter-feeding organisms absorb and en-
rich bio-beneficial elements in their growth stage. The benthic
demand (Amato et al., 2016; Shine et al., 1998) made the concen-
tration of Cu in intertidal groundwater very low in any season
and causing continuous Cu removal during harvesting.

We performed culture experiments to verify shellfish (one of
the main cultured species) were collected near the intertidal
groundwater site (Fig. 1) and placed in an incubator. In situ sea-
water was added to simulate the natural environment, and the

218.4
O July —O—
= 182.0 O October
= A April
=]
i 1456 n=20,r=0.798, p <0.000 1
3 [e]
£ 1092 |
g
o
2 728
8 O
o n=17,r=0.816,p<0.000 1
= 364
=12,r=0.704,p=0.01
0 1 1
0 3.0x10°  6.0x10° 9.0x10° 1.2x10°  1.5x10°

22Rn activity concentration/(Bq-m™)

incubation time is set to 1 h (Hao, 2021). Nothing else is added
during this period. The location of the capture experiment was
carried out on the shore closer to the sampling point to simulate
the in situ environmental conditions (temperature, light, etc.).
When sampling, re-stir the water sample for sampling. The water
samples at the beginning and after shellfish capture were collec-
ted for analysis. The result showed that benthic organisms can
capture Cu (the Cu concentration in seawater was 0.012 umol/L
at the beginning, and 0.01 umol/L after capture experiment. Fi-
nally, the Cu concentration decreased by 25.3%). This process
makes Cu concentration in the intertidal groundwater lower than
that in the seawater, thus making Cu sink in STE. Since these
benthic organisms were eventually harvested, the Cu was taken
out of the original environment, causing complete removal of Cu.

4.2.3 Dynamically balance metals

The Pb fluxes are all positive, but their values are small. Con-
sidering the concentration of Pb in intertidal groundwater is sim-
ilar to that in seawater and the error, we classify Pb as a dynamic
equilibrium metal. In addition, Pb also exhibits different beha-
viour from that of Mn, Ba and Fe. Shahid et al. (2012) pointed out
that Pb can combine with DOC to form organic-Pb, but this was
not found in our observation.

The Cr, U and Zn flux derived from SGD show greatly season-
al differences, especially they all have source-sink conversion. In
some seasons, groundwater releases it into seawater, while in
other seasons, the opposite occurs. Many physicochemical prop-
erties and biological changes alter with the seasons, and these
changes may affect the source-sink characteristics of certain
metals in STE. In addition, as seen in Fig. 3, the concentrations of
Zn, Cr and U in intertidal groundwater and seawater are similar,
indicating that these three metals may be in a state of dynamic
equilibrium. Zn is a biologically active element which can be
metabolized by organisms and catalysed by enzymes (Amato et
al., 2016). Therefore, Zn can be taken up and used by biology. As
for why Zn and Cu behave slightly differently, our explanation is
that the concentration of Cu and Zn in intertidal groundwater is
different (Fig. 3), and the concentration of Cu is much lower than
that of Zn. As the beneficial elements (Cu and Zn) must be in a
suitable concentration range, exceeding concentration will cause
damage to the organism itself (Prabhu et al., 2016).

For U, its mobility is enhanced in the high state (uranyl car-
bonate), and it is often affected by the presence of carbonates
(Charette and Sholkovitz, 2006; Gonneea et al., 2014). The high
state U forms a stable uranyl carbonate with the carbonate,
which facilitates its existence in solution.
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Fig. 9. 222Rn activity versus Mn and Ba concentrations in intertidal groundwater and seawater.
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4.3 Significant seasonal variations on SGD-driven metal fluxes

The three supply metals in which we were interested contrib-
ute to the local environment’s metal budget. They may have an
impact on the surrounding ecosystem and therefore cannot be
ignored. However, our findings demonstrate that using the res-
ults of a single sampling to predict annual metal fluxes will result
in a significant mistake because the SGD derived metal fluxes
fluctuate periodically. For example, the maximum Fe flux was
0.288 mmol/(m?2-d) (October) and the minimum was 0.079
mmol/(m?2-d) (April). If the result of a single measurement was
used, the October result would be 3.6 times higher than that of
April. The difference between Mn in the season with the highest
flux and the season with the lowest flux may be estimated using a
similar method to be 5.5 times, whereas the difference between
Ba flux will be 15 times.

Zn, U and Cr show source-sink reversal, which will directly
lead to the estimation error for the long-term metal fluxes estim-
ation driven by SGD. So we prefer to use multi-quarter averages
value to (average flux over three quarters) instead of single-
quarter calculations, which prevented over or under-estimates of
the metal fluxes gap by SGD especially for the supply metals and
removal metal. This average method can be effective representa-
tion of annual SGD-driven metal flux, although the method is rel-
atively simple, it is effective. Using this method, we get that metal
fluxes contributed by SGD are comparable to either riverine or
atmospheric source (metal sediment diffusion flux is included in
the SGD). Figure 6 shows that the flux of Mn of groundwater is
much larger than that of rivers in any season, and the fluxes of Fe
and Ba of groundwater are comparable to or larger than those
from rivers. The dry deposition fluxes of Fe and Mn in the adja-
cent sea area (South Yellow Sea, adjacent to this sea area) were
0.11 mmol/(m?.d) and 0.003 mmol/(m?.d), respectively (Yuan et
al., 2012). The deposition fluxes of Fe and Mn were either smaller
or comparable to the SGD contribution. It should be noted that
the atmospheric deposition rate mentioned above was the total
deposition rate, if only the soluble deposition part is much smal-
ler (the magnitude is nmol/(m?-d)) (Hsu et al., 2010). The largest
atmospheric deposition fluxes were used for comparison. Com-
parison of the results with the metal fluxes contributed by other
end-member shows that SGD is a significant source of Mn, Fe
and Ba. These metals have an important impact on the growth
and survival of nearshore organisms (e.g., Fe). For example, Fe
plays an important role in enzymatic reactions, photosynthesis,
or other synthetic reactions, and primary productivity can also be
affected by Fe limitations (Zhang et al., 2019).

Cu may be a limiting factor for aquaculture in this area due to
the Cu sink (the capture of benthic organisms’ results in the con-
tinued removal of Cu) in the STE. Therefore, it is necessary to fur-
ther study and evaluate the trace element content of the cultured
organisms here to determine whether the area is Cu deficient.

5 Conclusions

Strong seasonal variations of SGD-derived metal fluxes have
been discovered, and they are divided into three categories (sup-
ply metals, remove metal and dynamically balance metals). Fe,
Mn and Ba are supply metals and their seasonal variation may be
related to the variation of DOC concentration and the proportion
of fresh groundwater. Cu is remove metal and this may be re-
lated to aquaculture. Pb, Zn, U and Cr are dynamic balance
metals, which show complex seasonal changes. In a word, ignor-
ing the impact of seasonal changes on the metal fluxes driven by
SGD will significantly affect the correct estimation of the metal
contribution of SGD and the understanding of the nearshore
metal cycle.
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