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To determine nutrient fluxes derived from submarine groundwater discharge (SGD),
we conducted monthly hydrological surveys on the coast of Jeju, a volcanic island
located in the southern sea of Korea. The concentrations of dissolved inorganic nitrogen
(DIN), dissolved inorganic phosphorus (DIP), and dissolved silicon (DSi) were significantly
correlated with salinity, indicating that fresh SGD (FSGD) is a major nutrient source
in Jeju Island where no other coastal freshwater origins exist. Based on a DSi-mass
balance model, seepage rate of FSGD was found to depend on 5-day precipitation
before sampling campaigns, which immediately permeated via porous aquifers. Thus,
the FSGD-driven nutrient fluxes were generally higher in rainy season (July–August) and
September 2019 when typhoons occurred. However, high DIN and DIP fluxes were
found during spring (March–May), even at low seepage rate, perhaps by a fertilizer
input from agriculture activity. This study highlights that large variation of the SGD-driven
nutrient fluxes was caused by environmental and anthropogenic factors and emphasizes
on the importance of long-term investigation.
Keywords: submarine groundwater discharge, nutrient, eutrophication, Jeju, nitrogen contamination, SGD

INTRODUCTION
Submarine groundwater discharge (SGD) is the outflow of groundwater from seabed to ocean
regardless of water composition or driving force (Burnett et al., 2003). Meteoric groundwater
moving from land to the coastal ocean through the impervious aquifer boundaries, having low
salinity groundwaters, is referred to as fresh SGD (FSGD). However, seawater can infiltrate into
coastal seabed and then discharge again, to the ocean as groundwater with various ranges of salinity.
This is designated as saline SGD (SSGD). Both types of SGDs flow out across the water-sediment
interface at extensive coastal and marginal scales, and the advection rate was found to be as much
as that from rivers. Based on previous studies, the water flux of SGD into the ocean was estimated
to be similar or sometimes significantly larger than the river that acted as the major source of water.
In the Atlantic Ocean, the water flux of SGD was 80–160% of the river (Moore et al., 2008). Kwon
et al. (2014) estimated the SGD flux to be 3–4 times larger than the rivers in the global oceans.
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variation of the SGD-driven inorganic nutrients was influenced
by the hydrological environmental properties and anthropogenic
activity near the study area.

Submarine groundwater discharge generally contains more
enriched terrestrial substances (e.g., nutrients, organic matter,
trace elements, and radionuclides) as compared to the overlying
seawater (Hwang et al., 2005; Jeong et al., 2012; Kim and Kim,
2017). During the flowing and mixing of FSGD and SSGD
through the underground mixing zone within a coastal aquifer,
termed as the subterranean estuary (STE; Moore, 1999), intensive
biogeochemical reactions modify the properties of the coastal
groundwater (Beck et al., 2007; Kroeger and Charette, 2008;
Anschutz et al., 2009). In addition, longer residence times of the
groundwater within the STEs (hours to years), which is enriched
in sedimentary organic matter, various microbial communities,
water-rock interactions, and several possible electron acceptors
contribute toward an increase (e.g., nitrate, ammonium, and
silicate) (Mulligan and Charette, 2006; Oehler et al., 2019;
Adyasari et al., 2020; Ruiz-González et al., 2021) or a decrease
in the concentration of terrestrial chemicals (e.g., phosphate and
nitrogen) (Kroeger and Charette, 2008). Therefore, considering
the groundwater discharge rate, the SGD has been recognized as
a critical process for land-sea material exchange (Beusen et al.,
2013; Rodellas et al., 2015; Cho et al., 2018; Luijendijk et al., 2020).
Jeju Island was formed by multiple volcanic activities, the
bedrock consists of porous basaltic rocks. Previous studies have
found that permanent streams and rivers do not exist and most
freshwater is discharged as groundwater into the coastal zone
(Kim et al., 2003, 2011; Hwang et al., 2005). As Jeju Island is
located in the southern sea of Korea on the branch of oligotrophic
Kuroshio Current (Figure 1; Kim and Kim, 2017), very limited
external sources of terrestrial substances are expected. However,
severe benthic macroalgal blooms, commonly referred to as
green tides, have been observed recently in the coastal ocean
round Jeju Island. It was reported that the green tides seem to
be triggered by excess nutrient loadings via SGD and coastal
eutrophication (Kwon et al., 2017). The coastal eutrophication
derived from contamination of groundwater occurs worldwide
and is significantly associated with the poorly managed discharge
from livestock wastewater, agricultural fertilizer, and sewage into
aquifers (Laroche et al., 1997; Gobler and Sañudo-Wilhelmy,
2001; Hu et al., 2006).
The investigation of SGD with respect to seepage rate and
presence of chemical substances is difficult owing to the lack of
proper tools, invisible pathways under the seabed, and very large
temporal and spatial variations. To overcome these problems,
various geochemical tracers, e.g., 222 Rn, methane, silicate, and
fluorescent dissolved organic matter which are usually highly
enriched in the groundwater (Corbett et al., 2000; Hwang et al.,
2005; Cho et al., 2021), have been used. In this study, we
investigated monthly environmental factors in Hwasun Bay of
Jeju Island, where the SGD is the major source of terrestrial
substances, as reported in previous studies (Kim et al., 2013).
Especially, the temporal scale of SGD is a key research topic to get
a better insight into the understanding of variations in influence
on coastal biogeochemical budget and the representative value
of the SGD-driven nutrient contribution. Here, we applied
the mass balance model to calculate the seepage rate and
temporal variation of SGD in the coastal region. The clear
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MATERIALS AND METHODS
Study Region
Jeju Island is a dormant volcanic island located in the south
of the Korean Peninsula (Figure 1). As the island bedrock is
mainly composed of permeable basalt rocks, it allows rainwater
to recharge groundwater immediately and is transferred to the
coastal region through an aquifer. Due to the influence of
the East Asian monsoon climate, considerable precipitation is
concentrated from June to September (mean annual precipitation
∼1,900 mm). Therefore, approximately 1,000 artesian springs
and wells are distributed along the coast of Jeju, and FGW
provides 90% of the water resources in Jeju Island. Because Jeju
Island is located on the pathway of a branch of the oligotrophic
Kuroshio Current with very depleted nutrients and the SGD
is a dominant source of terrestrial substances, this island is an
ideal place to determine the influence of SGD-driven inorganic
nutrients in the coastal ocean. The sampling campaigns were
conducted in Hwasun Bay, which is in the southwest part of the
island (Figure 1). The bay is semi-enclosed by beaches, rocks, and
a harbor. It is well documented that FSGD is a significant process
and very simple mixing pattern was observed in artesian springs,
coastal groundwater, and bay water (Lee and Kim, 2015).

Sampling
The sampling campaigns were conducted monthly during 2019.
To determine the effect of a typhoon on SGD, two sampling
campaigns were conducted just after Typhoon Lingling passed
(September 10 and 24, 2019). The typhoon arrived in Jeju Island
on September 7 and drove record-breaking wind speeds of
54.4 m s−1 , the fifth most powerful in Korea’s recorded history.
Moreover, heavy precipitation of over 416 mm was measured in
2 days around the summit of Mt. Hallasan on Jeju Island.
The fresh and saline groundwater samples were collected in
Hwasun Beach during ebb tide (Figure 1). The sampling spots
were same as Kim et al. (2013) to compare with the results
from the previous study. Although the spots are clustered in
the small beach area, Hwasun Beach having an artesian well
is the only place to take FGW samples in the bay because the
outside of the beach is covered by a rocky cliff. Based on the
result from hydrological survey, the lower salinity in bay water
is observed near the beach area, indicating the groundwater
sampling was reasonable. The FGW samples were collected near
the artesian wells using a plastic beaker. The saline groundwater
was sampled from shallow pits (Depth: ∼50 cm) dug in beach
sediments. The first two pit volumes of seeping groundwater
were discarded using a plastic beaker, and the freshly recharged
water was collected within the next 5 min to obtain saline
groundwater samples. The salinity was measured at the sampling
site using a portable sensor (CyberScan PCD650, Thermo
Fisher Scientific, Waltham, MA, United States). The sensor was
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FIGURE 1 | Maps showing study area and sampling stations for fresh and saline groundwater, bay water, and seawater.

calibrated using a Conductivity Standard Solution (THERMO
EUTECH, Singapore) before each sampling campaign.
The surface seawater samples of bay water and its coastal
area were collected aboard the R/V Je-Ra of the Jeju National
University, Jeju City, South Korea. An SBE carousel water
sampler (Sea-Bird Scientific, Bellevue, WA, United States)
was used for the sampling of surface seawater. All water
samples were collected using the 10% hydrochloric acid-cleaned
Nalgene HDPE bottles.

RESULTS
Salinity
The salinity of the fresh groundwater (FGW) samples was
constant during all sampling campaigns (avg.: 0.1 ± 0.0)
(Supplementary Table 1). The monthly average salinities of the
saline groundwater (SGW), bay water (BW), and seawater (SW)
ranged from 12.9 to 18.8 (avg.: 15.5 ± 1.6), from 28.6 to 33.6 (avg.:
31.7 ± 1.6), and from 30.5 to 33.6 (avg.: 32.3 ± 0.9), respectively.
The salinity values during the winter season (January, February,
and December) were relatively higher than those during the
summer season (June, July, and August) due to high precipitation
from the East Asian monsoon.

Analysis of Inorganic Nutrients
The water samples were vacuum filtered through combusted
(550◦ C for 4 h) Whatman glass fiber filters (GF/F, pore size:
0.7 µm) within 1 h of each sampling campaign. The filtrates
were kept in a freezer (−20◦ C) before analysis (usually the
storage duration was less than a week). Concentrations of
dissolved inorganic nutrients [NO3 − , NO2 − , NH4 + , PO4 3− ,
and Si(OH)4 ] were photometrically analyzed using an autoanalyzer (New QuAAtro39, SEAL Analytical, Southampton,
United Kingdom). The accuracy of the concentration was verified
before measurement of the samples using three different certified
reference materials (CRM): MOOS-3 (National Research Council
of Canada), RMNS (KANSO, Japan), and CSK standard solution
(WAKO, Japan). Our CRM measurement results were in good
agreement with the certified values (within 2%). The detection
limits of NO3 − , NO2 − , NH4 + , PO4 3− , and Si(OH)4 were 0.02,
0.04, 0.08, 0.05, and 0.06 µM, respectively. We defined the
concentration of DIN as the sum of NO3 − , NO2 − , and NH4 + ,
that of DIP as the concentration of PO4 3− , and that of DSi as the
concentration of Si(OH)4 .

Frontiers in Marine Science | www.frontiersin.org

Dissolved Inorganic Nitrogen
In the FGW, concentrations of dissolved inorganic nitrogen
(DIN) ranged from 288 to 2,485 µM (avg.: 818 ± 730 µM)
(Supplementary Table 1). The seasonal average concentrations
of DIN were 1,927 ± 228 µM in spring, 300 ± 2 µM in summer,
337 ± 39 µM in autumn, and 871 ± 198 µM in winter. For
the SGW, concentration of DIN ranged from 65 to 832 µM
(avg.: 364 ± 274 µM). The seasonal average concentrations of
DIN were 781 ± 521 µM in spring, 182 ± 54 µM in summer,
172 ± 77 µM in autumn, and 386 ± 197 µM in winter. In
the BW, concentration of DIN ranged from 1.3 to 41 µM (avg.:
15.9 ± 13.7 µM). The seasonal average concentrations of DIN
were 10.0 ± 17.5 µM in spring, 17.8 ± 18.0 µM in summer,
24.3 ± 30.3 µM in autumn, and 8.8 ± 10.3 µM in winter. In
the SW, concentration of DIN ranged from 0.3 to 10.7 µM (avg.:
4.2 ± 4.1 µM). The seasonal average concentrations of DIN were
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7.4 ± 2.9 µM in spring, 3.0 ± 3.0 µM in summer, 0.6 ± 0.2 µM
in autumn, and 6.9 ± 5.3 µM in winter.

other seasons (118 ± 49). In the coastal regions of Jeju Island,
synthetic fertilizers containing nitrogen and phosphorus are a
major source of anthropogenic nutrients (Samanta et al., 2019),
and the usage is concentrated in the spring season. Thus, the
enriched nutrient concentrations in the FGW may originate from
agricultural activities near the study region.
In general, the concentrations of inorganic nutrients in the
samples from the FGW, SGW, BW, and SW were negatively
correlated with salinity in all sampling campaigns (r2 = 0.53–
0.91 for DIN, 0.19–0.81 for DIP, and 0.73–0.88 for DSi;
Supplementary Figures 1–3), indicating that the origin of
freshwater increased the concentration of inorganic nutrients in
the coastal Hwasun area. As there are no major rivers in Jeju
Island, the freshwater must have originated from the coastal
FGW. On Hwasun Beach, an artesian spring provides a large
amount of FGW and creates a small stream emerging from
the coastal beach. Additionally, the linear relationship between
inorganic nutrients and salinity (Supplementary Figures 1–3)
indicated the FGW-driven inorganic nutrients were likely to
behave conservatively during transport into the large Hwasun
Bay with little additional inputs and nutrient uptake.
Usually, the measured concentrations of the nutrients from
the spring wells and shallow pits were considered to be
the representative concentrations of the coastal FGW (Santos
et al., 2008). Additionally, we found that these were similar
to the y-intercepts of the linear relationships during most
sampling campaigns (Supplementary Figures 1–3). However,
some y-intercept values were likely to show large deviation and
were out of range, particularly in the post-typhoon campaign
conducted in September 24. The notable difference seems to
be attributed to the various hidden pathways of the coastal
aquifer and its complexity (Kim and Kim, 2017), in addition
to surface runoff and non-point FGW sources derived from the
typhoon event. Thus, we selected the y-intercept value between
nutrient concentrations and salinity for the saline groundwater,
bay water, and seawater samples in each sampling campaign as
the concentrations of extrapolated zero-salinity effective endmember in the FGW (Figure 2, Supplementary Figures 4, 5 and
Supplementary Table 3) to remove any bias arising due to coastal
spring wells and complex hidden pathways of the coastal aquifer
(Beck et al., 2010).
To estimate seepage rate of FSGD in Hwasun Bay, the DSi
mass balance model was applied. This method has been used
successfully for determination of the SGD flux in the research
area at a large spatial-temporal scale, where significant difference
in concentration of DSi between the groundwater and coastal sea
and conservative behaviors of DSi were observed (Hwang et al.,
2005; Oehler et al., 2019). In Hwasun Bay, the concentration of
DSi in the FGW was 18–187 times higher than that in the SW.
In addition, the DSi showed a significant negative correlation
with salinity (r2 = 0.82) for FGW, SGW, bay water, and seawater
(Supplementary Figures 1–3), suggesting the FGW-driven DSi
is conservative, and additional DSi sources are negligible. In the
costal system, Oehler et al. (2019) summarized various input
(FGW, SGW, diffusion, runoff, rainfall, and particle dissolution)
and output processes governing DSi concentrations (biological
uptake, reverse weathering, and mixing). Based on the linear

Dissolved Inorganic Phosphorus
In the FGW, concentrations of dissolved inorganic phosphorus
(DIP) ranged from 2.3 to 5.8 µM (avg.: 3.7 ± 1.1 µM)
(Supplementary Table 1). The seasonal average concentrations
of DIP were 4.9 ± 0.5 µM in spring, 3.7 ± 0.4 µM in summer,
3.0 ± 0.7 µM in autumn, and 3.6 ± 0.3 µM in winter. In the
SGW, concentration of DIP ranged from 1.1 to 5.2 µM (avg.:
2.8 ± 1.4 µM). The seasonal average concentrations of DIP were
4.8 ± 1.8 µM in spring, 3.2 ± 1.2 µM in summer, 1.6 ± 0.7 µM
in autumn, and 2.6 ± 1.1 µM in winter. In the BW, concentration
of DIP ranged from 0.3 to 0.7 µM (avg.: 0.5 ± 0.1 µM). The
seasonal average concentrations of DIP were 0.6 ± 0.3 µM in
spring, 0.4 ± 0.1 µM in summer, 0.5 ± 0.2 µM in autumn, and
0.5 ± 0.2 µM in winter. In the SW, concentration of DIP ranged
from 0.0 to 0.7 µM (avg.: 0.2 ± 0.2 µM). The seasonal average
concentrations of DIP were 0.3 ± 0.0 µM in spring, 0.1 ± 0.1 µM
in summer, 0.1 ± 0.0 µM in autumn, and 0.4 ± 0.3 µM in winter.

Dissolved Silicon
In the FGW, concentrations of dissolved silicon (DSi) ranged
from 158 to 566 µM (avg.: 337 ± 142 µM) (Supplementary
Table 1). The seasonal average concentrations of DSi were
390 ± 58 µM in spring, 392 ± 83 µM in summer, 384 ± 81 µM in
autumn, and 163 ± 38 µM in winter. In the SGW, concentration
of DSi ranged from 97 to 269 µM (avg.: 184 ± 55 µM). The
seasonal average concentrations of DSi were 217 ± 85 µM in
spring, 207 ± 35 µM in summer, 195 ± 83 µM in autumn,
and 115 ± 44 µM in winter. In the BW, concentration of DSi
ranged from 7.7 to 30.6 µM (avg.: 15.9 ± 7.7 µM). The seasonal
average concentrations of DSi were 10.4 ± 4.4 µM in spring,
20.1 ± 11.9 µM in summer, 19.8 ± 17.2 µM in autumn, and
11.9 ± 7.7 µM in winter. In the SW, concentration of DSi ranged
from 3.6 to 13.0 µM (avg.: 7.2 ± 3.2 µM). The seasonal average
concentrations of DSi were 6.2 ± 3.3 µM in spring, 9.9 ± 3.1 µM
in summer, 4.3 ± 1.1 µM in autumn, and 9.3 ± 1.6 µM in winter.

DISCUSSION
In the FGW samples, the concentration of DSi was relatively
low in the winter season and was almost constant in other
seasons (Supplementary Table 1). The concentration of DIN
was the highest in the spring season and was relatively higher
in the winter season as compared to those in the summer and
autumn seasons. The DIP concentration was relatively higher
in the spring season as compared to those in other seasons. In
particular, the DIN:DIP ratio in the FGW samples (198 ± 127)
was significantly higher than that in the saline groundwater
samples (124 ± 89), bay water samples (27 ± 38), and seawater
samples (14 ± 12) (Supplementary Table 2). This indicates that
the highly DIN-contaminated FGW dispersed in the bay system
and potentially influenced the costal ecosystem and nitrogen
budget. In the FGW, the DIN:DIP ratio was significantly higher
in the spring season (342 ± 89) as compared to those in the
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of the prediction interval between DSi and salinity values of the
saline groundwater, bay water, and coastal seawater (Figure 2 and
Supplementary Table 3).
In the bay system, the removal of DSi term was considered
by the mixing of physical water with offshore water. It was
DSi , V , and λ
calculated by multiplying CEX
S
Mix values of each
sampling campaign. The value of λMix was determined by a
reciprocal of water residence time (τbw = 1/λMix ). The value of
τbw for each sampling campaign was calculated by the tidal prism
method (Sanford et al., 1992; Moore et al., 2006; Table 1). Owing
to high current velocity along the coastal Jeju Island (10–15 cm
s−1 ; Chang et al., 2000), the return flow effect was considered
to be negligible. The residence times of the bay were lowest in
February 2019 (1.4 day) and highest in September 24 (4.0 day),
and the average was 2.2 ± 0.8 day, similar to the previous study
using the Rn-222 mass balance model [2.5 day; Kim et al. (2011)].
Thus, the result of our estimation is reasonable.
As a result of the DSi mass balance model, the ψFSGD ranged
from 1.3 cm d−1 in June 2019 to 22.5 cm d−1 in August 2019
(avg.: 6.7 ± 6.6 cm d−1 ; Table 1 and Supplementary Figure 6).
During January to July and November to December 2019, the
seepage rate of FSGD remained relatively low and constant at
3.0 ± 1.1 cm d−1 . High seepage rates were observed from August
to October 2019, along with a relatively high precipitation rate
(Supplementary Figure 6). Typically, the East Asian Monsoon
lasts from July to August in the Korean Peninsula. In September
2019, precipitation of 502.8 mm was recorded in Jeju Island,

correlation between DSi and salinity, the internal processes (i.e.,
particle dissolution, biological uptake, and reverse weathering)
seem to be minor within the water residence time. With the
enriched DSi concentrations in the porewater, the dissolution rate
decrease (Techer et al., 2001). To exclude the addition by rainfall,
we conducted water sampling after precipitation. There are no
stream and river because of water permeable basalt bedrock
in this bay. Here, assuming the steady-state condition in the
Hwasun Bay, the DSi mass balance model was applied with two
inputs (diffusion and FSGD) and one removal (water mixing)
processes, as follows.
DSi
DSi
RDSi
sed × ABott + CFGD × ABott × ψFSGD − CEX × VS × λMix = 0

where RDSi
sed is regeneration rate of DSi from sediment, ABott is
DSi is the end-member
the bottom area of the bay (×107 m2 ), CFGD
−3
concentration of DSi in FGW (mmol m ), ABott is the bottom
area of the bay (×107 m2 ), ψFSGD is the seepage rate of FSGD
DSi is the excess concentration of DSi in bay water
(cm d−1 ), CEX
over that in the offshore (mmol m−3 ), VS is the water volume of
bay water (×108 m3 ), and λMix is the exchange rate of bay water
with offshore water (d−1 ) (Table 1).
Diffusive flux of DSi from bottom sediments (×107 mmol
−1
d ) was calculated by multiplying the bottom area of Hwasun
Bay and the regeneration rate of DSi (5.0 mmol m−2 d−1 ; Jung
DSi was derived from the y-intercept
and Cho, 2003; Table 2). CFGD

TABLE 1 | Values for each notation in the dissolved silicon (DSi) mass balance model in Hwasun Bay, Jeju Island.
Value (unit)
FDiff

(×107

mmol

January February March April May June July August September 10 September 24 October November December
d−1 )

CFGW (mmol m−3 )

9.5

9.5

9.5

9.5

9.5

9.5

9.5

9.5

9.5

9.5

9.5

9.5

9.5

190

222

345

358

418

447

325

228

258

239

428

388

173

Abott (×107 m2 )

1.9

1.9

1.9

1.9

1.9

1.9

1.9

1.9

1.9

1.9

1.9

1.9

1.9

CEX (mmol m−3 )

3.5

2.3

4.1

2.6

5.0

4.0

6.7

17.6

25.3

17.4

16.3

2.7

2.0

Vs (×108 m3 )

1.3

1.5

1.5

1.5

1.3

1.3

1.3

1.1

1.3

1.3

1.4

1.5

1.5

τbw (day)

2.6

1.4

1.5

1.6

1.9

2.6

2.6

1.8

3.5

4.0

2.6

1.6

1.5

λMix (d−1 )

0.39

0.70

0.68

0.64

0.52

0.39

0.39

0.56

0.28

0.25

0.39

0.61

0.67

9 (cm d−1 )

2.5

3.6

4.9

2.3

3.2

1.3

4.1

22.5

17.6

10.5

9.4

2.0

3.0

FDiff is the diffusive flux, CFGW is the end-member of DSi concentration in fresh groundwater, Abott is bottom area of the bay, CEX is the excess concentration of DSi in
bay water over that in the offshore, VS is the water volume of bay water, τbw is residence time of bay water, λMix is the exchange rate of bay water with the offshore water,
and 9 is the seepage rate of the FSGD.
TABLE 2 | The summaries of the geochemical tracer based fresh submarine groundwater discharge (FSGD) estimates and the associated nutrient fluxes to the coastal
zones of volcanic islands (Jeju and Hawaii).
Study region

FSGD rate

Length

DIN flux

m3 d−1

m

Kona, Hawaii

6.7–13 × 105

8,320

2.4–5.4 × 107

Kuau

11,200

2,946

1.8 × 106

Maalaea

6,430

1,568

Kahului

3,030

Honolua
Waiehu

DSi flux

Tracers

References

1.6–2.9 × 106

2.4–4.5 × 108

Ra

Knee et al., 2010

2.0 × 104

3.6 × 106

Rn

Bishop et al., 2017

6.8 × 105

1.7 × 104

1.4 × 106

Rn

Bishop et al., 2017

2,754

6.1 × 104

2.6 × 103

7.3 × 105

Rn

Bishop et al., 2017

4,670

1,061

4.9 × 104

2.9 × 103

8.1 × 105

Rn

Bishop et al., 2017

626

1,252

8.4 × 103

7.3 × 102

1.2 × 105

Rn

Bishop et al., 2017

103

103

7.5 × 105

Rn

Bishop et al., 2017

1.3 ± 1.1 × 108

DSi

This study

mol yr−1

Honomanu

3,020

1,043

8.8 ×

Hwasun Bay

1.3 ± 1.3 × 106

8,700

2.1 ± 1.4 × 108
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DIP flux

3.7 ×

1.4 ± 0.7 × 106
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FIGURE 2 | Scatter plots between dissolved silicon (DSi) and salinity in each sampling campaign. The dotted lines indicate the regression lines for the saline
groundwater, bay water, and seawater. The solid lines indicate the boundaries of the 95% prediction intervals for the variable.

Zhou et al., 2018, 2019). The average discharge rate of FSGD in
this study (1.3 ± 1.3 × 106 m3 d−1 ) was similar with that in Kona,
Hawaii [Table 2; Knee et al. (2010)]. Here, considering the similar
coastal length of research area in Kona coast [8,320 m, Knee et al.
(2010)] and Hwasun Bay (8,700 m), the seepage rate per unit
length seems to be comparable in both volcanic environments.
The fluxes of inorganic nutrients via FSGD were calculated
by multiplying the seepage rate of FSGD by the end-member
concentration of nutrients in the FGW. The fluxes of DIN, DIP,
and DSi ranged from 1.0 × 105 mol d−1 to 12 × 105 mol
d−1 (avg.: 5.7 ± 4.0 × 105 mol d−1 ), from 1.2 × 103 mol
d−1 to 8.5 × 103 mol d−1 (avg.: 3.9 ± 2.0 × 103 mol d−1 ),
and from 0.9 × 105 mol d−1 to 9.7 × 105 mol d−1 (avg.:
3.6 ± 3.1 × 105 mol d−1 ), respectively (Figure 3 and Table 2).
As shown in Figure 3, significantly large variations of nutrient
fluxes were found, and those were generally higher during the
East Asian Monsoon rainy season (July–August) and September
2019, when the three typhoons arrived. The maximum fluxes
of DIP and DSi were observed in August, corresponding to the
largest seepage rate of FSGD. Here, the monthly precipitation in
August was less than those of July and September, but the total
precipitation for 5 days just before the sampling campaigns was
relatively higher. We concluded that as the FSGD was affected
by immediate precipitation, the nutrient fluxes may have been
enriched directly in August 2019.
However, very high fluxes of DIN via FSGD were found
during spring season (March–May), even for low seepage rates
(Figure 3). The higher fluxes were controlled by the four times
increase of end-member concentration in the FGW, which
may be attributed to the nutrient contamination due to excess

which was significantly higher than the average range of monthly
precipitation (113.6 mm to 243.1 mm), perhaps owing to frequent
typhoon events (Typhoons Lingling, Tapah, and Mitag). On both
sampling campaigns in September 2019, a heavy precipitation
was recorded after Typhoon Lingling, and relatively high seepage
rates were observed (17.6 cm d−1 for September 10 and 10.5 cm
d−1 for September 24). Therefore, the transport of groundwater
via the SGD in Hwasun Bay was significantly increased by heavy
precipitation from the East Asian Monsoon and the typhoons
(Cho et al., 2021). In addition, we found that the variations in the
seepage rate of FSGD resembled the variations in precipitation for
5 days before each sampling campaign (r2 = 0.67), rather than the
monthly variations in precipitation (r2 = 0.31) (Supplementary
Figure 6 and Supplementary Table 4). This indicates that
the seepage rate of FSGD in Jeju Island seems to respond to
immediate precipitation. The porous basaltic land is likely to
aid rapid permeation of the precipitation into the aquifer. It
is supported by the result from Cho et al. (2021). They found
almost double the SGD flux (9.7 × 106 m3 d−1 ) in 1 day
after a typhoon event compared to before the typhoon event
(5.7 × 106 m3 d−1 ). However, in 4 days after the typhoon, the
SGD flux was back to normal (4.9 × 106 m3 d−1 ). Thus, recent
climate and weather conditions are important factors affecting
the SGD rate in Jeju Island.
Santos et al. (2021) reported that although the contribution of
FGW discharge to the global ocean is relatively minor compared
with rivers and total SGD (less than 1%). However, the input
of FGW is considerable in certain environment including the
volcanic island where precipitation, permeability, and hydraulic
heads are high and surface runoff is minor (Moosdorf et al., 2015;
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FIGURE 3 | Monthly variations of FSGD-driven nutrient fluxes of DIN (A), DIP (B), and DSi (C) and seepage rate of fresh submarine groundwater discharge in
Hwasun Bay.

FIGURE 4 | The annual variation of DIN in groundwater samples around Hwasun region (A) and the distribution of nitrate concentration in groundwater in Jeju Island
(B).

2010–2011 was reported to be 2.9 × 105 mol d−1 (Kim et al.,
2013), which is approximately half the value determined in this
study (5.7 ± 4.0 × 105 mol d−1 ). The seepage rate of SGD
(FSGD + RSGD) in the same study was twice (2.2 × 106 m3 d−1 )
the value obtained in this study (1.3 × 106 m3 d−1 ). Despite the
large uncertainties in the estimate, the result is supported by that
the nitrogen contamination in coastal groundwater is increasing
(Figure 4A). The groundwater in the western part of Jeju
Island showed enriched nitrate-nitrogen (NO3 -N) concentration
(Figure 4B). The nitrogen contamination may be caused by
contamination from excessive use of a liquefied and chemical
fertilizer in many farms (tangerine orchards and vegetable farms)
distributed near Hwasun Bay based on the previous nitrogen
isotopic signal (δ15 N = ∼4.5h) (Woo et al., 2001). Especially, the
isotope ratio of highly contaminated groundwater (>10 mg/L)
was less than 4 h, indicating the anthropogenic fertilizer [−4 to
+4h, Kendall (1998)] is a major source of nitrogen contaminant
(Woo et al., 2001). The coastal nitrogen contamination derived
from the excessive use of nitrogen fertilizer and associated with
severe hypoxic events were also reported in the Gulf of Mexico
(Meter et al., 2018). They highlighted legacy nutrients can last
at least 1 year beyond initial use within a watershed and remain
much longer within groundwater system (Meter et al., 2018).

agricultural activities in the spring season. However, the trend of
DSi was similar to that of the FSGD, indicating that the DSi was a
reliable tracer for FSGD.
To compare with the other origins of nutrients, the diffusive
fluxes from the bottom sediment were considered. Previous
studies found that the diffusive fluxes of DIN, DIP, and DSi
per square meter in this bay were 1.3, 0.6, and 5.0 mmol
m−2 d−1 , respectively (Kim and Park, 1998; Jung and Cho,
2003). By multiplying the area of the Hwasun Bay, the nutrient
fluxes of DIN, DIP, and DSi by diffusion at the sedimentwater interface were 2.5 × 104 , 1.1 × 104 , and 9.5 × 104 ,
respectively. As compared to diffusion, the FSGD-driven DIN
and DSi were 23 and 3.8 times higher in Hwasun Bay,
respectively, although the contribution of diffusive DIP flux was
significantly higher than that of the FSGD. Although atmospheric
deposition may affect the nutrient budget in the bay, there was
a linear relationship between inorganic nutrients and salinity
(Supplementary Figures 1–3), suggesting no significant external
origins (e.g., in situ remineralization from organic matter). In
addition, in a previous study, Kim et al. (2011) reported that the
atmospheric deposition was negligible in Hwasun Bay.
The SGD-driven DIN flux in Hwasun Bay almost doubled
in 10 years. In a previous study, the DIN flux via SGD in
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The nutrient pollution can be accumulated in aquifer and
the purification is much difficult than river and lake systems.
Therefore, the long-term monitoring and management strategies
of groundwater qualities should be taken to understand the link
of environmental problems and groundwater qualities.
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The concentrations of DIN, DIP, and DSi were measured monthly
in the FGW, SGW, bay water, and coastal seawater in Hwasun
Bay of Jeju Island. The concentrations of DIN, DIP, and DSi
were significantly correlated with salinity, indicating that the
FSGD is a dominant source of nutrients in the bay, where no
other freshwater origins exist. Based on the DSi-mass balance
model, the monthly variation in the seepage rate of FSGD
was significantly correlated with the accumulated precipitation
that occurred for 5 days before the sampling campaigns, rather
than the monthly total precipitation rate, owing to immediate
influence of precipitation which flows through a porous aquifer
in Jeju Island. In general, the nutrient fluxes were observed to be
higher in the East Asian Monsoon rainy season and September
2019, when the three typhoons arrived (Lingling, Tapah, and
Mitag). The very high DIN and DIP fluxes during spring season,
even for low seepage rate, can be attributed to the nutrient
contamination in the coastal groundwater perhaps by a fertilizer
input from agriculture activity. The large variation of the SGDdriven nutrient fluxes seems to be derived from precipitation
and anthropogenic activities near the study region. This study
suggests that a long-term investigation is required to estimate
the representative values of the seepage rate of SGD and the
fluxes of terrestrial substances to cover various environmental
and anthropogenic factors during different seasons. In addition,
further studies will be necessary to trace the origin of the
excess concentration of nitrogen during spring season, based on
chemical tracers such as nitrogen isotopes.
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