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Editorial on the Research Topic

Submarine Groundwater Discharge: Impacts on Coastal Ecosystem by Hidden Water and
Dissolved Materials

This Research Topic advances our understanding of submarine groundwater discharge (SGD), a
hydrological process involving the discharge of terrestrial freshwater combined with the exchange of
seawater along coastal margins (Burnett et al., 2003). SGD occurs worldwide and has a range of
impacts including its role in shifting ecosystems’ ecological states on local scales (Lecher andMackey,
2018) or contributing greenhouse gases with global implications (Lecher et al., 2015; Sadat-Noori
et al., 2016). In spite of remaining unknowns, this Research Topic takes us a step closer, through
methodological improvements in SGD quantification, to understanding the contribution of SGD to
coastal nutrient and chemical balances, and the effects these chemical subsidies have on coastal
trophic food webs. Finally, a review paper synthesizes progress in SGD research over the last decade,
including a focus on its economical and cultural values.

METHODOLOGICAL IMPROVEMENTS AND NUTRIENT FLUX
CHARACTERIZATION

Four papers are devoted to refining methods of quantification of SGD. A common indirect approach
of quantifying SGD rates is to apply a mass balance of a chemical with concentration in groundwater
exceeding those in seawater. Lamontagne andWebster caution that inadequate sampling focusing on
surface water only when vertical mixing is slow may lead to biased SGD estimates. Short-lived
radium (Ra) isotope distributions revealed that slow vertical mixing creates vertical gradients that
need to be accounted for when building mass balance models.

Tamborski et al. apply naturally occurring Ra isotopes in a semi-enclosed basin to estimate SGD
and associated nutrient fluxes. Because the four Ra isotopes have different ingrowth rates, they are
sensitive to different time-scale processes. Specifically, short-lived Ra isotopes trace short-scale SGD
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processes such as wave or tidal pumping, and their mass balance
is also sensitive to contributions from sediments in addition to
SGD. In contrast, long-lived Ra isotope mass balances are highly
sensitive to fluxes at the boundaries of the study domain and less
sensitive to short- and small-scale SGD.

Oehler et al. revisit the use of dissolved silicon (DSi) as SGD
tracer. DSi becomes enriched in groundwater due to biogenic
silica dissolution and water-rock interactions. Depending on the
hydrogeologic settings, DSi can trace terrestrial and brackish SGD
or can be used as a tracer for marine SGD. They emphasize that
DSi is a nutrient and may exhibit non-conservative behavior in
the coastal ocean. A large improvement in DSi application is a
recent progress in its chemical analysis that allows measurements
from 1-ml sample volumes. This helps with the recurring
problem of end-member characterization, especially from low-
volume pore water samples.

Characterization of SGD and nutrient fluxes from coastal karst
aquifers was the focus of Bejannin et al. SGD estimates in karstic
coastlines are difficult due to the combined presence of different
water sources that include springs, pore water exchange, and
rivers. Horizontal eddy diffusivity from offshore 224Ra transects
and nutrient gradients were used to derive SGD nutrient fluxes.
With this approach, the authors bypass the need for an exact
characterization of the SGD endmember, minimizing
uncertainties. However, this method is only applicable when
the SGD tracers and nutrients behave conservatively within
the timeframe of coastal mixing and have no significant
external sources.

ANTHROPOGENIC CHEMICAL
SIGNATURES IN SUBMARINE
GROUNDWATER DISCHARGE
It has long been recognized that SGD is a significant source of
nutrients to the coastal ocean. Over the last decades progress
has also been made on characterizing the origin of nutrients in
SGD, mainly implicating anthropogenic sources. However, in
many settings single tracing techniques alone cannot
discriminate between sources. Tamborski et al. used boron
(B) and boron isotopes (δ11B) in combination with δ15N and
δ18O to trace sources of NO3

− to two subterranean estuaries
and constrain end-member isotopic signatures. They
concluded that δ15N and δ18O in NO3

− alone could not
differentiate nitrogen sourced from septic waste, fertilizer
and precipitation. However, δ11B revealed that the STE was
affected by agricultural fertilizer inputs and N was
predominantly sourced from nitrification of ammonium.

Nutrients are not the only anthropogenically sourced
chemicals in SGD. Welch et al. studied legacy and currently-
used pesticides in groundwater, stream baseflow, and SGD in an
oceanic island. SGD and baseflow carried as much as 1 g of
glyphosate and 9 g of DDT per day into Faga’alu Bay. While
glyphosate is currently widely applied and its presence in
groundwater is not surprising, the persistence of DDT in
groundwater is noteworthy since it has been phased out in the
1970s. The sustained flux of glyphosate and DDT via SGD could

have chronic effects on reef health and should be investigated in
more detail. These observations shed light into the role of SGD as
an overlooked source of contaminants of emerging concerns to
the coastal ocean.

SUBMARINE GROUNDWATER
DISCHARGE SUPPORTS BIOLOGICAL
PRODUCTIVITY
SGD-derived nutrients sustain primary production, which in
turn increases food availability to higher trophic levels.
Andrisoa et al. showed that mussel growth rates and condition
is greater at groundwater exposed sites. High growth rates were
the consequence of both the higher winter temperatures
moderated by groundwater discharging at constant
temperatures, and groundwater-derived nutrient supply that
increased food availability. This study provides direct evidence
for the “downstream” ecological impacts of groundwater
discharge on higher trophic levels and that SGD can have a
local economic effect.

The propagating effect of SGD along trophic linkages was also
explored by Fujita et al. who investigated how SGD enhances the
productivity and biomass of producers, primary consumers, and
secondary consumers. Carbon stable isotopes revealed that
nutrients from terrestrial SGD were utilized by juvenile
marbled sole. Fish biomass across three sites in the western
North Pacific were also related to high SGD locations.

Starke et al. argue that apart from nutrient inputs, temperature
should also be considered to drive fish distribution around fresh
SGD sites in the tropics, perhaps due to the higher oxygen content
of colder water. They demonstrated that fish are attracted to SGD
sites using a biofouling experiment. The enhanced settlement of
filamentous sessile algae near SGD sites became the food source
attracting fish. The results presented showed that submarine
springs attract fish in tropical settings and represent some of
the first manipulative experiments in the SGD context.

REVIEW OF THE STATUS QUO

The recent advances in the field are highlighted in a review
by Taniguchi et al. The field has now entered a “mature stage”
with a large number of research groups exploring the multiple
hydrological, geochemical, biological, and oceanographic facets
of SGD. The review includes updates on technological advances
of SGD measurement, description of geophysical drivers,
magnitudes, and biological effects of SGD and porewater
exchange. It is recognized that terrestrial freshwater
discharge, processes driven by wave setup and tidal
pumping, as well as pore water exchange are not necessarily
synergistic or additive. It has also become clear that global fresh
SGD only accounts for a minor fraction of river discharge
(Luijendijk et al., 2020) while the total (saline + fresh) SGD is
often much greater than river inputs (Cho et al., 2018).

The economic and cultural implications of SGD are now
finally being evaluated. SGD’s role in supporting coastal
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ecosystems and food resources had also had significance in
various cultures historically, these cultural values and roles of
SGD are being described in the scientific literature.

CONCLUSION

This collection of studies from multiple parts of the globe
including France, Australia, Japan, Pacific Islands, and the
USA further illustrates the overall widespread significance of
SGD for water, nutrient, and contaminant delivery to the
coastal ocean. These papers show improved ways of
quantifying the different components of SGD and pore water
exchange. Through multiple examples presented here now we
also have clearer evidence for the importance of SGD in driving
food webs, fish stocks, and therefore indirectly also economies.
Multiple challenges however remain, for example, in upscaling
SGD to regional and global scales and in better understanding its

temporal variation. For example, with climate change SGD
drivers such as precipitation patterns and sea level are
changing and we are yet to see how SGD and related water,
nutrient, and other chemical fluxes will be affected. But there is
progress made in producing more and more representative SGD
measurements that provide the baseline on which future studies
can build on.
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Submarine groundwater is richer in nutrients compared to surface (river) water and

therefore has been considered to be an essential component of biological production

in marine coastal ecosystems. However, there has been no information on the effects of

submarine groundwater on animals at high-order trophic levels such as fishes. Here, we

show the first direct evidence that fish feeding and growth are elevated by submarine

groundwater discharge (SGD) by on-site experiments and quantitative sampling. An

experiment using cages moored on the sea bottom confirmed that juvenile marbled

sole Pseudopleuronectes yokohamae obtained elevated levels of nutrition in the vicinity

of SGD. Quantitative sampling at three sites with different hydrodynamic properties

in coastal waters of the western North Pacific showed correspondence of high SGD

with high biological production or biomass from producer to secondary consumers.

These findings demonstrate that nutrients of terrestrial origin provided via submarine

groundwater in coastal areas promote marine fish production.

Keywords: groundwater discharge, cage experiment, feeding, flounder, growth, radon, terrestrial origin,

trophic flow

INTRODUCTION

Water flowing from the land to the marine coastal area is an essential component supporting
the high biological production by supplying nutrients of terrestrial origin (Field et al., 1998).
Freshwater provided from terrestrial areas to coastal areas can be divided into surface water
(river water) and groundwater. More studies have been undertaken on how variability in river
waters affects biological production in marine ecosystems compared to groundwater supply
influences (Moosdorf and Oehler, 2017). Groundwater discharge was estimated to approximate
or exceed 50% of the freshwater input to bays (Valiela et al., 1990; Slomp and van Cappellen,
2004). In a temperate bay, a high contribution of nutrients (e.g., 65% of total dissolved inorganic
phosphorus (DIP) provided through all freshwater) has been estimated to be supplied via
submarine groundwater, which is richer in nutrients, especially phosphorus (Sugimoto et al., 2016).
Therefore, submarine groundwater is considered to have high potential for promotion of trophic
flow in coastal ecosystems.

High levels of submarine groundwater discharge (or seepage: SGD) have been shown to
correspond with elevated primary production in coastal waters worldwide (Rodellas et al., 2015;
Sugimoto et al., 2017; Figures 1A,B). Recent studies have indicated elevated abundance of primary
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FIGURE 1 | Underwater view of spring-type submarine groundwater

discharge (SGD) at a volcanic coast in Beppu Bay, southwestern Japan (A),

benthic microalgae flourishing around SGD at a sandy beach in Yamagata

Prefecture (B), misids gathering around SGD at a seagrass bed in Hokkaido

Prefecture (C), and aggregation of labrid and pomacentrid fishes around SGD

in Beppu Bay, Japan (D). All image credits: JS.

and secondary consumers (invertebrate macro-benthos and
fishes) in nearby areas containing SGD (Waska and Kim, 2010;
Hata et al., 2016; Utsunomiya et al., 2017; Figures 1C,D).
Herbivore grazing is influenced by ecological stoichiometry of
macrophytes that depend on nitrogen-rich SGD (Tomas et al.,
2011; Peterson et al., 2012). To date, however, there is still limited
information on the influence of SGD on the production of animal
communities at high-order trophic levels, such as secondary
consumers including fishes (Sanders et al., 2011; Moosdorf and
Oehler, 2017). A missing trophic linkage in the coastal boundary
area can be demonstrated if the utilization of nutrients of
terrestrial origin provided through SGD bymarine animals at the
high-order trophic levels is elucidated.

In the present study, to test the hypothesis that nutrients
provided via SGD drive marine food web and promote
production of animals of high-order trophic levels, productivity
and biomass at three trophic levels (producer, primary consumer,
and secondary consumer) are compared between areas with
high and low SGD in three coastal marine areas with
different hydrological features in coastal waters of Japan, the
western North Pacific. A continuous mooring time series
observation was conducted to evaluate the contribution of
SGD to animals at high-order trophic levels by comparing
feeding and growth of juvenile fish together with nutrients of
terrestrial origin [dissolved inorganic nitrogen (DIN) and DIP],
primary productions (phytoplankton and benthic microalgae),
and abundance of primary consumers as fish prey.

MATERIALS AND METHODS

Study Sites
Three survey sites (Figure 2) were selected to cover the different
levels of maximum daily tidal amplitude (DTA) during the spring

tide period in the western North Pacific (I: Sea of Japan coast with
a low DTA of 0.4m, II: Pacific coast of Japan with an intermediate
DTA of 1.5m; III: coastal area of the Seto Inland Sea with a high
DTA of 4.0m). Field experiments and quantitative sampling were
conducted at the three sites to test if production and biomass
of organisms at three trophic levels (producer, primary, and
secondary consumers) in the benthic ecosystem are elevated in
and around the area with high SGD.

Radon-222 (222Rn) is a naturally occurring radioactive gas and
a powerful tracer of groundwater inputs to oceans. The 222Rn
concentration is typically two to three orders ofmagnitude higher
in groundwater than in surface waters (Church, 1996; Kim et al.,
2005). The 222Rn concentration has been applied as one of the
indices for the detection of SGD in shallow waters worldwide
since the half-life of 222Rn is ∼3.8 days (Taniguchi et al., 2002;
Swarzenski et al., 2007; Charette et al., 2008; Dimova et al., 2009;
Santos et al., 2010). Salinity is also an indicator of fresh SGD input
because SGD is composed of fresh SGD and recirculated SGD
(Stieglitz et al., 2013). In the present study, two sampling stations
within each site were selected according to the results of previous
222Rn and salinity measurements (site I: Hosono et al., 2012;
Kobayashi et al., 2019; site II: Honda et al., 2015; Shoji et al., 2017;
site III: Hata et al., 2016). At each of the three sites, production
of benthic microalgae, abundances of gammarid crustaceans (as
dominant primary consumer and also as major prey organisms
for fish), and carnivorous fishes were compared between the two
stations with different levels of 222Rn concentration and salinity
in water as an indicator for SGD (sts. a, c, and e for high SGD; sts.
b, d, and f for low SGD).

Primary Production and Primary and
Secondary Consumers’ Biomass
Surveys for primary production by benthic microalgae and
biomass of primary consumers (epibenthic crustaceans) and
secondary consumers (carnivorous demersal fishes) were
conducted on 5 June at site I, on 2 August at site II, and on 12
June at site III in 2016. Production of benthic microalgae was
estimated by an onsite experiment. Four polyethylene plates (30
× 25 cm, 1.5mm thick) were set at 0.3m above the sea bottom
at each station for 2–5 days. Benthic microalgae on the plate
was scraped and filtered onto Whatman GF/C glass-fiber filters.
Samples were preserved frozen at −40◦C until measurement
of dry carbon weight with a mass spectrometer at the Research
Institute for Humanity and Nature (RIHN), Kyoto, Japan.
Primary production of the benthic microalgae was expressed as
increase in carbon weight (mg C day−1 m−2). Subsamples were
preserved in 10% seawater formalin and were identified under a
binocular microscope to the lowest possible taxon.

Epibenthic invertebrates were collected by towing a sledge-
net (0.4m width, 0.3m height, and 0.3mm mesh) for 20m
at a velocity of 1.0m s−1. Fish sampling was conducted by a
round seine net (2m high, 30m long, and 4mm mesh aperture)
using the previously described method (Kamimura and Shoji,
2013). Each fish collection covered an area of 100 m2. The
invertebrate and fish samplings were conducted at four separate
locations randomly selected within each station (n = 4 for each
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FIGURE 2 | Maps showing three survey sites where influence of SGD on trophic flow and fish feeding and growth was investigated (top left). The three sites (bottom

panels) were selected to cover different levels of maximum daily tidal amplitude (DTA) during spring tide period in the northwest Pacific (I: Sea of Japan with a low DTA

of 0.4m, II: Pacific Ocean with an intermediate DTA of 1.5m; III: Seto Inland Sea with a high DTA of 4.0m). Production of benthic microalgae and abundances of

gammarid crustacean (as dominant primary consumers and also as major prey organisms for fish) and fish were compared between two stations with different levels

of 222Rn concentration and salinity in water as an indicator for SGD (sts. a, c, and e for high SGD; sts. b, d, and f for low SGD) within each site (data for sites I, II, and

III from Hata et al., 2016; Kobayashi et al., 2017; Nakajima et al., 2018, respectively). In order to evaluate the effect of SGD on fish feeding and growth, a cage

experiment for 2 weeks was conducted using juvenile marbled sole Pseudopleuronectes yokohamae at site III. Physical and biological environmental conditions and

stomach contents and growth rate of the juveniles were compared between the two stations (e and f). Arrangement of the experimental cages, pump, and current

direction are shown (top right). Four experimental groups composed of four cages each are surrounded by a dotted line and depth contour of 1m at low tide is

indicated by a broken line.

station). Tidal levels ranged from 50 to 130 cm during these
samplings. Samples were preserved on ice and were identified in
the laboratory. Abundance of gammarids, which are the major
prey items for demersal fishes in the survey sites (Hata et al.,
2016; Shoji et al., 2017; Utsunomiya et al., 2017), was expressed
as number of individuals m−2. Fish biomass was calculated in
wet weight (g 100 m−2). Subsamples of gammarids and marbled
sole were collected at site III and preserved frozen at−30◦C until
further processing for carbon and nitrogen stable isotope ratios.

Cage Experiment for Fish Feeding
and Growth
To evaluate the effect of SGD on fish feeding and growth, a cage
experiment for 2 weeks was conducted using juvenile marbled
sole Pseudopleuronectes yokohamae at site III. The marbled sole is
widely distributed in coastal waters in the western North Pacific
and use low salinity coastal waters as nursery habitats during
the juvenile stage (Wada et al., 2007). Juvenile marbled sole are
abundant around areas with high SGD on a tidal flat in the
Seto Inland Sea, southwestern Japan, and fed mainly on macro-
benthos such as polychaetes and gammarids (Hata et al., 2016).
Physical and biological environmental conditions and juvenile
stomach contents and growth rate were compared between two
stations (e and f) with different levels of SGD.

St. e is located in an area with high 222Rn concentrations along
the coast of Honshu Island, main island of Japan, and the other
(st. f) is on the western coast of Aba Island, an unpopulated
island. The distance between these two stations is∼1.5 km. There

is no river running into adjacent waters at each station. Majority
(>A m 85%) of the sea bottom at both stations is composed of
mud and sand with diameter <2.0mm (Hata et al., 2016). Tidal
amplitude is∼4m during spring tides and 2m during neap tides.

Mooring time series surveys were conducted for 24 h from
16:00 on 6 June to 16:00 on 7 June 2017 at the two stations.
Seawater was pumped at 5 L min−1 by a submersible bilge
pump (800GPH, Rule) from 30 cm above the seafloor (1.5m of
sea depth at low tide). Data loggers for depth (DEFI2-D5HG,
JFE Advantech), temperature, and salinity (A7CT2-USB, JFE
Advantech) were mounted with the pump. The 222Rn activity
in seawater was measured according to Burnett et al. (2001).
Seawater was directly flowed into an air/water exchanger (RAD
Aqua, Durridge, Inc). Then, equilibrated air was sent into a
radon detector (RAD7, Durridge, Inc.) for analysis of 222Rn after
passing through desiccant. The 222Rn activity in seawater was
measured every 20min. Atmospheric 222Rn activity was also
measured during the same period. Uncertainties based on the
counting errors were <20% for 222Rn. Data obtained by the
data loggers and RAD7 were averaged hourly to eliminate short-
term variability in the present study. Hourly changes in SGD and
compositions of fresh and recirculated SGDs were analyzed in a
previous study (Nakajima et al., 2018).

In order to estimate SGD rate, continuous heat-type
automated seepage meters (Taniguchi and Iwakawa, 2001) were
deployed near the submersible pump at each site. The sensors
were calibrated in the laboratory before and after the field survey.
Voltage measured by the seepage meter at 5-min intervals was
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converted into ml min−1 using calibration curves and then
converted to cm day−1 using the area of the chambers by the
samemethod as Kobayashi et al. (2017). Temperature and salinity
were monitored at 5-min intervals by a temperature and salinity
logger (MDS Mk-V, Advantech) attached inside the chamber.

Nutrient samples (NO−

3 , NO−

2 , NH+

4 , and PO3−
4 ) were

collected hourly from the pumped water and were immediately
filtered through syringe filters (ADVANTEC, cellulose-acetate
membrane, 0.8µm pore size). Concentrations of NO−

3 , NO
−

2 ,

and PO3−
4 were measured using an autoanalyzer (TRAA-

CS-800, Bran-Luebbe). NH+

4 concentration was measured
fluorometrically using the orthophthaldialdehyde method
(Holmes et al., 1999) with a Trilogy fluorometer with a colored
dissolved organic matter (CDOM)/NH4 module (Model 7200-
041, Turner Designs). We defined DIN as the sum of NO−

3 ,

NO−

2 , and NH+

4 , and DIP as PO3−
4 . Chlorophyll-a (Chl-a)

concentration in the pumped water was measured using the
calibrated chlorophyll sensor (Cyclops-7, Turner Designs). These
measurements were conducted every hour.

Feeding and growth of juvenile marbled sole were compared
between the two stations (e and f). Juvenile marbled sole cultured
at Kudamatsu Sea-farming Center, Yamaguchi Prefecture, Japan,
were transported to the Takehara Marine Laboratory, Hiroshima
University, and were maintained in a stocking tank for 4 days.
On 12 June 2017, each juvenile (mean body length: 49.7mm,
SD: 2.8) was separately put in a cage (0.45 × 0.45 × 0.3m). The
juvenile stocking density for the experiment (4.9 ind. m−2) was
maintained at less than half of that (9.9 ind. m−2) found to be
suitable for juvenile feeding and growth according to the previous
experiment to evaluate appropriate juvenile stocking density for
the cage experiment (Fujita et al., 2017). Four cages were set
within an experimental square of 2 × 2m on the sea bottom at
the two stations. Four experimental squares were located within
a larger 6m× 6m square at each station. As a result, a total of 16
(4 × 4) experimental cages composed of four groups (four cages
per group) were set at each station.

On 26 June, the juvenile marbled sole were collected from each
cage and was preserved on ice. Total length of each juvenile was
measured at the start and end of the experiment. Mean absolute
growth rate (G, mm day−1) for the experimental period (14 days)
was calculated as:

G = (L14 − L0)/14

where L14 is the total length at the end of the experiment (day 14)
and L0 is that at the start of the experiment (day 0).

Stomach contents of the juvenile marbled sole were identified
under a dissecting microscope at a maximum of 100×
magnification. Each prey item was measured in length and
width using an ocular micrometer. Prey mass was calculated
from previously reported length–mass relationships of Sirois and
Dodson (2000). Stomach content composition (% in weight) was
calculated for each juvenile.

Stable carbon isotope ratio analysis was applied for the wild
and cultured juvenile marbled sole and their possible prey items
in order to obtain verification that nutritional source of the
juveniles in the experimental cages shifted from artificial pellets

fed in the tank prior to the experiment to wild prey organisms
in nature during the field experiment. The half-life period of
carbon stable isotopic ratios in marbled sole juvenile muscles has
been reported to be about 2 weeks in a diet-switch experiment
(Hamaoka et al., 2016). Twenty cultured juveniles (fed only
hatchery pellets) were sampled from the stocking tank at the start
of the experiment. Fifteen juveniles cultured and kept in the cages
for 2 weeks (fed natural prey for 2 weeks) were sampled from sts.
e and f, respectively (one fishwas lost/dead during the experiment
at each station), at the end of the cage experiment.

Muscles of the right side of the body of wild juveniles collected
at sts. e (n = 20) and f (n = 6), hatchery pellet (n = 4), and
gammarids collected at sts. e and f as major prey organisms for
the wild juveniles (n = 4 for each station, bulk sample) were
processed for stable isotope analysis following the methods of
Nagata and Miyajima (2008).

Stable isotope ratios of carbon (δ13C) and nitrogen (δ15N)
were measured with an isotope mass spectrometer fitted with an
elemental analyzer at RIHN. Isotope ratios are expressed as:

δX = (Rsample/Rstandard − 1)×1000

where δX is the stable isotope (δ13C or δ15N) in units of ‰, and
R= 13C/12C or 15N/14N. Atmospheric nitrogen (N2) and Pee Dee
belemnite were used as the standards for nitrogen and carbon
stable isotopes, respectively. In order to verify the accuracy of the
analysis, DL-alanine was used as a secondary standard for carbon.
Precision for isotopic analysis was within ±0.28‰ for both δ13C
and δ15N.

Statistical Analyses
Production of benthic microalgae; gammarid and fish abundance
at sites I, II, and III (four replicates for each); stomach content
weight; and growth rate of juvenile marbled sole by experimental
group were compared between the two stations (four replicates
for each value per station) by Mann–Whitney U-test. Hourly
SGD, salinity, DIN, DIP, Chl-a, and stomach content weight and
growth rate of individual juvenile were compared between the
two stations by Student’s t-test. Stable carbon isotope ratio of the
juveniles used for the cage experiment (n= 15 for each) and wild
(n= 20 at st. e and n= 6 at st. f) was compared between the two
stations by Mann–Whitney U-test. All of the statistical analyses
were performed in R (3.4.1: R Development Core Team).

RESULTS

Primary Production and Primary and
Secondary Consumers’ Biomass at the
Three Sites
At all sites (I, II, and III), the benthic microalgae production was
significantly higher at the stations with a higher SGD signal (sts. a,
c, and e) than at the stations with a lower SGD signal (sts. b, d, and
f: Mann–Whitney U-test, p < 0.05 for all, Figure 3). The benthic
microalgae were mostly composed of Amphora spp., Navicula
spp., and Synedra spp. at all sites. The dominant fish species were
Japanese sillago (Sillago japonica), surfperches (Embiotocidae
spp.), and red seabream (Pagrus major) at sitessite I, II, and III,

Frontiers in Environmental Science | www.frontiersin.org 4 June 2019 | Volume 7 | Article 8210

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


Fujita et al. Submarine Groundwater Derives Fish Production

FIGURE 3 | Comparison of benthic microalgae production (top), abundance of gammarids (as dominant primary consumer and also as major prey organisms for fish:

middle) and fish biomass (bottom) between the two stations with different levels of 222Rn concentrations as an indicator of SGD within each site (I: Sea of Japan, II:

Pacific Ocean, and III: Seto Inland Sea). Circles indicate each data and bars show mean and standard deviation. Asterisk shows significant difference within each site

(Mann–Whitney U-test, p < 0.05 for all).

respectively. The abundance of both gammarids and fishes was
also significantly higher at the stations with higher SGD signal
than at the stations with lower SGD signal (Mann–Whitney
U-test, p < 0.05 for all, Figure 3).

Submarine Groundwater Discharge,
Nutrient Supply, and Chlorophyll-a
Concentration During the Mooring Time
Series Surveys
During the mooring time series survey conducted at site III
for the cage experiment, the mean hourly 222Rn concentrations
ranged between 31.6 and 97.9 Bq m−3 at st. e and between 23.8
and 70.6 Bq m−3 at st. f. There was a significant difference in
the average of the mean hourly 222Rn concentrations between
the two stations [st. e: 54.3 (±20.1) Bq m−3; st. f: 34.2 (±10.4)
Bq m−3, Student’s t-test, p = 0.0002; Figure 4A]. The mean
hourly SGD varied between 25.3 and 159.3 cm day−1 at st. e and
between 1.9 and 32.8 cm day−1 at st. f. There was a significant
difference in the average of the mean hourly SGD between the
two stations (st. e: 99.8 cm day−1; st. f: 4.9 cm day−1, Student’s
t-test, p < 0.0001; Figure 4B). Average (±SD) of the mean
hourly water temperature was 18.3◦C (±0.25◦C) and 18.2◦C
(±0.23◦C) and values for salinity was 32.1 (±0.22) and 33.0

(±0.00) at sts. e and f, respectively. The difference was significant
for salinity (Student’s t-test, p < 0.0001; Figure 4C) but not for
temperature (p > 0.05).

The hourly DIN concentration ranged between 0.61 and
1.05µM at st. e and between 0.45 and 0.63µM at st. f
(Figure 4D). The hourly DIP concentration ranged between 0.14
and 0.26µM at st. e and between 0.09 and 0.20µM at st. f
(Figure 4E). The means of both hourly DIN (st. e: 0.76µM,
st. f: 0.52µM) and DIN (st. e: 0.20µM, st. f: 0.16µM) were
significantly higher at st. e (Student’s t-test, p < 0.0001 for both
DIN and DIP).

The hourly Chl-a concentration ranged between 1.01 and 2.82
µg L−1 at st. e and between 1.07 and 1.72 µg L−1 at st. f. The
average was slightly higher at st. e (1.94 µg L−1) than at st. f
(1.72 µg L−1), without significant difference between the two
sites (Student’s t-test, p= 0.058; Figure 4F).

Feeding and Growth of Juvenile Marbled
Sole by Cage Experiment
A total of 92.3% (12 of 13 fishes) and 72.7% (10 of 13 fishes) of
juvenile marbled sole analyzed for their stomach contents at sts.
e and f, respectively, had prey items in their stomachs. The most
dominant prey organisms were gammarids, accounting for 71.2%
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FIGURE 4 | Comparisons of 222Rn (A), submarine groundwater discharge (SGD: B), salinity (C), dissolved inorganic nitrogen (DIN) (D), dissolved inorganic

phosphorus (DIP) (E), and chlorophyll-a (Chl-a: F) concentrations monitored every hour for 24 h at sts. e and f in survey site III. Juvenile stomach content composition

(SCC, weight%: G), stomach content weight (SCW) by cage (H) and individual fish (I), and growth for 2 weeks by cage (J) and individual fish (K) were compared

between the two stations at the end of the cage experiment. Vertical bars and boxes (A–F,I,K) indicate every 25% range of the data. Circles (H,J) indicate each data

and bars show mean and standard deviation. The p value of statistical analysis for comparison between the two stations is presented for each panel (Student’s t-test

for A–F,I,K; Mann–Whitney U-test for H,J). Hourly data from Nakajima et al. (2018) were processed for panels (A–C) in the present study in order to provide evidence

of SGD signal at the survey site.

at st. e and 54.7% at st. f, followed by ostracods (20.8% at st. e;
43.8% at st. f; Figure 4G). Other prey organisms accounted for
7.9 and 1.5% at sts. e and f, respectively.

Mean juvenile stomach content weight of each experimental
group ranged between 0.16 ± 0.15 and 0.50 ± 0.17mg at st. e
and between 0.06± 0.03 and 0.13 ± 0.13mg at st. f (Figure 4H).
There was a significant difference between the two stations
(Mann–Whitney U-test, p < 0.05). Mean of stomach content
weight of individual juvenile at st. e (0.36 ± 0.09mg) was also
significantly higher than that at st. f (0.09± 0.02 mg; Figure 4I).

Mean juvenile growth rates by experimental group ranged
between 0.25 ± 0.10 and 0.31 ± 0.07mm day−1 at st. e
and between 0.11 ± 0.03 and 0.22 ± 0.07mm day−1 at

st. f (Figure 4J). The difference between the two stations was
significant (Mann–WhitneyU-test, p< 0.05). Mean of individual
juvenile growth rate at st. e (0.27 ± 0.09mm day−1) was also
significantly higher than that at st. e (0.18 ± 0.07mm day−1:
student’s t-test, p= 0.012; Figure 4K).

Mean stable carbon isotope ratio of the juvenile marbled sole
sampled at the end of the experiment from the cages at sts. e
(−18.26 ± 0.19‰) and f (−18.11 ± 0.17‰) was intermediate
between values of the juveniles sampled from the stock tank
at the start of the cage experiment (−18.9 ± 0.46‰) and wild
marbled sole juveniles collected at sts. e (−16.64 ± 0.32‰) and
f (−16.00± 0.43‰; Figure 5). The stable carbon isotope ratio of
the juveniles in the stock tank was slightly higher than the values

Frontiers in Environmental Science | www.frontiersin.org 6 June 2019 | Volume 7 | Article 8212

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


Fujita et al. Submarine Groundwater Derives Fish Production

FIGURE 5 | Stable carbon isotope ratio of muscle of juvenile marbled sole

sampled from the rearing tank before the experiment (Tank), after the cage

experiment for 2 weeks (Cage), and wild marbled sole collected at sts. e and f

(Wild). Vertical bars and boxes indicate every 25% range of the data. Mean

values for gammarids as major prey organisms for the juvenile marbled sole at

sts. e and f and hatchery feed for the juveniles are shown as broken lines.

Asterisk shows a significant difference in the isotope ratio of wild fishes

between sts. e and f (p = 0.0006).

of the hatchery feed (−19.08 ± 0.17‰) and the values of wild
juveniles were slightly lower than those of gammarids collected
at each station, with the most dominant prey item both in the
juvenile stomachs and water (e: −16.16 ± 1.80‰; f: −15.66 ±

1.31‰). The stable carbon isotope ratio of the juvenile marbled
flounder sampled from the cages was not significantly different
between sts. e and f (Mann–Whitney U-test, p = 0.504). The
values of both wild juvenile marbled sole and gammarids at st.
e were lower than those at st. f. There was a significant difference
in the stable carbon isotope ratio of the wild juveniles between
the two stations (U-test, p= 0.0006).

DISCUSSION

In the present study, first direct evidence that fish feeding and
growth were elevated by submarine groundwater was obtained
by an on-site experiment and quantitative samplings. The
experiment using cages moored on the sea bottom confirmed
that the fishes obtained nutrition at a fixed place in nature. The
quantitative sampling at three sites with different hydrodynamic
properties showed that correspondence of high SGD with high
biological production from producer to secondary consumers
prevails in coastal marine areas. These findings demonstrate
a missing trophic linkage in the coastal boundary area that
originates from nutrients of terrestrial origin provided via
submarine groundwater and promotes marine fish production.

Validity of Cage Experiment
The mean growth rate of juvenile marbled sole at the area
with higher SGD (st. e: 0.22 ± 0.09mm day−1 at 18.3 ±

0.25◦C) approximates those of juveniles cultured under the same
temperatures (0.25mm day−1 at 17.8◦C: Mutsutani, 1988; 0.11–
0.96mm day−1 at 8–26◦C: Kusakabe et al., 2017), although the
juvenile growth rate varies, being highly affected by ambient
temperatures. It is plausible that the condition for feeding during
the experiment at st. e was maintained at a level generally
appropriate for their growth. The period of the experiment
(2 weeks) is considered long enough to evaluate the effect of
difference in environmental conditions for feeding on their
growth because of the half-life period of carbon and nitrogen
stable isotopic ratios in the juvenile muscles (about 2 weeks:
Hamaoka et al., 2016). These results indicate that the difference
observed in the feeding and growth of juvenile marbled sole
between the experimental stations reflects the environmental
properties that were affected by the presence/absence of effects
of SGD in surrounding water.

Effects of Submarine Groundwater
Discharge on Primary Production and
Primary Consumer
Nutrients supplied via SGD increase microalgal and macrophyte
biomass and production in marine ecosystems of the world
(Lecher et al., 2015, 2017; Lecher and Mackey, 2018). In tropical
systems, nitrogen-enriched groundwater enhances primary
production of benthic ecosystems (Fourqurean et al., 1992;
Peterson and Heck, 2001; Fourqurean and Zieman, 2002;
Carruthers et al., 2005; Bowen et al., 2007; de Sieyes et al.,
2008). In the present study, nutrients supplied via submarine
groundwateris potentially important for primary production in
the coastal sea areas because there are no rivers nearby the
three survey sites. The higher primary production rate of benthic
microalgae in the areas with high SGD commonly observed at
all three sites with different hydrographic features in the present
study shows that nutrients provided via SGD contributed to
primary production in the benthic ecosystems in these sites. In
the pelagic ecosystem, on the other hand, the effect of SGD on
phytoplankton production has been reported to differ between
types of SGD (Sugimoto et al., 2017). An in situ experiment to
elucidate the response of phytoplankton primary productivity
to SGD clarified that the mechanism by which SGD affects
phytoplankton production differs from one ecosystem to another
because of variable hydro-geographical properties, such as the
type of groundwater discharge (i.e., spring type or seepage
type: Sugimoto et al., 2017). At a site in Obama Bay, central
Japan, which is characterized by seepage-type SGD, a significant
positive relationship between in situ phytoplankton primary
productivity and 222Rn concentration was observed probably
due to nutrient-limited water column conditions. On the other
hand, at volcanic coastal sites in northern and southern Japan,
which are dominated by spring-type SGD, no clear relationships
between in situ phytoplankton primary productivity and 222Rn
concentration were found, suggesting that submarine springs
have negative impacts on phytoplankton growth rates around
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FIGURE 6 | A schematic drawing of contribution of nutrients provided by

surface (river) water and SGD to pelagic and benthic trophic flows of coastal

waters. Contribution of nutrients of SGD origin to the pelagic trophic flow has

been still unknown or underestimated due to mixing of water and nutrients

(indicated by an arrow with a broken line). Relative contributions of surface

water and submarine groundwater are considered to be higher to the

production of high-order ecosystem organisms of pelagic and benthic trophic

flow, respectively. The contribution of nutrients of SGD origin to both pelagic

and benthic trophic flows is assumed to be higher in an area where the influx

of surface water is minimal and water mixing by tide prevails such as in the

survey site III (Seto Inland Sea) in the present study.

vent sites, possibly due to gradient in environmental conditions
such as temperature and salinity (Sugimoto et al., 2017).

In addition to the SGD type, tidal current would affect pelagic
primary production through mixing water. The maximum DTA
during spring tide period around site III located in the Seto
Inland Sea exceeds 4m. The chlorophyll-a concentration as an
index of phytoplankton production was not significantly different
between the two stations (sts. e and f) while difference in the
benthic microalgae production was significant. In contrast, the
effect of SGD on primary production would be more visible
in the near-bottom layer of the water column regardless of
physical properties and SGD types in each area. Consequently,
the contribution of nutrition provided via SGD to the benthic
food web is expected to be higher in coastal marine waters
with high tidal mixing and less freshwater input through rivers
flowing into the surrounding area as site III in the present study
(Figure 6). Further studies applying the experimental protocols
developed in the present study will enable elucidation of how
SGD contributes to the pelagic and benthic food web depending
on different tidal periods, geographical shapes of coastal area, and
SGD type.

Groundwater discharge has been shown to have impacts
on benthic microalgae and macrofauna in other coastal areas
(Miller and Ullman, 2004; Waska and Kim, 2010). In the present
study, the abundance of gammarids, the main prey organisms of
juvenile marbled sole, was 2.4 (site I) to 15.2 (site III) times higher
in the vicinity of the SGD (Figure 3). These gammarids include
herbivores that feed on phytoplankton and benthic microalgae
(Hata et al., 2016), showing the influence of SGD-originated
nutrients on the primary consumer through elevation of the

benthic primary production. Further, the gammarids seem to
play an important role in connecting benthic primary production
with high-order trophic level predators in the vicinity of SGD in
the present study sites (Figure 6).

Influence on Fish Production
The present study is the first case to evaluate the influence of
SGD on fish growth and feeding in marine coastal waters. The
SGD has been believed to highly contribute to the coastal fisheries
production at many locations of the world (Moosdorf and
Oehler, 2017). To date, elevation of fish abundance and biomass
has been observed in the vicinity of SGD (Hata et al., 2016;
Shoji et al., 2017; Utsunomiya et al., 2017). However, whether
the fishes grow utilizing the nutrients originated from SGD
remains unknown. In the present study, the carbon stable isotope
analysis supports the conclusion that nutrients of terrestrial
origin provided via SGD were utilized by juvenile marbled sole.
The stable carbon isotope ratio at the end of the field experiment
was intermediate between juveniles sampled from the stock tank
and wild juveniles, indicating that these juveniles in the cages
were acclimating to prey organisms in nature during the 2-week
experiment, which approximates the time length of half-life of
the isotope ratio of this species (Hamaoka et al., 2016). The lower
values of stable carbon isotope ratio of gammarids at st. e than at
st. f would prove the higher influence of nutrients provided via
SGD on marbled sole juveniles through benthic food web (Hata
et al., 2016) prevailing at st. e than at st. f.
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Trends in radium (Ra) activity in coastal seawater are frequently used to infer submarine
groundwater discharge. In general, unlike in the deep oceans, Ra samples are only
collected from the surface of the mixed layer in coastal areas. The assumption is
that the water column is well mixed, as often evidenced by uniform temperature and
salinity profiles. However, if the timescale for vertical mixing is similar to or less than the
timescale for radioactive decay, the vertical profiles in Ra activity may not be uniform. In
the present work, a two-dimensional dispersion model was developed to evaluate the
potential effects of slow vertical mixing on Ra distribution in the mixed layer of an inner
shelf. The variables considered were the vertical coefficient of solute dispersivity (Kz),
the offshore coefficient of solute dispersivity (Kx), the coastal Ra flux (Fo), the benthic
Ra flux (FB), and the slope of the seabed. The shorter-lived Ra isotopes (223Ra and
224Ra; t1/2 = 3.66 and 11.4 days, respectively) were sensitive to Kz when its value
was low (<10−4 m2 s−1), resulting in complex activity patterns in the water column
as a function of the other variables. Ra-228 (t1/2 = 5.75 years) was only moderately
impacted by low Kz but the long-lived 226Ra (t1/2 = 1600 years) was insensitive to Kz.
Surface water samples may not always be representative of water column Ra activity
when Kz is low, which will need to be taken into account in future field programs for
seawater Ra distribution in shelf environments.

Keywords: submarine groundwater discharge, radium, dispersion, vertical mixing, seawater

INTRODUCTION

The radium (Ra) quartet (223Ra, 224Ra, 226Ra, and 228Ra) are among the most commonly
used environmental tracers for evaluating submarine groundwater discharge (SGD) (Charette
and Scholten, 2008), including its terrestrial groundwater and recirculated seawater components
(Burnett et al., 2003). One common experimental design to evaluate SGD with these tracers is
to collect water samples along transects perpendicular to the shoreline, and use simple advective-
dispersive transport models to quantify the offshore coefficient of solute dispersivity (Kx), the tracer
flux from the coastline (Fo), and the tracer flux from the seabed (FB) (Moore, 2000; Hancock
et al., 2006). Several assessments have been made of the validity of this approach. For example,
Knee et al. (2011) have shown how activity measurement error can bias the application of the Ra
transport models, Moore (2015) highlighted some of the limitations in the use of 228Ra and 226Ra to
evaluate mixing and advection rates, Li and Cai (2011) evaluated the effect of neglecting advection
on Kx estimates, and Lamontagne and Webster (2019) showed how Kx could be tracer-dependent.
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However, unlike in deep oceans and shelf environments, where
228Ra, 226Ra, and 222Rn vertical profiles have been used to
estimate vertical mixing (Broecker et al., 1967; Chung and Craig,
1973; Glover and Reeburgh, 1987; Koch-Larrouy et al., 2015),
Ra measurement in shallower inner shelf environments are
typically only taken from the top of the mixed layer (Moore,
2000; Dulaiova and Burnett, 2006; Lamontagne et al., 2008). The
assumption is that vertical mixing is relatively rapid in the mixed
layer so Ra activities should be approximately uniform vertically.
However, few studies have been conducted to test this assumption
(see below). A water column may appear to be well mixed as
evidenced by near uniformity in temperature or salinity profiles
but may appear to be less well mixed for radioactive tracers if the
timescale of mixing is similar to, or longer, than the timescale of
radioactive decay.

Where vertical Ra profiles have been measured on the inner
shelf, some variations in activity have been reported. For example,
Moore et al. (1995) observed noticeable vertical variations in
226Ra, 228Ra, and 224Ra on the Amazon shelf, but these were
attributed in part to variations in salinity (i.e., mixing of different
sources of water). Levy and Moore (1985) observed increases
in 224Ra activity with depth in the mixed layer off the coast of
South Carolina and Georgia, which they attributed to input from
the seafloor. During an extensive survey of the South Atlantic
Bight, occasional sampling near the surface and the bottom of
the mixed layer showed that in most cases Ra activities were
similar (Moore, 2007). Thus, vertical variations in Ra activity
in the mixed layer may occur under some conditions in inner
shelf environments.

Here, a theoretical assessment was made to show how
variations in the vertical mixing rate could influence water
column Ra activities in a shelf environment. As the focus here
was on the short-lived Ra isotopes (223Ra and 224Ra), only
dispersive transport was considered because advective transport
in the offshore direction is usually not important for them
(Lamontagne and Webster, 2019). The assessment was made by
developing a two-dimensional model that included dispersion
in the vertical direction, based on a previous one-dimensional
offshore dispersive transport model by Hancock et al. (2006). In
a first step, the effect of variations in the vertical coefficient of
solute dispersivity (Kz) on Ra distribution in the water column
was evaluated. In a second step, the effect of other transport
variables (Kx, Fo, and FB) on Ra distribution in the water
column was evaluated.

In the following, the 2D model is described along with the
range in parameter values considered. Whether the current
experimental design for tracer surveys in coastal areas provides
biased estimates of water column Ra activities is discussed.

MATERIALS AND METHODS

In this study, the model domain for Ra transport was considered
to be the cross-section of a sloping continental shelf (Figure 1).
The sources of Ra to the water column were from the coast and
the seabed. Tracer transport was assumed to occur via dispersive
processes only, which can be described by the diffusion equation

in the x (offshore) and z (depth) directions:

∂A
∂t
=

∂Kx∂A
∂2x

+
∂Kz∂A

∂2z
− λA (1)

where A is the Ra activity, t is time and λ the decay constant
for a given isotope. Considering the steady-state condition and
anisotropic cross-section, Eq. (1) simplifies to:

Kx
∂2A
∂x2 + Kz

∂2A
∂z2 = λA (2)

This equation was solved numerically using the finite difference
method. The numerical grid incorporated a single cell at
the coastline and 200 vertical cells at the offshore boundary
(Figure 1). Boundary conditions included a constant flux Fo (Bq
m−1 s−1) at the coastline and a constant benthic flux FB (Bq m−1

s−1) spread evenly between the cells on the seabed. A no-flux
boundary condition (Fe = 0) was assigned to the offshore end.
Cell dimensions were 200 m in the x and 2 m in the z directions,
ensuring the offshore boundary was far enough away from the
coast (40 km) in order to reasonably meet the Fe = 0 boundary
condition at this boundary (vertical profiles were investigated for
the first 10 km only).

The literature was scanned for a reasonable range in Kx, Kz,
Fo, and FB for a shelf environment – these are summarized
in Tables 1, 2. In a first step, Eq. (2) was solved for different
Kz values for each Ra isotope using default values for Kx, Fo,
and FB (Table 2). This process identified which isotope if any
was sensitive to variations in Kz in terms of uneven activity
distribution in the water column. For those isotopes sensitive
to Kz, the additional effects of variations in Kx, Fo, FB, and
seabed slope (m) on vertical Ra distribution were evaluated for
a relatively low Kz value. The MATLAB script used to solve Eq.
(2) is provided as Supplementary Material.

RESULTS

Kz
The range of Kz values found in the literature – including both
coastal and deep ocean areas – spanned 7.5 × 10−6 to 10−1 m2

s−1. Thus, Kz values ranging from 10−6 to 10−2 m2 s−1 were
used here. Variations in Kz did result in noticeable changes in the
vertical and horizontal distribution of the shorter-lived tracers.
For example, when using the default values for Fo and FB for
223Ra, Kz = 10−6 m2 s−1, and Kx = 10 m2 s−1, 223Ra distribution
was clearly lower at the surface than at depth at a given distance
from the shoreline, especially when farther offshore (Figure 2).

The simulations showed that vertical patterns in Ra activity
as a function of Kz were complex, with the highest activities
either at the surface, the seabed, or at intermediate depths
depending on the magnitude of Kz , the Ra isotope, and the
offshore distance. To emphasize these, vertical variations in Ra
activity were demonstrated at x = 2, 5, and 10 km for various
Kz values (Figure 3). In general, water column Ra activity was
nearly constant when Kz > 10−4 m2 s−1, with the exception
of the longest – lived 226Ra which was insensitive to Kz under
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FIGURE 1 | Conceptual representation of the cross-section for a sloping continental shelf with key boundary conditions controlling the Ra flux. Fo, coastal flux; FB,
benthic flux; Fe, offshore boundary flux (set to 0). Solute exchange between cells occurs via dispersive processes.

the conditions tested. For the cases when Kz < 10−4 m2 s−1,
223Ra and 224Ra activities were highest near the seabed at 2 km
and in proximity of the surface at 5 and 10 km. The differences
in activity through the water column were substantial at low
Kz values for 223Ra and 224Ra. For example, 224Ra activities at
2 km were ∼2 mBq L−1 near the surface and ∼ 5 mBq L−1

near the seabed. The differences in activity through the water
column were more subdued for 228Ra and only noticeable at the
lowest Kz value. For example, 228Ra at 2 km varied from ∼0.30
to ∼0.35 mBq L−1 through the water column (which would
probably not be apparent in a field setting due to measurement
uncertainty). Overall, only sampling for surface water would tend
to bias the estimate of water column activity at low Kz values
for 223Ra, 224Ra, and possibly 228Ra but not for 226Ra under the
conditions evaluated.

Kx
In addition to slow mixing of the water column, the
complex distribution in Ra activity at low Kz also reflects
the presence of two sources of Ra (coast and seabed) and
how Ra from these sources is being dispersed through
the water mass, especially as it becomes deeper offshore.
Firstly, the effect of Kx was evaluated for 224Ra, 223Ra,
and 228Ra for a relatively low Kz value (10−5 m2 s−1).
Ra-226 was not evaluated because it was insensitive to
Kz under the conditions tested, as demonstrated in the
previous section.

The horizontal and vertical 223Ra and 224Ra distributions were
substantially impacted by variations in Kx (Figure 4). In general,
there was a tendency for the lowest 223Ra and 224Ra activities to
be found near the seabed at low Kx values and near the surface at
the higher Kx values. For example, for 224Ra at 5 km (Figure 4B),
activities were ∼0.5 mBq L−1 near the surface and ∼0.1 mBq
L−1 near the seabed for Kx ≤ 1 m2 s−1 but ∼0.3 mBq L−1 near
the surface and ∼1.5 mBq L−1 near the seabed for Kx = 100 m2

s−1. In other words, with a low Kz and a high Kx, there is a
tendency for Ra produced via a benthic source to be exported in
the offshore direction rather than to be mixed into the overlying
water column (see also Figure 2). Whilst the overall magnitude

of the activity changed, unlike for 223Ra and 224Ra, variations in
Kx did not noticeably change the vertical distribution in 228Ra.

Fo, FB, and Seabed Slope
For simplicity, this part of the analysis only considered 224Ra
(the worst-case scenario due to its shortest half-life). Variations
in the magnitude of the coastal and seabed fluxes as well as
seabed slope had a noticeable impact on the vertical 224Ra
profiles (using Kz = 10−5 m2 s−1). Changing the magnitude
of Fo changed vertical 224Ra profiles when getting closer to the
shoreline (Figures 5A,B) but not offshore (Figure 5C). This
demonstrated that the coastal flux does not contribute any 224Ra
to the water column at 10 km and beyond under the conditions
tested (i.e., all the 224Ra originates from the seabed). In contrast,
variations in FB impacted the profiles at 2, 5, and 10 km with
a tendency for 224Ra activity to be highest near the surface at
higher FB (Figures 5D–F) This may seem counterintuitive at
first but can be explained by the sloping seabed. The highest
224Ra activities occur near the shoreline due the combined Fo
and FB fluxes and a smaller dilution potential in the shallower
water column there (Figure 2). This 224Ra is then primarily
dispersed laterally (that is, near the surface) due to Kx >> Kz
in the simulations.

The assessment of the effect of seabed slope (m) required
a small modification to the finite difference model, where the
thickness of the cells on the z-axis was modified (to 1 m for
m = 0.005 and 4 m for m = 0.02). These simulations suggested
that a bias associated with slow vertical mixing would tend to
become more significant along transects with deeper mixed layers
(Figures 5G–I), especially farther offshore.

DISCUSSION

Whilst the simulations were based on a simplistic representation
of solute transport in coastal environments, especially for vertical
mixing (Pacanowski and Philander, 1981; Durski et al., 2004),
they clearly indicated that short-lived radiotracers like 223Ra
and 224Ra may have a non-uniform vertical activity distribution
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in shelf environments when vertical dispersion is low. This
is of concern for the design of sampling programs for SGD
tracers in coastal environments, where only surface water samples
are often collected. Moreover, it is not possible to generalize
if there will be a tendency to under- or overestimate whole
water column activities by surface water sampling because this
will be in part determined by other factors, such as location
along the transect, Kx, and the source and magnitude of
the tracer flux.

TABLE 1 | Literature estimates for Kz in different marine environments.

Kz (m2 s−1) Location References

7.5 × 10−6 Monterey Bay Shelf,
California

Moniz et al., 2014

9 × 10−5 Swan River Estuary,
Australia

Etemad-Shahidi and
Imberger, 2001

5 × 10−5 to 1.5 × 10−4 Southwest Gulf of
Maine

Benitez-Nelson et al.,
2000

2.7 × 10−4 North West Shelf,
Australia

Webster, 1986

4 × 10−4 Sea of Japan Okubo, 1980

2 × 10−3 Inner Shelf, Bering Sea Glover and Reeburgh,
1987

10−3 to 10−2 Southern Ocean Charette et al., 2007

10−4 to 10−3 Atlantic Ocean Broecker et al., 1967

10−2 Pacific Ocean Broecker et al., 1967

10−6 to 10−1 Indonesian Archipelago Koch-Larrouy et al.,
2015

10−2 Surf zone Kumar and Feddersen,
2017

Whilst methodology vary, the lower Kz are typically associated with coastal
environments rather than the open ocean.

TABLE 2 | Parameter range for Kz, Kx, Fo, and FB used in the simulations.

Variable Range References

Kz (m2 s−1) 10−6, 10−5, 10−4,
10−3, and 10−2

Refer to Table 1

Kx (m2 s−1) 0.01, 0.1, 1, 10, and
100

de Silva Samarasinghe
et al., 2003; Colbert
and Hammond, 2007;
Lamontagne and
Webster, 2019

Fo and FB (Bq m−1 s−1)
223Ra and 224Ra 0.01, 0.1, 1, 10, 1, and

00
Lamontagne et al.,
2015; Lamontagne and
Webster, 2019

228Ra 10−5, 10−4, 10−3, and
10−2

Lamontagne et al.,
2015; Lamontagne and
Webster, 2019

226Ra 10–6, 10−5, 10−4, and
10−3,

Lamontagne et al.,
2015; Lamontagne and
Webster, 2019

Seabed slope (m) 0.002, 0.01, and 0.02

Underlined values represents the default unless otherwise noted in the text. For
simplicity, a similar range in Fo and FB was used for a given isotope to contrast the
effect of the coastal and benthic Ra sources.

FIGURE 2 | Variations in 223Ra activity in the water column for a relatively low
Kz (10−6 m2 s−1) and high Kx (10 m2 s−1).

Lietzke and Lerman (1975) made similar observations to this
study when evaluating the role of anisotropy in diffusivity on the
vertical distribution in 222Rn in Santa Barbara Basin. As for 223Ra
and 224Ra distribution along a sloping seabed evaluated here, they
found that much of the 222Rn in the water column of this basin
was from benthic production at shallower depth moving laterally
owing to Kx >> Kz. The basin also had a noticeable vertical
gradient in 222Rn activity. Levy and Moore (1985) occasionally
observed vertical 224Ra gradients in the mixed layer off the coast
of North Carolina and Georgia, which they attributed to a 224Ra
input from the seafloor. Such gradients may be more common
than previously recognized for shelf environments.

Comparison With Characteristic Mixing
Timescales
The simulation results are consistent with a qualitative
assessment of the characteristic timescales of vertical mixing
relative to radioactive decay. In general, transport processes tend
to be less important in the mass-balance of a tracer when they
occur more slowly than radioactive decay. For example, the
characteristic timescale for vertical mixing by dispersion will be
L2/Kz, where L (m) is a representative mixed layer thickness.
If L2/Kz >> 1/λ, then vertical mixing is unlikely to contribute
to differences in Ra activity in the water column. For example,
assuming L = 20 m and Kz = 10−5 m2 s−1, the characteristic
timescale for vertical mixing will be 4 × 107 s, whereas
the timescales for radioactive decay (=1/λ) are 4.6 × 105 s,
1.4 × 106 s, 2.6 × 108 s, and 7.2 × 1010 s for 224Ra, 223Ra,
228Ra, and 226Ra, respectively. This scaling is consistent with
the numerical simulations performed here, which showed large
vertical variations in activity due to slow mixing for 224Ra and
223Ra, small variations for 228Ra, and no effect for 226Ra.
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FIGURE 3 | Vertical variations in Ra activity for a range in Kz values for 223Ra (A–C), 224Ra (D–F), 228Ra (G–I), and 226Ra (J–L) at 2 km (left column), 5 km (middle
column) and 10 km from the coastline (right column).
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FIGURE 4 | Variations in 224Ra (A–C), 223Ra (D–F), and 228Ra (G–I) activity as a function of Kx for a relatively low Kz value (10−5 m2 s−1) at 2 km (left column),
5 km (middle column), and 10 km (right column).

Radon-222 is another common SGD tracer (Stieglitz
et al., 2013; Tait et al., 2016) with a half-life (3.82 days)
comparable to 224Ra. Thus, surface water sampling for
222Rn may similarly, not be representative of the whole
water column activity when the vertical mixing rate is low.
Being a dissolved gas, a further complication with 222Rn
would be degassing, which has a characteristic timescale
L/v (where v is the degassing velocity). The characteristic
degassing timescale for 222Rn would typically be slightly
slower than its timescale for radioactive decay. For example,
for L = 20 m and v = 1 m day−1 (∼1.2 × 10−5 m s−1),
the characteristic timescale for degassing is ∼2 × 106 s
(relative to ∼5 × 105 s for radioactive decay). This is also

similar to the timescale of vertical mixing 4 × 106 s for
∼Kz = 10−4 m2 s−1 and L = 20 m. Thus, slow vertical
mixing may impact on 222Rn activities in the water column
because it can be slower than the timescales of both radioactive
decay and degassing.

Kz
A potentially mitigating or complicating factor in our
analysis is that a constant Kz was assumed across the
model domain, which may be unrealistic in some field
settings (Koch-Larrouy et al., 2015). Kz is an empirical
parameter summing-up a range of potential dispersive
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FIGURE 5 | Effects of variations in Fo (A–C), FB (D–F), and seabed slope (G–I) on the vertical distribution of 224Ra for a relatively low Kz value (10−5 m2 s−1).

processes induced by wind, tides, and other driving forces.
As per other similar empirical dispersion parameters, Kz
should be anticipated to be scale-, and time-dependent. For
example, Kz can change significantly between calm and stormy
conditions (Manucharyan et al., 2011) or following changes
in wind direction (Kirincich and Barth, 2009). Some coastal
embayments have periods with no tidal movements (de Silva
Samarasinghe, 1998), which should also temporarily reduce
Kz. This temporal variations in Kz could either mitigate or
accentuate biases arising from surface sampling for tracers.
As an example, if atmospheric fronts generating greater Kz
have a characteristic timescale less then radioactive decay
for a given tracer, the increased mixing of the water column
they generate would tend to homogenize water column
activities. Considering the paucity of data about vertical

variations in Ra activity in inner shelf environments, the simple
representation of Kz used here is probably sufficient on a
preliminary basis.

Quantifying the Bias
Due to the paucity of information on vertical variability in
Ra activity for inner shelves, it is not possible here to test
the findings of this theoretical assessment with measurements
under different field conditions. The potential magnitude of
the bias can be evaluated here by comparing the longitudinal
profiles for Ra from surface water relative to the depth-
averaged values across the mixed layer generated from the
simulations. For simplicity, this evaluation will be restricted to
224Ra (a worse-case scenario due to its short half-life). The
evaluation will be made for Kz varying from 10−6 to 10−4 m2
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FIGURE 6 | Comparison of longitudinal Ra profile between surface samples and depth-averaged 224Ra activities for (A) Kz = 10−6 m2 s−1, (B) Kz = 10−5 m2 s−1,
and (C) Kz = 10−4 m2 s−1 (for Kx = 10 m2 s−1, Fo, and FB = 1 Bq m−1 s−1). (D) Evaluation of the bias in Fo when only using surface relative to depth-average
224Ra activities.

s−1 (and for Kx = 10 m2 s−1, Fo = 1 Bq m−1 s−1 and
FB = 1 Bq m−1 s−1).

Consistent with previous analyses, the bias was greatest for
Kz = 10−6 m2 s−1 between surface and depth-average 224Ra
activities, with a tendency for surface samples to underestimate
activities inshore and slightly overestimate activities offshore
(Figure 6A). The bias was less pronounced for Kz = 10−5 m2

s−1 and negligible for Kz = 10−4 m2 s−1 (Figures 6B,C). For
Kz = 10−6 m2 s−1, simulations were then run to better match
the “observed” surface 224Ra activities using different Fo values
(with Kx and FB remaining unchanged). The closest match to the
surface 224Ra activities was for Fo ∼ 0.25 to 0.50 Bq m−2 s−1, or
50–75% of the correct value (1 Bq m−1 s−1) (Figure 6D). Whilst
only a crude evaluation in the absence of field measurements, this
analysis suggests the bias caused by surface water sampling when
Kz is low could be important.

CONCLUSION

There is a paucity of vertical Ra profiles over inner continental
shelves. We demonstrated here that when vertical mixing is slow,

vertical variations in short-lived radionuclides activity in a coastal
mixed layer are possible. This is of concern for field programs
aiming to measure SGD or other processes using these tracers.
When the water column is not well mixed relative to a given
tracer, only sampling near the surface (the current practice) will
lead to biased estimates of the spatial distribution of the tracer
and, consequently, of the inferred SGD estimates. Despite the
significant effort required to collect Ra samples from seawater
(Henderson et al., 2013), future field programs for SGD tracers
over continental shelves should aim to collect at least one vertical
profile in the mixed layer for short-lived tracers to evaluate
the potential for slow vertical mixing. A potential benefit in
measuring the vertical distribution in SGD tracers in the water
column could be to help evaluate its recirculated component,
which has a large component originating from the seabed.

DATA AVAILABILITY

No new dataset was generated in this study. The MATLAB
script used to perform the simulations is available as
Supplementary Material.

Frontiers in Marine Science | www.frontiersin.org 8 July 2019 | Volume 6 | Article 35724

https://www.frontiersin.org/journals/marine-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-06-00357 June 29, 2019 Time: 17:6 # 9

Lamontagne and Webster Vertical Dispersion of Seawater Ra

AUTHOR CONTRIBUTIONS

SL scoped the theoretical analysis, did the numerical
simulations, and drafted the manuscript. IW contributed
to the theoretical development and drafting of
the manuscript.

FUNDING

This manuscript was made possible by funding from CSIRO
Land & Water to SL.

ACKNOWLEDGMENTS

We acknowledge the insightful comments from reviewers on a
previous publication, who recommended that we also explore
biases associated with vertical dispersivity.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmars.
2019.00357/full#supplementary-material

REFERENCES
Benitez-Nelson, C. R., Buesseler, K. O., and Crossin, G. (2000). Upper ocean carbon

export, horizontal transport, and vertical eddy diffusivity in the southwestern
gulf of Maine. Cont. Shelf Res. 20, 707–736. doi: 10.1016/s0278-4343(99)00093-
x

Broecker, W. S., Li, Y. H., and Cromwell, J. (1967). Radium-226 and radon-
222: concentration in atlantic and pacific oceans. Science 158, 1307–1310.
doi: 10.1126/science.158.3806.1307

Burnett, W. C., Bokuniewicz, H., Huettel, M., Moore, W. S., and Taniguchi, M.
(2003). Groundwater and pore water inputs to the coastal zone. Biogeochemistry
66, 3–33. doi: 10.1023/b:biog.0000006066.21240.53

Charette, M. A., Gonneea, M. E., Morris, P. J., Statham, P., Fones, G., Planquette,
H., et al. (2007). Radium isotopes as tracers of iron sources fueling a southern
ocean phytoplankton bloom. Deep Sea Res. Part 2 Top. Stud. Oceanogr. 54,
1989–1998. doi: 10.1016/j.dsr2.2007.06.003

Charette, M. A., and Scholten, J. C. (2008). Marine chemistry special issue: the
renaissance of radium isotopic tracers in marine processes studies. Mar. Chem.
109, 185–187. doi: 10.1016/j.marchem.2008.04.001

Chung, Y.-C., and Craig, H. (1973). Radium-226 in the eastern equatorial
pacific. Earth Planet. Sci. Lett. 30, 306–318. doi: 10.1016/0012-821x(73)90
195-7

Colbert, S. L., and Hammond, D. E. (2007). Temporal and spatial variability of
radium in the coastal ocean and its impact on computation of nearshore cross-
shelf mixing rates. Cont. Shelf Res. 27, 1477–1500. doi: 10.1016/j.csr.2007.01.
003

de Silva Samarasinghe, J. R. (1998). Revisiting upper gulf st vincent in south
australia: the salt balnace and its implications. Estuar. Coast Shelf Sci. 46, 51–63.
doi: 10.1006/ecss.1997.0249

de Silva Samarasinghe, J. R., Bode, L., and Mason, L. B. (2003). Modelled
response of gulf st vincent (South Australia) to evaporation, heating and
winds. Cont. Shelf Res. 23, 1285–1313. doi: 10.1016/s0278-4343(03)00
129-8

Dulaiova, H., and Burnett, W. C. (2006). Radon loss across the water-air interface
(Gulf of Thailand) estimated experimentally from222Rn-224Ra. Geophys. Res.
Lett. 33:L05606.

Durski, S. M., Glenn, S. M., and Haidvogel, D. B. (2004). Vertical mixing schemes
in the coastal ocean: comparison of the level 2.5 mellor-yamada scheme
with an enhanced version of the K profile parameterazation. J. Geophys. Res.
109:C01015.

Etemad-Shahidi, A., and Imberger, J. (2001). The estimation of vertical eddy
diffusivity in estuaries. Water Pollut. 3, 455–463.

Glover, D. M., and Reeburgh, W. S. (1987). Radon-222 and radium-226 in
southeastern bering sea shelf waters and sediments. Cont. Shelf Res. 7, 433–456.
doi: 10.1016/0278-4343(87)90090-2

Hancock, G. J., Webster, I. T., and Stieglitz, T. C. (2006). Horizontal mixing of
great barrier reef waters: offshore diffusivity determined from radium isotope
distribution. J. Geophys. Res. Oceans 111:C12019.

Henderson, P. B., Morris, P. J., Moore, W. S., and Charette, M. A.
(2013). Methodological advances for measuring low-level radium isotopes in
seawater. J. Radioanal. Nucl. Chem. 296, 357–362. doi: 10.1007/s10967-012-
2047-9

Kirincich, A. R., and Barth, J. A. (2009). Time-Varying across-shelf ekman
transport and vertical eddy viscosity on the inner shelf. J. Phys. Oceanogr. 39,
602–620. doi: 10.1175/2008jpo3969.1

Knee, K. L., Garcia-Solsona, E., Garcia-Orellana, J., Boehm, A. B., and Paytan, A.
(2011). Using radium isotopes to characterize water ages and coastal mixing
rates: a sensitivity analysis. Limnol. Oceanogr. Methods 9, 380–395. doi: 10.
4319/lom.2011.9.380

Koch-Larrouy, A., Atmadipoera, A., Van Beek, P., Madec, G., Aucan, J., Lyard,
F., et al. (2015). Estimates of tidal mixing in the indonesian archipelago from
multidisciplinary INDOMIX in-situ data. Deep Sea Res. Part 1 Oceanogr. Res.
Pap. 106, 136–153. doi: 10.1016/j.dsr.2015.09.007

Kumar, N., and Feddersen, F. (2017). The effect of stokes drift and transient rip
currents on the inner shelf. part I: no stratification. J. Phys. Oceanogr. 47,
227–241. doi: 10.1175/jpo-d-16-0076.1

Lamontagne, S., La Salle, C. L., Hancock, G. J., Webster, I. T., Simmons, C. T.,
Love, A. J., et al. (2008). Radium and radon radioisotopes in regional
groundwater, intertidal groundwater, and seawater in the adelaide coastal
waters study area: implications for the evaluation of submarine groundwater
discharge. Mar. Chem. 109, 318–336. doi: 10.1016/j.marchem.2007.
08.010

Lamontagne, S., Taylor, A. R., Herpich, D., and Hancock, G. J. (2015). Submarine
groundwater discharge from the South Australian limestone coast region
estimated using radium and salinity. J. Environ. Radioact. 140, 30–41. doi:
10.1016/j.jenvrad.2014.10.013

Lamontagne, S., and Webster, I. T. (2019). Cross-Shelf transport of submarine
groundwater discharge tracers: a sensitivity analysis. J. Geophys. Res. Oceans
124, 453–469. doi: 10.1029/2018jc014473

Levy, D. M., and Moore, W. S. (1985). 224Ra in continental shelf waters.
Earth Planet. Sci. Lett. 73, 226–230. doi: 10.1016/0012-821x(85)
90071-8

Li, C. Y., and Cai, W. J. (2011). On the calculation of eddy diffusivity in the shelf
water from radium isotopes: high sensitivity to advection. J. Mar. Syst. 86,
28–33. doi: 10.1016/j.jmarsys.2011.01.003

Lietzke, T. A., and Lerman, A. (1975). Effects of bottom relief in two-dimensional
oceanic eddy diffusion models. Earth Planet. Sci. Lett. 24, 337–344. doi: 10.
1016/0012-821x(75)90139-9

Manucharyan, G. E., Brierley, C. M., and Fedorov, A. V. (2011). Climate impacts of
intermittent upper ocean mixing induced by tropical cyclones. J. Geophys. Res.
Oceans 116:C11038.

Moniz, R. J., Fong, D. A., Woodson, C. B., Willis, S. K., Stacey, M. T., and
Monismith, S. G. (2014). Scale-dependent dispersion within the stratified
interior on the shelf of northern monterey bay. J. Phys. Oceanogr. 44, 1049–
1064. doi: 10.1175/jpo-d-12-0229.1

Moore, W. S. (2000). Determining coastal mixing rates using radium
isotopes. Cont. Shelf Res. 20, 1993–2007. doi: 10.1016/s0278-4343(00)
00054-6

Moore, W. S. (2007). Seasonal distribution and flux of radium isotopes on the
southeastern U.S. continental shelf. J. Geophys. Res. 112:C10013. doi: 10.1016/
s0278-4343(00)00054-6

Moore, W. S. (2015). Inappropriate attempts to use distributions of 228Ra and
226Ra in coastal waters to model mixing and advection rates. Cont. Shelf
Res.105, 95–100. doi: 10.1016/j.csr.2015.05.014

Frontiers in Marine Science | www.frontiersin.org 9 July 2019 | Volume 6 | Article 35725

https://www.frontiersin.org/articles/10.3389/fmars.2019.00357/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmars.2019.00357/full#supplementary-material
https://doi.org/10.1016/s0278-4343(99)00093-x
https://doi.org/10.1016/s0278-4343(99)00093-x
https://doi.org/10.1126/science.158.3806.1307
https://doi.org/10.1023/b:biog.0000006066.21240.53
https://doi.org/10.1016/j.dsr2.2007.06.003
https://doi.org/10.1016/j.marchem.2008.04.001
https://doi.org/10.1016/0012-821x(73)90195-7
https://doi.org/10.1016/0012-821x(73)90195-7
https://doi.org/10.1016/j.csr.2007.01.003
https://doi.org/10.1016/j.csr.2007.01.003
https://doi.org/10.1006/ecss.1997.0249
https://doi.org/10.1016/s0278-4343(03)00129-8
https://doi.org/10.1016/s0278-4343(03)00129-8
https://doi.org/10.1016/0278-4343(87)90090-2
https://doi.org/10.1007/s10967-012-2047-9
https://doi.org/10.1007/s10967-012-2047-9
https://doi.org/10.1175/2008jpo3969.1
https://doi.org/10.4319/lom.2011.9.380
https://doi.org/10.4319/lom.2011.9.380
https://doi.org/10.1016/j.dsr.2015.09.007
https://doi.org/10.1175/jpo-d-16-0076.1
https://doi.org/10.1016/j.marchem.2007.08.010
https://doi.org/10.1016/j.marchem.2007.08.010
https://doi.org/10.1016/j.jenvrad.2014.10.013
https://doi.org/10.1016/j.jenvrad.2014.10.013
https://doi.org/10.1029/2018jc014473
https://doi.org/10.1016/0012-821x(85)90071-8
https://doi.org/10.1016/0012-821x(85)90071-8
https://doi.org/10.1016/j.jmarsys.2011.01.003
https://doi.org/10.1016/0012-821x(75)90139-9
https://doi.org/10.1016/0012-821x(75)90139-9
https://doi.org/10.1175/jpo-d-12-0229.1
https://doi.org/10.1016/s0278-4343(00)00054-6
https://doi.org/10.1016/s0278-4343(00)00054-6
https://doi.org/10.1016/s0278-4343(00)00054-6
https://doi.org/10.1016/s0278-4343(00)00054-6
https://doi.org/10.1016/j.csr.2015.05.014
https://www.frontiersin.org/journals/marine-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-06-00357 June 29, 2019 Time: 17:6 # 10

Lamontagne and Webster Vertical Dispersion of Seawater Ra

Moore, W. S., Astwood, H., and Lindstrom, C. (1995). Radium isotopes in coastal
waters on the Amazon shelf. Geochim. Cosmochim. Acta 59, 4285–4298. doi:
10.1016/0016-7037(95)00242-r

Okubo, T. (1980). Radium-228. J. Oceanogr. Soc. Japan 36, 263–268.
Pacanowski, R. C., and Philander, S. G. H. (1981). Parameterizationof vertical

mixing in numerical moels of tropical oceans. J. Phys. Oceanogr. 11, 1443–1451.
doi: 10.1175/1520-0485(1981)011<1443:povmin>2.0.co;2

Stieglitz, T. C., Clark, J. F., and Hancock, G. J. (2013). The mangrove pump: the
tidal flushing of animal burrows in a tropical mangrove forest determined from
radionuclide budgets. Geochim. Cosmochim. Acta 102, 12–22. doi: 10.1016/j.
gca.2012.10.033

Tait, D. R., Maher, D. T., Macklin, P. A., and Santos, I. R. (2016). Mangrove pore
water exchange across a latitudinal gradient. Geophys. Res. Lett. 43, 3334–3341.
doi: 10.1002/2016gl068289

Webster, I. T. (1986). The vertical structure of currents on the north west shelf
of australia at subtidal frequencies. J. Phys. Oceanogr. 16, 1145–1157. doi:
10.1175/1520-0485(1986)016<1145:tvsoco>2.0.co;2

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Lamontagne and Webster. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Marine Science | www.frontiersin.org 10 July 2019 | Volume 6 | Article 35726

https://doi.org/10.1016/0016-7037(95)00242-r
https://doi.org/10.1016/0016-7037(95)00242-r
https://doi.org/10.1175/1520-0485(1981)011<1443:povmin>2.0.co;2
https://doi.org/10.1016/j.gca.2012.10.033
https://doi.org/10.1016/j.gca.2012.10.033
https://doi.org/10.1002/2016gl068289
https://doi.org/10.1175/1520-0485(1986)016<1145:tvsoco>2.0.co;2
https://doi.org/10.1175/1520-0485(1986)016<1145:tvsoco>2.0.co;2
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/marine-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-06-00563 September 12, 2019 Time: 17:17 # 1

ORIGINAL RESEARCH
published: 13 September 2019

doi: 10.3389/fmars.2019.00563

Edited by:
Ryo Sugimoto,

Fukui Prefectural University, Japan

Reviewed by:
Shiho Kobayashi,

Kyoto University, Japan
Yaser Nikpeyman,

Shahid Beheshti University, Iran

*Correspondence:
Till Oehler

Till.Oehler@leibniz-zmt.de

Specialty section:
This article was submitted to
Marine Ecosystem Ecology,

a section of the journal
Frontiers in Marine Science

Received: 30 April 2019
Accepted: 27 August 2019

Published: 13 September 2019

Citation:
Oehler T, Tamborski J, Rahman S,

Moosdorf N, Ahrens J, Mori C,
Neuholz R, Schnetger B and Beck M
(2019) DSi as a Tracer for Submarine

Groundwater Discharge.
Front. Mar. Sci. 6:563.

doi: 10.3389/fmars.2019.00563

DSi as a Tracer for Submarine
Groundwater Discharge
Till Oehler1* , Joseph Tamborski2, Shaily Rahman3, Nils Moosdorf1,4, Janis Ahrens5,
Corinna Mori5, René Neuholz5, Bernhard Schnetger5 and Melanie Beck5

1 Department Biogeochemistry and Geology, Leibniz Centre for Tropical Marine Research (ZMT), Bremen, Germany,
2 Department of Marine Chemistry and Geochemistry, Woods Hole Oceanographic Institution, Woods Hole, MA,
United States, 3 Department of Geological Sciences, University of Florida, Gainesville, FL, United States, 4 Institute
of Geosciences, Kiel University (CAU), Kiel, Germany, 5 Institute for Chemistry and Biology of the Marine Environment
(ICBM), Carl von Ossietzky University of Oldenburg, Oldenburg, Germany

Submarine groundwater discharge (SGD) is an important source of nutrients and metals
to the coastal ocean, affects coastal ecosystems, and is gaining recognition as a relevant
water resource. SGD is usually quantified using geochemical tracers such as radon or
radium. However, a few studies have also used dissolved silicon (DSi) as a tracer for
SGD, as DSi is usually enriched in groundwater when compared to surface waters. In
this study, we discuss the potential of DSi as a tracer in SGD studies based on a literature
review and two case studies from contrasting environments. In the first case study, DSi
is used to calculate SGD fluxes in a tropical volcanic-carbonate karstic region (southern
Java, Indonesia), where SGD is dominated by terrestrial groundwater discharge. The
second case study discusses DSi as a tracer for marine SGD (i.e., recirculated seawater)
in the tidal flat area of Spiekeroog (southern North Sea), where SGD is dominantly driven
by tidal pumping through beach sands. Our results indicate that DSi is a useful tracer
for SGD in various lithologies (e.g., karstic, volcanic, complex) to quantify terrestrial and
marine SGD fluxes. DSi can also be used to trace groundwater transport processes in
the sediment and the coastal aquifer. Care has to be taken that all sources and sinks
of DSi are known and can be quantified or neglected. One major limitation is that DSi
is used by siliceous phytoplankton and therefore limits its applicability to times of the
year when primary production of siliceous phytoplankton is low. In general, DSi is a
powerful tracer for SGD in many environments. We recommend that DSi should be
used to complement other conventionally used tracers, such as radon or radium, to
help account for their own shortcomings.

Keywords: submarine groundwater discharge, DSi, silica, tracer, radon, radium

INTRODUCTION

Submarine groundwater discharge (SGD) is an important source of nutrients and metals for the
coastal ocean (Slomp and Van Cappellen, 2004; Moore, 2010), affects coastal ecosystems (Lecher
and Mackey, 2018) and is a relevant and important water resource for coastal communities
(Moosdorf and Oehler, 2017). SGD represents the discharge of terrestrial (fresh), marine (saline),
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or a mixture of both (brackish) groundwater (or pore water) into
the ocean (Burnett et al., 2003; Moore, 2010).

Geochemical tracers have widely been applied to calculate
SGD fluxes. This requires detailed knowledge of the tracer
concentration coupled to potential sources and sinks, its
residence time in the coastal water column and its endmember
concentration in groundwater. Radium (Ra) and Radon (222Rn)
isotopes are commonly used as geochemical tracers for SGD, as
both tracers are in general enriched in groundwater by several
orders of magnitude compared to surface waters (Swarzenski,
2007; Moore, 2010). The “radium quartet” is advantageous for
SGD quantification, as the wide range in half-lives of the four
isotopes (223Ra = 11.4 days, 224Ra = 3.66 days, 226Ra = 1,600 years
and 228Ra = 5.75 years) can be used to trace flow paths and
processes over variable time-scales. However, Ra data should be
interpreted cautiously when fluid ionic strength changes, which
affects the partitioning of Ra between solid and solution phases
(Webster et al., 1995; Beck and Cochran, 2013). Furthermore,
Ra analyses typically require large sampling volumes (tens
to hundreds of liters) (Moore and Reid, 1973) and rapid
measurement after sampling, as the short-lived Ra isotopes decay
within days to weeks. Radon (222Rn = 3.83 days) is an inert noble
gas that is not partitioned between solid and solution phases like
its counterpart Ra. 222Rn measurements are automated (Burnett
and Dulaiova, 2003), which facilitates rapid data collection over
large spatial areas (Dulaiova et al., 2010) and at stationary time-
series. However, 222Rn cannot be accurately applied as a tracer
in high energy environments (winds, waves), as it is prone to
degassing (Fanning et al., 1982).

Dissolved silicon (DSi) is also used as a geochemical tracer
for SGD (Street et al., 2008; Garcia-Solsona et al., 2010a;
Hernández-Terrones et al., 2011; Hwang et al., 2016; Lubarsky
et al., 2018), but has received less attention than 222Rn and
Ra isotopes. DSi in groundwater is the product of chemical
weathering of rocks and sediments, or dissolution of biogenic
opal. Consequently, terrestrial and marine groundwater (or pore
water) is often enriched in DSi (Rad et al., 2007; Anschutz
et al., 2009) and can further be augmented during the passage
through the subterranean estuary (STE) (Moore, 2010; Rahman
et al., 2019). Consequently, SGD [including pore water exchange
(PEX)] usually contains high DSi concentrations, which qualifies
DSi as a useful addition to conventionally used tracers such
as 222Rn or Ra (Kim et al., 2005, 2008; Street et al., 2008;
Garcia-Solsona et al., 2010b; Hwang et al., 2016; Tamborski
et al., 2018). The advantages of DSi as a tracer for SGD
include small sampling volumes, low detection limits and high
precision measurements. Samples for DSi are easy to store
and transport, which makes DSi logistically desirable as a
tracer in remote areas with limited infrastructure, where it
may be challenging to sample for 222Rn and Ra isotopes.
Furthermore, DSi is not prone to degassing, and may thus be a
useful tool to compliment 222Rn mass balances in high-energy
environments. However, DSi does not behave conservatively in
many coastal environments, where it can adsorb onto Fe-oxides
or reprecipitates as amorphous Al-Si phases (e.g., Mackin and
Aller, 1984). One of the main limitations of DSi as a tracer is
that it is used by siliceous plankton (e.g., diatoms, flaggelates,

radiolarians and picocyanobacteria) as well as higher trophical
levels such as sponges, as a nutrient to build up their hard tissues
(Brzezinski, 1985; Krause et al., 2011, 2017; Tréguer and De La
Rocha, 2013). The aim of this study is to assess under which
conditions DSi can be used as a tracer for SGD. We review
the current state of the literature and show two case studies in
contrasting geological environments to demonstrate the utility of
DSi as a tracer for SGD.

DSi IN GROUNDWATER AND SURFACE
WATER

DSi in Groundwater and the
Subterranean Estuary
The concentration of DSi in fresh, brackish and marine
groundwater is chiefly governed by dissolution rates of
minerals in the aquifer and in the sediment (i.e., weathering;
Figure 1, f) which is usually dependent on the lithology, the
subsurface residence time of groundwater and biogeochemical
transformations (Bluth and Kump, 1994; Horton et al., 1999;
Jacobson et al., 2003; Rahman et al., 2019). Combined, these
factors control DSi endmember concentrations in SGD. Indeed,
different SGD flow paths (Santos et al., 2012) may lead to
unique DSi endmember concentrations. For example, terrestrial
groundwater (Figure 1, a) can have a different DSi endmember
concentration compared to tidally driven marine groundwater
(Figure 1, b). In either case, differences in DSi concentrations
can be attributed to the above mentioned conditions, which are
discussed in detail below.

In marine groundwaters, DSi concentrations are dominantly
controlled by the dissolution of biogenic silica (e.g., DeMaster,
2002). Based on the dissolution of biogenic silica pore water DSi
concentrations can reach 1000–1200 µM under typical pressure
and temperature conditions found in marine sediments (e.g.,
Hurd, 1973; Schink et al., 1975; DeMaster, 2003; Loucaides et al.,
2012). Alteration processes like incorporation of Al, adsorption
of metals (e.g., Al3+ and Fe3+) onto the silica substrate surface,
formation of metal oxide coatings, or aging of the substrate
inhibit the dissolution of biogenic opal (Van Cappellen and
Qiu, 1997; Dixit and Van Cappellen, 2002; Van Cappellen
et al., 2002; Michalopoulos and Aller, 2004; Khalil et al., 2007;
Loucaides et al., 2010).

In most terrestrial groundwaters, the net silica enrichment
is primarily controlled by lithogenic mineral dissolution
(e.g., Ehlert et al., 2016), and thus depends on the lithology
of the aquifer under study (Table 1; Rahman et al., 2019).
Silicate mineral dissolution rates vary with pH, temperature,
salinity, groundwater flow rates and sediment-water volume
ratios (Oelkers and Gislason, 2001; Anschutz et al., 2009;
Jeandel and Oelkers, 2015; Morin et al., 2015). Si saturation
will be controlled by the type of Si-bearing minerals
present. Thus, the maximum attainable DSi concentration
in groundwater is a function of the surrounding environment.
For example, karstic terrestrial groundwater has relatively
low DSi concentration (80 ± 63 µM), reflecting the low Si
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FIGURE 1 | Conceptual figure illustrating different processes governing DSi concentrations in coastal waters and coastal sediments/aquifer. Red arrows represent
sources of DSi and black arrows represent sinks of DSi. Orange filled arrows represent hypothetical SGD flow paths, including terrestrial groundwater (a) and marine
groundwater (b). Yellow colors represent fresh-brackish waters and blue colors represent saline water. The mixing zone between fresh and saline groundwater is
called subterranean estuary (STE). The green line at the seafloor represents biogenic silica which has deposited e.g., after a phytoplankton bloom (Kowalski et al.,
2013). The respective processes which lead to an input or output of DSi are labeled in the lower panel. Sources and sinks can vary with respect to the environmental
boundary conditions, the size of the arrows is thus not representative for the quantity of their respective fluxes.

content of carbonates, whereas extrusive igneous groundwater
is extremely enriched in DSi (604 ± 192 µM) (Table 1;
Rahman et al., 2019).

Further, DSi concentration in groundwater can be modified
during passage though the STE. Non-conservative behavior
of DSi in groundwater may be assessed from the observed
enrichment or deficit of DSi with respect to two-endmember
linear mixing between fresh groundwater and surface marine
waters. Whereas carbonate aquifers appear to show no net
enrichment of DSi in brackish groundwaters, marine SGD flow
paths from extrusive igneous and complex lithologies exhibit
average net DSi enrichments of ∼50 µM globally (Table 1;
Rahman et al., 2019, and references therein). Though there is

TABLE 1 | Globally-averaged terrestrial and marine SGD DSi endmember
concentrations categorized after lithology, summarized from Rahman et al. (2019).

Terrestrial SGD Marine SGD
DSi [µM] DSi [µM]

Extrusive Igneous 604 ± 192 56 ± 43

Carbonate 80 ± 63 0

Sandstone 159 ± 80

Granite 334 ± 255

Shale 182 ± 91

Complex lithology 288 ± 245 50 ± 41

Complex lithology is defined as more than one type of major lithology and includes
unconsolidated glacial sediments.

evidence of non-conservative DSi behavior in aquifers composed
of primarily granite (Onodera et al., 2007; Rengarajan and
Sarma, 2015; Wang et al., 2015; Lecher et al., 2016), shale (Kim
et al., 2005; Lee et al., 2012; Luo et al., 2014; Ye et al., 2016)
and sandstone (Weinstein et al., 2011; Sugimoto et al., 2017)
lithologies, the data are yet insufficient to constrain net DSi
concentrations in marine SGD in these endmember lithologies
globally (Table 1). At the land-sea transition, dissolution rates
of terrestrially derived silicate-bearing mineral phases or silica
substrates (e.g., phytoliths) are on average 4–5 times higher
in seawater than in freshwater (Loucaides et al., 2008). These
findings are consistent with other laboratory studies of basaltic
glass or lithogenic particle dissolution in brackish waters (Daux
et al., 1997; Advocat et al., 1998; Techer et al., 2001; Jones et al.,
2012; Oelkers et al., 2012; Morin et al., 2015), as well as static and
flow-through incubations of sediment at the freshwater-seawater
transition zone in the STE (Anschutz et al., 2009; Ehlert et al.,
2016; Tamborski et al., 2018). Dissolution rates of sediments of
different lithologies, at solid surface to volume ratios close to
those found in the STE, range from ∼3.4 to 49 mol Si m−2 s−1

(Techer et al., 2001; Anschutz et al., 2009; Ehlert et al., 2016;
Tamborski et al., 2018).

The subsurface residence time of groundwater is directly
proportional to the flow velocity and flow path length (i.e., transit
time) and is thus tied to DSi enrichments via mineral dissolution
kinetics. The longer a parcel of fluid is in contact with Si-bearing
minerals, the greater DSi that fluid may obtain from water-rock
weathering reactions, until a steady-state or transient steady-state
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is reached between Si dissolution and reprecipitation (Ehlert
et al., 2016). In DSi-poor groundwaters, initial dissolution rates
are high before Si concentrations stabilize. With longer pore
fluid residence times and higher DSi concentrations, dissolution
rates decrease (Techer et al., 2001). Coatings or secondary
mineral phases form on the substrate, reducing the reactive
surface area (Daux et al., 1997; Gislason and Oelkers, 2003).
Higher flow velocities can increase dissolution rates as products
of the dissolution reaction (i.e., dissolved Si or silicic acid)
are transported away from their site of production and the
reactions stay far from equilibrium (Anschutz et al., 2009). Due
to continuous DSi enrichment in the pore fluid, some portion
of the initially released DSi (30 to 60%) will reprecipitate into
a secondary mineral phase (e.g., amorphous alumino-silicates),
which is dependent on groundwater residence times (Daux et al.,
1997; Staudigel et al., 1998). Terrestrial groundwater residence
times can vary from days to thousands of years; similarly, marine
groundwater residence times can vary from seconds to centuries
(Seidel et al., 2015). Knowledge on the time-scale of the flow path
under consideration is thus extremely important to evaluate DSi
endmember concentrations.

DSi as an Indicator for Groundwater
Transport Processes
Dissolved silicon may be used to quantify groundwater residence
times when the factors described in section “DSi in Groundwater
and the Subterranean Estuary” are considered. Anschutz et al.
(2009) investigated the residence time of beach groundwaters
based on the kinetics of quartz dissolution in seawater. Intertidal
beach sand was incubated with seawater to determine the
change in DSi concentration over time. Experiments can
be performed under varying conditions, including seawater:
sediment ratios, temperature and pH. In addition, incubations
can be performed under “static” conditions or with seawater
actively circulating with specified flow rates through the
sediment. The dissolution rate of silicate minerals can be
simply estimated from the linear increase in DSi concentration
over time. This methodology has been successfully applied to
several sediment types (Anschutz et al., 2009; Charbonnier
et al., 2013; Ehlert et al., 2016; Tamborski et al., 2018).
Groundwater residence times can be estimated for marine
groundwater by assuming that there is no DSi contribution from
terrestrial groundwater or from the dissolution of biogenic silica
(Ehlert et al., 2016).

Dissolved silicon can also be used to determine if groundwater
infiltration or exfiltration occurs within sediments. If the DSi
concentration at two distinct depth horizons is known (e.g., 50
and 100 cm), the concentration gradient between both depths can
delineate the advective transport of groundwater, assuming that
biogeochemical transformations of DSi are negligible between
both horizons. The underlying assumption is that in infiltration
(recharge) zones, a positive gradient would indicate increasing
release of the constituent (DSi) with increasing depth, while in
exfiltration (discharge) zones a negative gradient would indicate
increasing accumulation of the constituent (DSi) with decreasing
depth. With this method, it was possible to visualize in- and

exfiltration patterns in the intertidal zone of the beach system on
Spiekeroog Island, southern North Sea (Waska et al., 2019).

DSi as a Tracer for SGD in Coastal
Waters
If dissolved silicon is used as a tracer for SGD, several processes
which affect DSi concentrations have to be considered (Figure 1).
Inputs can occur from river and surface runoff (Frunoff) (Figure 1,
d), rainfall (Frain) (Figure 1, e), dissolution of particles in the
water column and surface sediments (Fdissolution) (Figure 1,
f), diffusion (Fdiff) (Figure 1, c), and SGD (FSGD) (Figure 1,
a,b). Output terms include mixing with offshore waters (Fmix)
(Figure 1, i), biological uptake (Fbiol) (Figure 1, g), for example
by benthic and pelagic siliceous plankton, and reverse weathering
(Frev) (Figure 1, h). Assuming steady-state conditions, and that
DSi inputs equal DSi outputs, a simple DSi mass balance can be
written (Eq. 1).

FSGD + Fdiff + Frunoff + Frain + Fdissolution = Fmix + Frev + Fbiol
(1)

In coastal environments many of these processes are often time
dependent. Over short time-scales (e.g., tidal cycles) DSi can be
considered as a conservative tracer for SGD because dissolution
of particles, reverse weathering or biological uptake may be
considered negligible with respect to the other noted sources
and sinks. In this study, we consequently focus on short time-
scales (hours to days). Coastal environments influenced by SGD
on such short time-scales include smaller embayments, tidal
channels, open beaches or rocky coastlines. Assuming that the
previously mentioned processes can be neglected under short
time-scales, Eq. 1 simplifies to:

FSGD + Fdiff + Frunoff = Fmix (2)

Note that Eq. 2 is similar to commonly employed 222Rn and Ra
mass balances. DSi source and sink terms outlined in Eqs 1 and 2
are discussed in further detail below.

Dissolved silicon inputs from rainfall are usually low when
compared to SGD. Concentrations between 0.5 and 15 µM were
measured in rainwater in the Yellow Sea and East China Sea
(Zhang et al., 2005). In the Mediterranean Sea, concentrations of
DSi in rainfall range from below detection limit up to 33 µM,
whereas higher concentrations are linked to episodic Saharan
dust inputs (Bartoli et al., 2005).

The importance of molecular diffusion as a source of DSi will
vary from site to site. Diffusive fluxes (Fdiff) can be measured
using ex situ or in situ sediment incubation experiments, if
bioturbation and bioirrigation can be neglected, for example by
inactivation of benthic fauna by asphyxiation (Rutgers Van Der
Loeff et al., 1984; Forster and Graf, 1995). Diffusion can also be
calculated based on pore water profiles of DSi from Fick’s first law
(Schink et al., 1974; Oehler et al., 2015; Tamborski et al., 2018).

River and surface runoff (Frunoff) can contain significant
amounts of DSi as well as amorphous silica and solid phases
which can rapidly dissolve upon estuarine mixing (Conley,
1997). Therefore, the amount of DSi transported into the coastal
water column by rivers has to be carefully determined, e.g., by
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measuring riverine discharge and DSi concentrations, which is
also required for other tracers such as 222Rn or Ra. At the
global (Dürr et al., 2011; Tréguer and De La Rocha, 2013),
regional (Hartmann et al., 2010; Moosdorf et al., 2011), and
local (Rad et al., 2007; Schopka and Derry, 2012) scale, DSi
fluxes from rivers are well known and measuring methodologies
are established. Obviously, close to a river, these fluxes can
dominate coastal DSi fluxes. Globally, riverine DSi fluxes amount
to 70 t Si per km of coastline, based on riverine Si fluxes of
5.8 Tmol Si/a (Tréguer and De La Rocha, 2013) and a global
coastline of 2.3 mio km (Moosdorf et al., 2015). Offshore mixing
(Fmix) of a tracer can be estimated by different approaches. In
an embayment or an estuary where mixing is dominated by tidal
forces, offshore mixing can be calculated based on a tidal prism
approach (Dyer, 1973). Offshore mixing rates can also directly
be measured, for example, by using an Acoustic Doppler Current
Profiler (ADCP). Numerical models can be developed to estimate
mixing rates and residence times. Alternatively, short-lived Ra
and Rn isotopes may be used to estimate mixing with offshore
waters (e.g., Burnett and Dulaiova, 2003; Moore et al., 2006).
When short time-scale processes are considered (Eq. 2), the
mixing loss of DSi must be well-constrained in order to properly
balance DSi sources.

If the previously mentioned DSi fluxes (Frain, Frunoff, Fmix,
Fdiff) into the coastal water column can be quantified or
neglected, then the SGD flux can be calculated by dividing
the DSi flux from SGD (FSGD) with the DSi concentration in
groundwater. Selection of the groundwater endmember should
be based on the considerations outlined in section “DSi in
Groundwater and the Subterranean Estuary.”

CASE STUDIES

Case Study 1: DSi as a Tracer for SGD in
a Tropical Volcanic-Carbonate Karstic
Region (Southern Java, Indonesia)
The coastline of the tropical karstic region of Gunung Sewu
(southern Java) is made of strongly karstified massive coral reef-
limestone with intercalated clay and volcanic ash lenses (van
Bemmelen, 1949; Flathe and Pfeiffer, 1965; Waltham et al.,
1983; Haryono and Day, 2004). Toward the hinterland mountain
ranges occur which consist mainly of sediments and volcanic
deposits (a detailed geological description and geological map can
be found in Oehler et al., 2018). Groundwater flows from several
kilometers in the hinterland toward the coast and is enriched
in DSi most likely due to the weathering of volcanic material
in the hinterland, and the weathering of volcanic ash lenses
during transport toward the coast. DSi enriched groundwater
thus discharges through intertidal and submarine springs into
the coastal ocean (Oehler et al., 2018). The regional lithology is
a combination of volcanic and carbonate rocks in the hinterland
and dominantly carbonate at the coast, with groundwater DSi
concentrations between 200 and 400 µM with a salinity ranging
from 0 to 11 (Figure 2A, triangles). Surface water samples taken
within an embayment which receives groundwater from a single

submarine spring and is not affected by surface runoff or river
discharge, showed a linear inverse correlation between DSi and
salinity (Figure 2A, gray dotted line, R2 = 0.84), indicating the
input of DSi from terrestrial SGD. An inverse linear correlation
was also observed between 224Raex and salinity (Figure 2B, gray
dotted line, R2 = 0.60), with more scatter between long-lived
226Ra and salinity (Figure 2C, gray dotted line, R2 = 0.03), also
indicating inputs of Ra from SGD. Fresh groundwater was low
in 224Ra with a concentration of 10.3 dpm 100 L−1, whereas
brackish groundwater was enriched in 224Ra with a concentration
of up to 38.7 dpm 100 L−1 (Figure 2B, triangles). 226Ra was
slightly enriched in brackish groundwater and highly enriched in
fresh groundwater compared to seawater (Figure 2C).

Higher DSi concentrations in the coastal water column
(139 µM) were observed during low tide and lower
concentrations (65 µM) were observed during high tide
(Supplementary Material). The tidal variations can be used in a
tidal prism approach to calculate water residence times (Eq. 3 in
the Supplementary Material) (Moore et al., 2006), which yielded
a water residence time of 0.56 days. The surface water residence
time value is reasonable, as the embayment is subject to diurnal
tidal variations.

Submarine groundwater discharge fluxes based on the
different tracer approaches were calculated based on Eq. 5 (see
Supplementary Material) and are shown in Table 2. We were
not able to calculate a SGD flux based on 226Ra, due to the high
226Ra concentrations in seawater (see Supplementary Material).
The maximum SGD flux derived from DSi (72 cm day−1) was
based on the brackish groundwater endmember, and represents
brackish SGD. Consequently, these results agree well with the
average SGD fluxes based on 224Raex (65 cm day−1), where the
brackish groundwaters were also used as an endmember.

However, coastal water DSi concentrations were slightly lower
as it would be expected from theoretical conservative mixing
between fresh groundwater and seawater (Figure 2A, black
dotted line), which indicates either an unknown source of
freshwater in the coastal water column which dilutes the DSi
signal, or an unknown DSi sink. Freshwater inputs into the
coastal water column from rainfall can be neglected, as there
was no rainfall within the sampling period. River and surface
runoff is minor and can be neglected as a source of DSi as well,
which is typical for karstic regions. DSi concentrations in karstic
groundwaters can vary over short time scales and the full range of
the groundwater DSi endmember may have not been accurately
captured in this study, where samples were taken within days.
Coastal water DSi concentrations may have also been partially
reduced due to an uptake by marine biota (e.g., diatoms), or
reverse weathering, which is however, unlikely due to the short
coastal water residence times.

Case Study 2: DSi as a Tracer for SGD in
a Temperate Coastal Region Protected
by Barrier Islands (Spiekeroog, Southern
North Sea)
Diatoms are one of the major algae groups present during spring
phytoplankton blooms in the North Sea and its surrounding tidal
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FIGURE 2 | Salinity plotted against (A) DSi, (B) 224Raex and (C) 226Ra concentrations of water samples taken in an embayment in a karstic region in southern Java.
Squares and dots represent surface water column measurements and triangles represent samples taken at coastal and submarine springs. Gray dotted lines show
linear correlations of samples taken from the water column, while black dotted lines indicate theoretical conservative mixing between the average groundwater
concentration and seawater. Note that only selected spring samples were analyzed for Ra isotopes.

flat system (Reid et al., 1990; Schoemann et al., 1998; Meier et al.,
2015; Wiltshire et al., 2015). Diatom growth and the associated
DSi uptake control seasonal DSi dynamics in the water column.
For example, in the Spiekeroog tidal basin DSi concentrations
are high during winter (20–30 µM) and decrease strongly in
the water column during the spring diatom bloom reaching

TABLE 2 | SGD calculations in southern Java based on 224Raex, salinity and DSi
mass balances.

Salinity DSi [µM] 224Raex [dpm 100L−1]

Groundwater 0–11 330 (min 202, max 423) 25.4 (min 10.3, max 38.7)

Coast 25.0 70.6 10.4

Offshore 32.4 8.5 3.3

SGD (cm day−1) 54 44 (min 34, max 72) 65 (min 43, max 161)

SGD fluxes are calculated based on average endmember of all coastal springs for
224Raex and DSi, respectively.

concentrations close to zero (Figure 3; Grunwald et al., 2010;
Beck and Brumsack, 2012). After the bloom, diatoms remain
one of the dominant algal groups during the entire growing
season (Meier et al., 2015). Furthermore, dinoflagellates, which
are adapted to low nutrient concentrations and can have a
siliceous skeleton, become important in summer (Meier, 2014;
Wiltshire et al., 2015). Both phytoplankton species lead to a
continuous DSi consumption until late autumn. The DSi pool in
the water column is replenished by discharge of DSi-rich marine
groundwater from the surrounding tidal flat sediments where
the deposited diatom detritus is degraded (Billerbeck et al., 2006;
Beck et al., 2008; Kowalski et al., 2012). Pore water advection in
surface sediments (Huettel et al., 1998) leads to the release of
DSi-rich pore waters, especially after the spring bloom (DSi up
to 400 µM Kowalski et al., 2012). Additionally, SGD from tidal
flat margin sediments (Riedel et al., 2010; Moore et al., 2011)
lead to the release of groundwater enriched in DSi throughout
the whole year (DSi up to 1000 µM Reckhardt et al., 2015).
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The latter process occurs only around low tide when the tidal
flat margins are exposed and is reflected in tidal DSi dynamics
in the water column, with highest DSi concentrations around
low tide (Figure 4; Grunwald et al., 2010). Similar to DSi,
SGD transports 224Raex and 222Rn to the open water column
resulting in tidal variations as well (Figure 4; Moore et al., 2011;
Santos et al., 2015).

The tidal variations in the water column qualify DSi as
tracer for SGD because additional DSi is required to obtain the
enrichments measured during low tide. Given the low surface
freshwater runoff (i.e., by a flood-gate) (Grunwald et al., 2010),
the primary DSi source is SGD. Consequently, mass balance
models can be developed to estimate SGD fluxes (Eq. 5). For
the SGD estimation, a DSi endmember concentration in marine
groundwater of 500 µM (Reckhardt et al., 2015) and a DSi
concentration difference between tidal basin and nearshore
waters of 8 µM (Figure 4) was assumed. Mean water volume
(105 × 106 m3) and flushing time (4 days) of the tidal basin
was assessed by Stanev et al. (2003) and Moore et al. (2011),
respectively. Based on DSi, the SGD flux to the Spiekeroog tidal
basin amounts to about 2 × 108 L tidal-cycle−1, which is in the
same range of 2–4 × 108 L tidal-cycle−1 as calculated by Moore
et al. (2011) using Ra isotopes. This SGD flux is equivalent to
30 cm day−1, assuming a tidal flat margin length of 59 km for the
entire Spiekeroog tidal basin (Moore et al., 2011) and a seepage
zone of 25 m (Røy et al., 2008).

We propose that at sites highly controlled by seasonal diatom
growth like the coastal region of the southern North Sea, the use
of DSi is restricted to certain times of the year. With the onset of
the spring diatom bloom until late summer, intensive biological
DSi consumption and subsequent dissolution of diatom detritus
alter the water column composition (e.g., Figure 3). Therefore,
we suggest to restrict the use of DSi as tracer for SGD to time
spans with low biological activity. 224Raex may in turn be used as
a tracer for SGD independent from the season (Figure 4).

DISCUSSION

When and Where Is DSi a Useful Tracer
for SGD?
Dissolved silicon can be used as a tracer for terrestrial and
marine SGD, as any water which is in contact with a sediment
or aquifer matrix will be enriched in DSi with time. Some
studies have used DSi as a tracer for SGD in regions impacted
by a high terrestrial groundwater flow. These regions include
volcanic and/or karstified carbonate rocks where a high terrestrial
SGD flow occurs along conduits and cracks. For example, DSi
was applied as a tracer for SGD in karstic carbonate regions
such as Yucatan (Hernández-Terrones et al., 2011) and Castello,
Spain (Garcia-Solsona et al., 2010b), in volcanic regions such as
Hawaii (Street et al., 2008; Lubarsky et al., 2018) or Jeju island
(Hwang et al., 2005) or in a mixture of volcanic and carbonate
lithology’s such as in southern Java (this study). Marine SGD
is usually depleted in DSi in these regions (e.g., Table 1), and
therefore DSi will either reflect brackish or fresh discharging
groundwater. If brackish SGD discharges into the ocean, DSi

FIGURE 3 | Seasonal DSi dynamics in the water column of the Spiekeroog
tidal basin. The solid line indicates the moving average of the time-dependent
median including data from 2007 to 2017 and reflects typical seasonal DSi
variations occurring every year. The dashed lines show the 10 and 90%
quantiles.

can be used to assess the brackish fraction of SGD, in a similar
way as Ra isotopes (Garcia-Solsona et al., 2010b). An SGD
flux calculated on the basis of a brackish DSi groundwater
endmember may thus represent a brackish SGD flux (e.g., as
shown in the case study in southern Java). A fresh SGD flux
should theoretically be calculated based on the DSi endmember
in fresh groundwater, if conservative mixing between fresh
groundwater and seawater occurs.

In tropical regions, large amounts of freshwater inputs from
surface runoff and rainfall into the coastal water column further
limit the applicability of salinity as a tracer for fresh SGD. DSi
can consequently be a useful alternative tracer for fresh SGD.
While terrestrial SGD is particularly high on small tropical islands
(Zektser and Loaiciga, 1993; Moosdorf et al., 2015), only a few
studies have been conducted in these regions (e.g., Matson,
1993; Kamermans et al., 2002; Knee et al., 2016; Oehler et al.,
2018; Haßler et al., 2019), because they are often remote. In
some instances, DSi concentrations and fluxes are reported (e.g.,
Johnson et al., 2008), but DSi has only rarely been used as a
tracer. In southern Java, for example, the logistically challenging
infrastructure (e.g., remote beaches, Ra samples needed to be
exported) did not allow us to obtain large datasets for Ra (only
three groundwater samples). Using DSi as an additional tracer
for SGD in this setting thus allowed us to assess SGD fluxes
more accurately. The comparably simple methods for measuring
DSi combined with its elevated concentrations in groundwater
suggest its usability as tracer for SGD in such remote locations.

In environments dominated by permeable sandy sediments
DSi can also be used as tracer for SGD, as marine groundwater
(or pore water) is highly enriched in DSi, for example reaching
concentrations of up to 1000 µM in the tidal flat area of
Spiekeroog (Reckhardt et al., 2015). In these regions DSi shows
a similar tidal variability as 224Raex, indicating a similar source
from SGD (Figure 4). SGD fluxes based on DSi are in a similar
range as those calculated from 224Ra, indicating its suitability
to quantify flux rates. However, high biological uptake rates of
DSi (e.g., from pelagic or benthic siliceous phytoplankton) limit
the time when DSi can be used as a tracer for SGD to periods
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FIGURE 4 | Tidal DSi and 224Raex dynamics in the water column of the
Spiekeroog tidal basin, with highest concentrations/activities around low tide
when submarine discharge of DSi/Ra-rich groundwater is highest. The vertical
solid and dashed lines indicate low tide and high tide, respectively. The water
level changes smoothly depending on the tidal state. In contrast, tidal
variations of DSi and 224Raex show a less smooth pattern because the tidal
flat area consists of several tidal flats, which slightly differ in SGD fluxes and
DSi endmember concentrations.

when primary productivity is low, for example due to low light
availability (Figure 3).

Dissolved silicon can also be used in combination with other
tracers such as 224Raex and 226Ra or 222Rn to calculate SGD
fluxes and water residence times (e.g., Hwang et al., 2005), an
approach which was successfully applied in Yeongil Bay (Kim
et al., 2008), Geoje Bay (Hwang et al., 2016) and in Bangdu Bay
(Hwang et al., 2005) and might be a useful tool in further SGD
studies. DSi can also be useful in SGD studies if groundwater
transport processes are investigated. DSi concentration gradients
in the sediment can be used to identify exfiltration and infiltration
patterns (Waska et al., 2019). Furthermore, if only marine

SGD is investigated, simple sediment dissolution experiments
can be carried out in order to estimate the residence time of
marine groundwater in the sediment based on DSi groundwater
concentrations (Anschutz et al., 2009).

When and Where Is DSi Not Applicable
as a Tracer for SGD?
The use of DSi as a tracer for SGD is complicated if unknown or
unquantifiable sources or sinks of DSi exist. Inputs of particulate
Si can occur from rivers and atmospheric deposition, which need
to be considered as particles can partly dissolve and release DSi
into the water column. Reverse weathering, adsorption to Fe-
oxides, precipitation of amorphous Al-Si phases and biological
uptake can reduce DSi concentrations in surface sediments and in
the water column. In SGD studies over larger spatial (e.g., shelf)
or temporal scales (weeks to years) (Lee et al., 2009; Tamborski
et al., 2018), the quantification of the previously named DSi
sources and sinks and likewise its applicability as a tracer for SGD
will become difficult.

Biological uptake depends on various factors such as the
growing speed and abundance of DSi incorporating organisms,
the availability of other nutrients, temperature and light (e.g.,
Abreu et al., 1994; DeMaster et al., 1996; Ragueneau et al.,
2002; Krause et al., 2011). In many coastal regions, algae blooms
such as diatoms follow a seasonal pattern (van Beusekom and
Diel-Christiansen, 2009; Grunwald et al., 2010). Using DSi as
a tracer for SGD may not be appropriate in these regions
if biological uptake of DSi from the water column and pore
waters in surface sediments is much higher when compared
to inputs via SGD. DSi is for example depleted during spring
phytoplankton blooms in the southern North Sea, whereby it acts
as a limiting nutrient for primary producers. Biological uptake
rates of DSi are consequently high during this time and difficult
to quantify. During and after the deposition of diatoms at the
seafloor, dissolution rates of biogenic opal in surface sediments
are usually high which leads to a high efflux of DSi into the water
column (Ehrenhauss et al., 2004; Oehler et al., 2015) and high
DSi concentrations in groundwater (or pore water) (Reckhardt
et al., 2015). During these times, the end-member concentration
of DSi in groundwater will be extraordinarily high and has
to be carefully determined. In the southern North Sea it will
thus be more difficult to apply DSi as a tracer for SGD during
and after phytoplankton blooms in comparison to periods when
primary productivity is low (Beusekom and Diel-Christiansen,
2007). In many coastal regions the timing of phytoplankton
blooms are well known, and thus appropriate times can be
selected during which measurements should be carried out.
In addition, it can be useful to determine the phytoplankton
community composition and abundance if DSi is used as a
tracer for SGD. Similar to other geochemical tracers, DSi cannot
be used as a tracer of SGD if the DSi endmember is poorly
constrained. Total SGD is composed of several different flow
paths driven by a variety of different forcing mechanisms (Santos
et al., 2012). In volcanic and karstic environments, defining
the SGD DSi endmember may be relatively straightforward
(e.g., Table 1). But in well-developed carbonate karstic aquifers,
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very low DSi concentrations may occur in groundwater,
especially under high flow conditions. Furthermore, in lithologic
complex environments, DSi endmember concentrations
can vary between flow paths. For example, SGD driven
by water exchange between a lagoon and the sea will
have a unique DSi endmember different from that of
seawater circulation through the permeable beach-face
(Tamborski et al., 2019). Recently recharged groundwaters
will have lower DSi concentrations compared to older,
deeper groundwaters.

CONCLUSION

We herein assess DSi as a tracer for SGD and which
boundary conditions need to be considered. DSi becomes
enriched in groundwater due to biogenic silica dissolution and
water-rock interactions, and can reach a transient steady-state
equilibrium between dissolution and reprecipitation with time.
Therefore, groundwaters and pore waters are usually enriched
in DSi when compared to surface waters, which makes DSi
a useful tracer for terrestrial and marine SGD. Typical DSi
concentrations in terrestrial and marine groundwater can be
described depending on lithology of the respective aquifer:
extrusive igneous, carbonate, sandstone, granite, shale and
complex. Carbonate karst and volcanic regions promote a high
terrestrial groundwater flow, where DSi works well as a tracer
for terrestrial and brackish SGD. In other regions with complex
lithologies (mixtures of sand and clay), such as coastal areas
of the North Sea, DSi can be used as a tracer for marine
SGD (e.g., forced by tidal pumping), due to the dissolution
of lithogenic particles and siliceous ooze in the sediment. One
of the largest constraints in using DSi as a tracer for SGD
is its non-conservative behavior, especially due to biological
uptake by diatoms and other primary producers. Therefore,
DSi cannot be used as a tracer for SGD if large amounts
of DSi are taken up by algae blooms in the area studied.
Determining the phytoplankton community composition and
abundance, or a conservative mixing line between salinity and
DSi may help researchers to understand if the conditions
are suitable to use DSi as a tracer for SGD. Furthermore,
DSi can most likely not be used as a tracer for SGD over
larger temporal (longer than days) and spatial scales, as it
will become difficult to quantify all sources and sinks of DSi
over larger scales. DSi can easily be sampled and transported;
analyses are in general very cost effective and have a small
analytical error. State of the art analytical methods allow precise
DSi measurements with small sampling volumes of less than
1 mL. This allows endmember sampling in pore waters and
groundwater even on a small vertical scale in the sediment, which
has been suggested to be necessary for a representative SGD
end-member (Cook et al., 2018). Future SGD studies should
consider using DSi as an additional tracer to compliment 222Rn
or Ra investigations.
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The number of studies concerning Submarine Groundwater Discharge (SGD) grew

quickly as we entered the twenty-first century. Many hydrological and oceanographic

processes that drive and influence SGD were identified and characterized during

this period. These processes included tidal effects on SGD, water and solute

fluxes, biogeochemical transformations through the subterranean estuary, and material

transport via SGD from land to sea. Here we compile and summarize the significant

progress in SGD assessment methodologies, considering both the terrestrial and marine

driving forces, and local as well as global evaluations of groundwater discharge with an

emphasis on investigations published over the past decade. Our treatment presents the

state-of-the-art progress of SGD studies from geophysical, geochemical, bio-ecological,

economic, and cultural perspectives. We identify and summarize remaining research

questions, make recommendations for future research directions, and discuss potential

future challenges, including impacts of climate change on SGD and improved estimates

of the global magnitude of SGD.

Keywords: submarine groundwater discharge, subterranean estuaries, geophysics, geochemistry, cultural and

economic aspects

INTRODUCTION

Some material pathways from land to the sea are obvious while others are not so apparent. Rivers,
for example, slowly erode the continents and carry dissolved materials from land to the ocean. This
never-ending delivery of dissolved salt to the sea so impressed Joly (1899), University of Dublin,
that he calculated that it would take rivers about 90 million years to deliver all the sodium dissolved
in the world’s oceans. He further speculated that this might be a good approximation for the age
of the Earth. Of course, we now know that what he actually estimated was the residence time of
sodium. Still, rivers are a major contributor of dissolved materials to the sea. But there are other
contributors as well.
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Could groundwater play an important role in such land-
sea exchange? Terrestrial groundwater flows down-gradient and
ultimately discharges into the sea (Figure 1). This process, part
of what is now called “submarine groundwater discharge” (SGD)
has become recognized as an important factor in land-sea
exchange. While the presence of submarine springs has been
known since the days of the Romans, this “invisible pathway” was
neglected scientifically for many years because of the difficulty in
assessment and the perception that the process was unimportant.
This perception has now changed dramatically. Within the last
several years there has emerged a recognition that in some cases,
groundwater discharge into the sea may be both volumetrically
and chemically important. The earlier views were at least partially
driven by the difficulty in measuring such flows. Most large rivers
are gauged, and their discharges can often be found online.While
there is no direct gauge for SGD, techniques have been worked
out over the last few decades that allow us to estimate these flows.

Here we define SGD as “the flow of water through continental
and insular margins from the seabed to the coastal ocean,
regardless of fluid composition or driving force” (Burnett et al.,
2003). Note that we have added the term “insular” to the original
definition. As pointed out before (Zektser and Everett, 2000;
Moosdorf et al., 2015) islands typically have higher groundwater
discharge fluxes per unit area of land mass than continents.
Also note that since we view “groundwater” as any water in the
saturated zone of geologic material (Freeze and Cherry, 1979),
groundwater is here synonymous with pore water. Importantly,
SGD includes waters of any salinity. In fact, fresh water from

FIGURE 1 | Schematic of the coastal zone showing water table contours and terrestrial groundwater flow paths. This illustrates how groundwater flow driven by

hydraulic gradients is focused in river valley estuaries and dispersed at highlands. Note that the groundwater contours and flow paths shown control only the

terrestrially-driven flow. Marine, geophysical and biological forces contribute substantially to the total flow through coastal sediments. Also note that the gauging

station, located well upstream to eliminate tidal effects, will miss all the groundwater discharged below the gauge (Buddemeier, 1996).

recharged aquifers on land only represents a minor portion of
the total flux in many cases. Moore (2010) added a “scale length
of meters to kilometers” to the earlier definition in order to
separate SGD from microscale processes involving pore water
exchange. A reasonable idea as the mechanisms driving the flow
are very different. See further discussion on this subject in section
Geophysical Processes.

Another term that has become widely used in the field is the
“subterranean estuary” (STE; Moore, 1999). Basically, the STE
is seen as the mixing zone between groundwater and seawater
within a coastal aquifer. Within this zone, reactions occur that
can substantially modify the composition of these fluids. So,
while one might envision the penetration of seawater and its
subsequent discharge back into the sea as “seawater recycling,”
the geochemical processes within the subterranean estuary may
have distinctly altered the composition of the discharging water.

Since there have been a few previous reviews (e.g., Burnett
et al., 2003; Moore, 2010) of SGD research, we will limit this
overview to updates and refinements since about 2010. We will
restrict our coverage to marine settings including the coastal
zone, shelf, estuaries, and lagoons. We will include updates
concerning measurements, estimates of SGD magnitudes,
geochemical/ecological effects, and cultural/economic aspects.
While many SGD studies have been concerned with possible
chemical/ecological implications, there have also been recent
efforts to evaluate the economic and cultural values associated
with SGD (e.g., Michael et al., 2017; Moosdorf and Oehler,
2017; Burnett et al., 2018; Pongkijvorasin et al., 2018). There is
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also mounting evidence for the global occurrence of offshore
fresh and brackish groundwater reserves underneath continental
shelves (Post et al., 2013; Gustafson et al., 2019). Since there is
no clear evidence on whether these fossil offshore aquifers are
exchanging with the ocean, they are beyond our scope. However,
the potential use of these non-renewable reserves as a freshwater
resource does provide a clear incentive for future research.

While there was not much scientific work done specifically
on SGD prior to the later part of the twentieth century, there
were some attempts, many of them related to possible offshore
sources of potable water. The lack of interest in the process
led Fran Kohout, one of the true pioneers in the field, to
comment that “...these marvels of the sea (submarine springs) are
justifiably classified as neglected phenomena of coastal hydrology”
(Kohout, 1966). He reported in that paper that a literature
search only succeeded in finding 15 scientifically-oriented studies
concerning SGD. Other early contributions included Lee (1977),
Bokuniewicz (1980), Johannes (1980), and Valiela and D’Elia
(1990) among others. These early researchers had the foresight
to see that SGD needed increased attention. In their “Preface
to a Special Issue” on groundwater discharge in the journal
Biogeochemistry, Valiela and D’Elia (1990) commented that “we
are verymuch in the exploratory stage of this field.”We thus see the
period before the mid-1990s as the “early days” of SGD research.

Things then started to change quickly. In the proceedings
of a Land Ocean Interactions in the Coastal Zone (LOICZ)
conference dedicated specifically to SGD (“Groundwater
Discharge in the Coastal Zone,” Moscow, July 6–10, 1996), it
was stated that: “Measurements or estimates of groundwater and
associated chemical fluxes, especially over substantial areas or time
periods, are notoriously uncertain” (Buddemeier, 1996). Around
the same time, some very interesting and provocative data started
to appear. Based on large enrichments of 226Ra in the shelf waters
off South Carolina and Georgia, Moore (1996) concluded that
the groundwater flux, largely recirculated seawater, to the shelf
must be about 40% of the river flux to the same area. A few
months later, Cable et al. (1996) reported that radon (222Rn) was
significantly enriched in the inner shelf waters of the northeastern
Gulf of Mexico. Using a model based on radon inventories they
calculated that within a relatively small region (∼620 km2) there
was groundwater (combination of saline and fresh) flow in the
range of 180–710 m3/s. This is roughly equivalent to the outflow
from the Apalachicola River, the largest river in Florida. The
value of geochemical tracers quickly became apparent and many
studies followed. During this period, which we refer to here as the
“developmental period” from the mid-1990s to mid-2000s, there
was substantial progress in this field. During this period there
were many site studies, considerable advances in technology,
more elaborate modeling efforts, and many new insights into
driving forces and magnitudes of SGD. Multiple drivers of
SGD became recognized (Figure 2). Teams of oceanographers
and hydrologists collaborated in meetings and field efforts
through sponsorship from the Scientific Committee on Oceanic
Research (SCOR), UNESCO and other international agencies
(Taniguchi et al., 2002; Burnett et al., 2006). New technologies for
measuring geochemical tracers played a key role in getting things
moving. For example, Moore and Arnold (1996) developed a

FIGURE 2 | Flow paths and some of the driving forces of SGD. Mechanisms

shown include: (1) tidal pumping, (2) nearshore circulation due to tides and

waves, (3) saline circulation driven by dispersive entrainment and brackish

discharge, and (4) seasonal exchange (Michael et al., 2005).

coincidence counting system that made determinations of 223Ra
and 224Ra much easier and faster. Development of an automated
radon-in-water continuous monitoring system greatly simplified
radon mapping in the coastal zone (Burnett et al., 2001; Dulaiova
et al., 2005). Such technological advances were not limited to
geochemical tools. Designs for automated seepage meters based
on heat-pulse, dye-dilution, and electromagnetic principles
as well as improved electrical resistivity approaches all made
substantial contributions (Taniguchi and Fukuo, 1993; Krupa
et al., 1998; Paulsen et al., 2001; Sholkovitz et al., 2003; Swarzenski
et al., 2006).

Beginning around the mid-2000s, we entered into the “mature
stage” of SGD research. SGD investigations have now advanced
from hydrogeologic “curiosities” to mainstream science. The
scientific community now recognizes that SGD is not only a
function of the terrestrial hydraulic gradient but that marine
and other drivers result in substantial flow through coastal and
shelf permeable sediments. So, while the water table contours
shown in Figure 1 may describe the terrestrial flow, the total
flow in many cases is dominated by seawater infiltration and
subsequent circulation through STEs. As pointed out in more
recent reviews, the driving forces of SGD and porewater exchange
overlap in both time and space (Moore, 2010; Santos et al.,
2012b). There is now widespread recognition that SGD plays an
important role in the delivery of nutrients and other dissolved
materials to the ocean. While SGD remains somewhat invisible,
and still represents a challenge to be measured, it is no longer
being overlooked.

GEOPHYSICAL ASPECTS

Geophysical Processes
Literature reviews on the physical drivers of porewater exchange
(Huettel and Webster, 2000; Huettel et al., 2014) and SGD
(Moore, 2010; Santos et al., 2012b; Robinson et al., 2018) are
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already available. Here, we summarize recent developments
in the field and illustrate the challenges of quantifying the
multiple overlapping geophysical drivers of fluid flow (Figure 3).
SGD and porewater exchange, which we see as different but
overlapping processes, are driven by a complex combination
of processes occurring over spatial scales ranging from mm

to km, and temporal scales ranging from seconds to years
(Santos et al., 2012b). Building on Moore’s (2010) interpretation
of SGD, we use length and time scales as boundaries to
distinguish the terms porewater exchange and SGD (see thick
line in Figure 3). Ours and Moore’s (2010) definition of SGD
excludes several small spatial and temporal scale processes such

FIGURE 3 | (A) The operating space of the physical processes driving porewater exchange and SGD in coastal systems. The thick black line separates the porewater

exchange space (bottom left) from the SGD space according to Moore (2010)’s definition. (B) The approaches used to quantify SGD (bottom graph) often capture

multiple drivers, preventing a straightforward quantification of individual physical processes.
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as wave pumping, flow and topographically-induced pressure
gradients, and ripple migration that drive advective porewater
exchange on scales of<m and<hour. Other important processes
such as tidal pumping, wave setup and bio-irrigation may be
considered as porewater exchange and/or SGD depending on the
context, measurement technique employed, and environmental
implication of interest.

Because different techniques tend to quantify overlapping
physical processes, confusion when reporting and interpreting
results often prevents straightforward comparisons among
different field sites and research groups. Most attempts to
quantify different drivers of SGD tend to focus on a separation
between fresh SGD driven by terrestrial hydraulic gradients
vs. saline SGD driven by multiple marine forces. Similar to
porewater exchange (<m scale), saline SGD (>m scale) often
has large gross yet zero net water fluxes. Earlier investigations
relied on salinity observations of water collected from seepage
meters to assess the relative contribution of fresh SGD to total
SGD (Michael et al., 2003; Santos et al., 2009) as well as a
comparison between Darcy’s Law derived fresh SGD vs. total
SGD derived from seepage meters (Taniguchi and Iwakawa,
2004) or geochemical tracers (Mulligan and Charette, 2006).
More recent investigations have relied on a comparison of salt
balance approaches (fresh SGD) vs. geochemical tracers (total
SGD). For example, salinity and flow observations were used
to infer fresh SGD, while a radium isotope mass balance was
used to estimate tidally-driven saline SGD in Australian estuaries
(Sadat-Noori et al., 2015, 2017). The different half-lives of radium
isotopes have been used to broadly separate SGD from porewater
exchange (Tamborski et al., 2017b, 2018).

These investigations provided widespread evidence that the
volumetric contribution of fresh SGD is minor compared to
saline SGD and porewater exchange at a wide range of field
sites. The estimates based on multiple methods also shed
light into the physical processes that may be quantified using
the different measurement approaches (see overlapping areas
in Figures 3A,B). Separating the relative contribution of the
different physical processes driving saline SGD is important
because longer residence times of seawater within sediments will
have a greater impact on the geochemical composition of the
exchanging seawater (Seidel et al., 2014; Tamborski et al., 2017a).
The multiple time scales of marine driving forces are difficult to
quantify using geochemical approaches or field observations. As
a result, the roles of currents, tides, waves, and density have been
explored mostly using numerical models (Li and Barry, 2000;
Robinson et al., 2006; Sawyer et al., 2013).

Tidally-driven SGD has been extensively investigated
following the discovery of the beach water table over-height
or super-elevation (Nielsen, 1990) followed by the discovery
of fresh groundwater tubes underlying upper saline plumes
in beach aquifers (Robinson et al., 2006). Seawater infiltrating
beaches, fractured aquifers and/or marshes at high tide creates
a circulation cell that drives the return of seawater to the ocean
at low tide on time scales of days to months (Robinson et al.,
2009; Wilson et al., 2015; Geng and Boufadel, 2017; Santos
et al., 2019). This process can account for a large fraction of
SGD on a local scale, releasing solutes from the beach into the

ocean. The beach water table over-height is driven by faster
aquifer recharge during flood tide than discharge at ebb tide,
resulting in a localized increase in beach groundwater level that
can retard fresh SGD while enhancing saline SGD (Nielsen,
1999; Li et al., 2000). The upper saline plume commonly
found in permeable coastal aquifers (Robinson et al., 2018) can
alter density-driven seawater circulation since denser seawater
overlying fresh groundwater drives convective exchange
(Greskowiak, 2014; Röper et al., 2015).

Wave-driven SGD often overlaps the effects of currents and
tides (Xin et al., 2010). While waves are known to play a major
role in fluid exchange (Sawyer et al., 2013), field investigations
have not been able to fully separate their relative contribution
to total SGD. Investigations on wave-driven SGD rely on
numerical models usually under ideal, phase-averaged conditions
(Robinson et al., 2014). Waves expand the tidally-driven upper
saline plume in beaches and enhance total SGD (Xin et al., 2010).
The importance of waves driving porewater exchange is highly
variable with integrated volumetric exchange rates estimated to
exceed tidal pumping by one order of magnitude. During storms,
wave pumping can increase by orders of magnitude exceeding all
other geophysical drivers of fluid flow across the sediment-water
interface (Sawyer et al., 2013). In contrast to the effects of tides
that occur primarily in intertidal areas, wave-driven porewater
and groundwater flow can also occur in shallow subtidal areas.

The overlapping nature of marine drivers of SGD (i.e.,
currents, tides, waves, density gradients) complicate the
individual quantification of the specific physical drivers of
SGD. The residence time of seawater circulation cells in coastal
aquifers is quite variable ranging from minutes to hours when
driven primarily by currents or waves (Anwar et al., 2014), hours
to months when driven by tides in intertidal areas (Seidel et al.,
2014) and months to thousands of years when driven by density
(Post et al., 2013; Seidel et al., 2015; Michael et al., 2016). The
multiple driving forces are not necessarily synergistic or additive
(Robinson et al., 2018) and interact non-linearly (King, 2012;
Xin et al., 2015). For example, while tidal pumping maximizes
density-driven convection in intertidal aquifers, it may decrease
terrestrial fresh SGD due to the localized elevation of the water
table (Robinson et al., 2007). Overlapping tides and waves in
numerical models resulted in lower SGD than when either
tides or waves are modeled individually (Xin et al., 2010). SGD
also responds to past events creating a memory effect that can
modify flow for several weeks (Xin et al., 2014). Delayed SGD
related to antecedent storms (Smith et al., 2008; Yu et al., 2017),
seasonal changes in the terrestrial hydraulic gradient (Michael
et al., 2005), and three-dimensional morphological complexities
(Zhang et al., 2016) have been described, adding another
dimension to the problem and complicating the assessment of
the interactions between multiple forces.

Research about the physical drivers of SGD has been
developed mostly in permeable sandy aquifer sites. While muddy
sediments are often perceived to be impermeable, secondary
permeability created by abundant animal burrows can enable
advective flow in muddy mangrove and saltmarsh sediments
(Xin et al., 2011; Tait et al., 2016). The burrows can connect
underlying sandy aquifers containing fresh groundwater to the
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surface (Wilson et al., 2015) and enhance tidally-driven saline
SGD (Xin et al., 2011; Stieglitz et al., 2013). Groundwater flows
in those systems is three dimensional and highly complex due to
the patchy nature of burrows, subtle geomorphological gradients,
and heterogeneous sediments and vegetation (Moffett et al., 2012;
Wilson and Morris, 2012; Xin et al., 2012). Radon and radium
observations in multiple mangrove creeks revealed tidally-driven
porewater exchange ranging from 2 to 35 cm/day (Tait et al.,
2016, 2017). If extrapolated to the global mangrove area, these
exchange rates would be enough to filter the entire continental
shelf volume in ∼150 years and are equivalent to ∼1/3 of the
annual volume of river water entering the oceans (Tait et al.,
2016). Because mangrove and saltmarsh porewaters are often
highly enriched in carbon and greenhouse gases (Santos et al.,
2019), the input of dissolved carbon to the oceans via mangroves
may be comparable to the input from global rivers (Chen et al.,
2018b). Therefore, muddy mangrove and saltmarsh systems
that are widespread on global shorelines deserve additional
attention and may disproportionally contribute to SGD and
related biogeochemical inputs to the ocean.

High salinity SGD has also been shown in some deltas. For
example, Xu et al. (2013, 2014) used radium isotopes to quantify
SGD fluxes in the Yellow River Delta. They estimated a SGD flux
of 1.3× 109 m3 d−1 with a range of 2.8× 108- 3.0× 109 m3 d−1.
Even the minimum SGD value was about 3 times higher than the
Yellow River discharge at that time. The SGD input of dissolved
nutrients was shown to be at least 5 times higher than river input.

Geophysical Methodology
To date, themost commonly applied approaches to quantify SGD
fluxes provide estimates over a wide spatial range (Figure 3). A
significant gap remains between “embayment-scale” or “beach-
scale” geochemical flux estimates on one hand, and seepage
meter point measurements on the other. Geophysical methods
have been increasingly applied in recent years in order to
bridge this gap. The most common geophysical tools applied
in SGD studies thus far are based on temperature and salinity
variations. In contrast to many geochemical tracer approaches,
geophysical approaches can discriminate between freshwater and
saline components of SGD (e.g., Stieglitz et al., 2008a; Tamborski
et al., 2015). Particularly applicable to point sources of freshwater
SGD, e.g., karstic or volcanic origin, where considerable spatial
contrasts in these parameters exist, these approaches provide a
“map,” but do not allow for a quantification of SGDfluxes without
combining with other methods.

Detection of SGD Sites by Thermal Infrared Sensing
Digital thermal infrared cameras are increasingly accessible
in price and size, which has resulted in a significant rise in
their application over the past decade. By mapping sea surface
temperatures with a thermal infrared (TIR) sensor, plumes
of buoyant low-density (fresh/brackish) groundwater can be
detected. Locations of groundwater discharge are inferred from
temperature anomalies (either low or high), based on the seasonal
contrast between groundwater and ocean temperature (e.g.,
Varma et al., 2010). Often, TIR observations are used as a guide
to target subsequent sampling by quantitative methods (e.g.,

Mulligan and Charette, 2006; Röper et al., 2014). On large spatial
scales (km-scale), readily available space borne remote sensing
TIR data can be used to identify large SGD inflows sustaining
persistent temperature plumes, e.g., in Geographe Bay, Western
Australia (Varma et al., 2010), in Java, Indonesia (Oehler et al.,
2018), and along the Irish coast (Wilson and Rocha, 2012). TIR
cameras are most often mounted on light aircraft (Duarte et al.,
2006; Johnson et al., 2008; Lee et al., 2016a; Bejannin et al., 2017)
and more recently on drones (e.g., Lee et al., 2016b) with a typical
temperature resolution of 0.1◦C at a spatial resolution down to
0.5m (e.g., Johnson et al., 2008; Kelly et al., 2013). An often-
overlooked application is the simple handheld use of an infrared
camera, which for instance allows the rapid identification of
cm-scale groundwater springs at low tide in the intertidal zone
(Röper et al., 2014). Some studies suggest that the surface area
of a sea surface temperature plume can be used to quantify SGD
fluxes (e.g., Kelly et al., 2013; Tamborski et al., 2015). This is based
on the assumption that the 3D structure of the plume is known or
can be estimated. However, Lee et al. (2016a) illustrate the often
non-consistent shape of SGD plumes by multiple aerial surveys
over a range of seasons and tidal stages. This inherent limitation
of surface remote sensing approaches in oceanography is well-
documented (e.g., river plumes, Burrage et al., 2003). While there
are inherent limitations in using the non-conservative tracer
heat/temperature for SGD studies (SGD is not the only “source”
of temperature anomalies), this approach has today become a
popular part of the SGD toolkit owing to the availability of
affordable sensors. Multispectral and hyperspectral sensors are
becoming increasingly accessible and may see wider application
in the near future. For example, mapping of turbidity plumes
caused by sediment remobilization due to groundwater inflow
(Kolokoussis et al., 2011). Sea surface salinity would also be
an ideal parameter to map and quantify freshwater inflow, but
available operational satellite products (SMOS) to date do not
have the appropriate resolution for nearshore processes, and
airborne low-frequency microwave radiometer sensors remain
rare (e.g., Burrage et al., 2003).

Mapping the Subterranean Estuary With Electrical

Ground Conductivity
Early studies of SGD often provided diverse results between
“downscaled” geochemical flux estimates and “upscaled” point
measurements as, for example, obtained by seepage meters.
This is particularly the case where flow patterns are affected
by natural or artificial preferential flow paths. While this scale
gap remains, it has been significantly reduced over the past
decade thanks to advances in a range of additions to the
SGD toolkit, including geoelectric methods. When referring
to “geoelectric methods,” the terms bulk/ground (electrical)
ground conductivity, resistivity (the inverse of conductivity),
and electrical tomography are used in the literature. They
all refer to basically the same approach, albeit using slightly
different instrumentation. The electrical conductivity (resistivity)
of coastal sediments is a function of the soil porosity (or pore
water fraction) and of the salinity (and temperature) of the
interstitial water. In SGD studies, spatial variations of pore
water salinity close to the fresh-salt interface are significantly
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greater than those of porosity. Geoelectric instrumentation
consist of an array of multiple electrodes (minimum four), either
directly inserted into the ground (e.g., Stieglitz et al., 2008a),
deployed on the sediment surface (e.g., Breier et al., 2005;
Swarzenski et al., 2006) or, in some cases, towed behind a boat
(Manheim et al., 2004; Su et al., 2014). The geometry of the
electrode array determines the volume of sediment over which
conductivity/resistivity will be averaged (e.g., Stieglitz et al.,
2008b; Henderson et al., 2009).

Geoelectric mapping helps to improve SGD field studies by,
for example, informing a more representative placement
of seepage meters where preferential flow paths persist
(Stieglitz et al., 2007, 2008b). It allows upscaling of point
measurements to beach-scale fluxes (Stieglitz et al., 2008a), and
repeated measurements along the same transects document
the temporal variability of the fresh-salt interface and
of fresh groundwater and seawater recirculation fluxes
(Taniguchi et al., 2008; Bighash and Murgulet, 2015). They
can also be used for the establishment of a sub-surface salt
balance model from which SGD fluxes can be calculated
(Dimova et al., 2011; Bighash and Murgulet, 2015).

Surface-deployed electrodes and an inversion calculation
can be used to obtain a 2D resistivity section with a vertical
penetration about one order of magnitude less than the
horizontal extension of the array (e.g., 10m depth along
a 100m transect), at a spatial resolution on the order of
a few meters. Using this approach, Taniguchi et al. (2006)
demonstrated that freshwater SGD rates were highest just
landward of the saltwater-freshwater interface on a beach in
Japan. Gilfedder et al. (2015) showed that a considerable
increase in groundwater flux followed storm events on
an Australian coastal wetland. Geoelectrical methods are
particularly useful to document the temporal dynamics of
SGD fluxes and the freshwater-saltwater interface in the
subterranean estuary. For example, resistivity mapping on
Ubatuba beach (Brazil) showed that the freshwater–saltwater
interface moved offshore during a rising tide, in the opposite
direction as would be expected, indicating that preferential flow
in the fractured rock aquifer was a more important driver
of SGD flux than tidal water level fluctuations at this site
(Taniguchi et al., 2008).

While interpretation of in situ profile data is straight-forward,
uncertainties in both data acquisition (e.g., survey geometry,
land topography) and processing (e.g., inversion artifacts,
choice of interpolation method) can produce suboptimal
results in resistivity inversion calculations of surface arrays
(Henderson et al., 2009). These errors can be addressed to
some degree by careful ground-truthing (including vertical
direct profiling and borehole data) and fine-tuning of the
model inversions to the specific characteristics of a field site
including sediment type and distribution (Henderson et al.,
2009; Johnson et al., 2015). The coupling of geoelectric data
and hydrogeological density-driven flow modeling will likely
be used more extensively in the future to improve our
understanding of the complex and dynamic mixing processes
between fresh and saline groundwaters at their interface
(Robinson et al., 2006).

Seafloor Mapping and Sub-bottom (seismic) Profiling
Similar to other forms of subsurface fluid flow, SGD can
affect seafloor morphology. Acoustic seafloor mapping tools
(multibeam echosounders and sidescan sonar) providing high
resolution maps of the seafloor have revealed the locations of
seafloor structures associated with SGD, e.g., “Wonky Holes”
(Stieglitz, unpublished data). These seafloor depressions have
a diameter of 10 to 30m and a depth of up to 4m below
surrounding water depths of around 20m. These features lie
some 10 km offshore from the Great Barrier Reef coastline
(Stieglitz and Ridd, 2000; Stieglitz, 2005). Schlüter et al.
(2004) and Rousakis et al. (2014) mapped pockmarks in the
Baltic and Mediterranean Sea, resulting from the interaction
between sediment fluidization and bottom currents and sub-
aqueous limestone formation (karstification). The investigation
of subsurface geological structures by seismic profiling can be
instructive to determine the geological origin of SGD and its flow
paths (Evans and Lizarralde, 2003; Viso et al., 2010). For example,
seismic profiling data suggests that submarine paleochannels,
infilled with permeable sediments and capped with impermeable
material provide a hydrological connection of coastal aquifers
with offshore discharge sites. Thus, providing preferential flow
paths for SGD as interpreted from observations along the Great
Barrier Reef (Stieglitz and Ridd, 2000; Stieglitz, 2005) and
offshore at Wrightsville Beach, USA (Mulligan et al., 2007). In
some cases SGD appears to be controlled by fault lines or fracture
patterns (Bokuniewicz et al., 2008). A few examples of results
from these approaches are shown in Figure 4.

GEOCHEMICAL ASPECTS

Geochemical Processes
The discharge of meteoric groundwater and salty groundwater
generally show distinctively different geochemical characteristics.
The direct discharge of meteoric groundwater may reflect
geochemical characteristics of fresh groundwater, which
depend on local hydrogeologic conditions and anthropogenic
perturbations. In contrast, the discharge of salty groundwater,
which may be composed exclusively of recirculated seawater or a
composite of meteoric groundwater and seawater, goes through
vigorous biogeochemical alterations in the subterranean estuary
(STE) (Santos et al., 2008).

Geochemical processes in the STE are very different from
those observed in river estuaries in many respects. The most
distinct difference is the fact that the ratio of solid to liquid in
a STE is much higher than that in river estuaries. Therefore,
reactive elements can be more easily removed, and pH may
be enhanced due to the adsorption of H+ on oxide surfaces
in an organic-poor STE (Lee and Kim, 2015) or reduced
due to production of CO2 during organic matter respiration
(Cyronak et al., 2014). In an organic-rich STE, various re-
mineralized components of organic matter, including nutrients,
dissolved organic carbon (DOC), dissolved inorganic carbon
(DIC), fluorescent dissolved organic matter, and trace elements,
are highly enriched and pH is generally lower. The temperature of
groundwater is relatively constant compared with surface waters,
especially in temperate regions. In addition, STE waters are often
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FIGURE 4 | (Top) Airborne Infrared maps from beaches on Long Island (USA) elucidating cold SGD plumes (adapted from Tamborski et al., 2015); (Center) bulk

ground conductivity transect indicating preferential freshwater SGD flow path. Arrow length indicates SGD flow rates measured with seepage meters at the respective

locations (adapted from Stieglitz et al., 2008a); (Bottom) Sub-bottom (seismic) profile of a riverine paleochannel and associated Wonky Holes (Great Barrier Reef,

Australia) (Stieglitz, unpublished data).
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enriched in reduced species [NH+

4 , Fe(II), etc.]. Therefore, the
STE has been found to be much more dynamic in terms of
biogeochemical alterations, relative to river estuaries.

Amongst chemical species, the fluxes of nutrients via SGD
have been studied most extensively since they have significant
impacts on marine ecosystems. In a STE, the behavior of N
species is very complicated depending on the redox conditions
and organic matter re-mineralization. NH+

4 is often found to be
removed by nitrification in oxic conditions (Spiteri et al., 2008;
Anwar et al., 2014; Anschutz et al., 2016) or also by adsorption
onto particles (Buss et al., 2004; Lorah et al., 2009). Under anoxic
conditions, dissolved N can also be removed by forming gaseous
species (Kroeger and Charette, 2008; Couturier et al., 2017). Si
and P in groundwater can be removed in STE by adsorption,
but P can be potentially desorbed from the sediment surface
layer under much higher Si concentrations since they compete
for the same specific ligand sites including Fe- and Mn-, and
Al-oxides (Cho et al., 2019b). However, in organic-rich STEs, all
these nutrients are highly enriched by re-mineralization. Recent
studies also documented the importance of dissolved organic
nitrogen (DON) and phosphorus (DOP) in delivering nutrients
through SGD (Kim et al., 2013; Sadat-Noori et al., 2016; Stewart
et al., 2018). Therefore, we can conclude that the impact of
SGD is very different depending upon the hydrogeological and
biogeochemical conditions of the STE.

There have been many upscaling attempts to gauge the
magnitude of nutrients fluxes through SGD on basin scales.
SGD-driven fluxes of nutrients are generally significant in
coastal waters (Kim et al., 2005; Rodellas et al., 2015a; Cho
et al., 2018). Recently the global volume of fresh submarine
groundwater discharge (FSGD) has been estimated around 1%
of river discharge (Luijendijk et al., 2019; Zhou et al., 2019), less
than the previously estimated 5–10% (Oki and Kanae, 2006).
Consequently, the global fluxes FSGD of DIN, DIP, and DSi
through FSGD to the global ocean seem to be below 10% of those
from river discharge (Cho et al., 2018 and references therein).
However, Cho et al. (2018) showed that the fluxes of DIN, DIP,
DSi through total (fresh+saline) groundwater discharge on a
global scale were comparable to river inputs. Rahman et al.
(2019) also showed a similar result for DSi input via saline SGD,
accounting for a 25–30% increase in global estimates of net
DSi inputs (riverine, SGD, aeolian, hydrothermal, and seafloor
weathering) to the ocean.

SGD may also play an important role for the fluxes of
terrestrial carbon to the ocean as a form of DOC or DIC.
In addition, a significant amount of marine carbon is also
returned back to the ocean by SGD. In general, marine vs.
terrestrial sources of DOC and DIC are differentiated by stable
carbon isotopes (Gramling et al., 2003). In a STE, DOC is
transformed to DIC via microbial processes. DOC and DIC
are also formed within a STE by the bacterial degradation
of particulate organic carbon (POC). Therefore, many STEs
show higher DOC concentrations in groundwater than coastal
seawater, indicating that SGD is a potential DOC source to the
near-shore ocean (Webb et al., 2019). However, the contribution
of SGD to the marine DOC budget remains unknown relative
to other sources such as in-situ production of DOC in the

euphotic zone. Clearly, the importance of SGD on the fluxes of
refractory and agedDOC to the ocean should bemore extensively
evaluated in the future.

Fluxes of DIC were found to be important in many oceanic
regions. By considering SGD in the DIC budget in the ocean,
the sink or source regions of CO2 have been re-evaluated (Cai
et al., 2003; Dorsett et al., 2011; Liu et al., 2012). The importance
of SGD-derived DIC fluxes to the oceans have been particularly
emphasized in carbon-rich mangrove forest areas (Chen et al.,
2018b) and have been suggested to exceed regional river inputs
in Florida (Liu et al., 2012) and in an Australian embayment
(Stewart et al., 2015). In addition, DIC concentrations in STEs
and their associated contributions to the ocean showed large
seasonal variations (Wang et al., 2015). Fluorescent DOM
(FDOM), especially humic-like varieties, is generally enriched
in STEs, and thus SGD showed a significant influence on the
coastal budget of humic-like FDOM (Kim et al., 2013; Suryaputra
et al., 2015). Kim and Kim (2017) documented that fresh
groundwater in Jeju Island, Korea, generally showed lower DOC
due to degradation and higher humic-like FDOM produced
from bacterial degradation of labile DOC and POC in aquifers.
They suggested that SGD provides an environmental condition
favorable for coral ecosystems by reducing UV penetration and
DOC concentrations. Therefore, SGD-associated carbon studies
should be conducted not only for establishing local/regional
carbon budgets but also for understanding marine ecosystem
changes and implications for ocean acidification.

Studies of trace element fluxes associated with SGD have
shown that many elements exhibit non-conservative behavior
within a STE. Although river estuaries are generally sinks of trace
elements due to flocculation of particle reactive elements, STEs
often display significantly higher trace element concentrations
relative to river water or seawater in association with re-
mineralization of organic matter, release from oxides, and
desorption from sediments (Charette and Sholkovitz, 2006;
Santos-Echeandia et al., 2009). Therefore, the behavior of trace
elements in STEs is largely dependent on pH, Fe/Mn oxides,
and bacterial activities. Due to such a reactive nature of trace
elements to particles, colloids play an important role in the
delivery of trace elements from STEs to the coastal ocean (Kim
and Kim, 2015). In Jeju Island, Korea, Jeong et al. (2012) showed
that the change (∼20-fold) in concentrations of trace elements
(i.e., Al, Mn, Fe, Co, Ni, and Cu) in the STE resulted in the
matching change in inventory of these elements in coastal waters.
Although a STE can serve as a significant source for most trace
elements which are extremely low in seawater, STEs can be an
important sink of conservative elements in seawater by changing
redox conditions. For example, forming reduced conditions for
U uptake (Charette and Sholkovitz, 2006) and precipitation of
Mn oxides for Mo adsorption (Beck et al., 2010). Although a
few local or regional studies demonstrated the importance of
SGD for the delivery of trace elements to the ocean (Moore,
2010; Jeong et al., 2012; Kim and Kim, 2015; Trezzi et al.,
2016), so far the global or basin scale importance is largely
unknown. It is particularly important for Fe since the growth
of marine planktons could be limited by extremely low-level Fe
in seawater, although it is a major element in the earth’s crust.
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Thus, it is very important to look at the magnitude of SGD-
driven dissolved trace elements to the ocean for basin-scale
as well as local/regional scales in association with climate and
ecosystem changes.

Among trace elements, rare earth elements (REE) associated
with SGD have received considerable attention recently. In
general, high enrichment of REE, relative to the simple
binary mixing of meteoric groundwater and seawater has
been observed in STEs, although the STE can also act as
a sink for heavy REEs (HREE) owing to adsorption onto
Fe oxides (Johannesson et al., 2011). In STEs, light REEs
(LREE) are more readily exchangeable on aquifer mineral
surfaces than HREEs, and HREEs and middle REEs (MREE)
exhibit a greater association with oxide minerals (Willis and
Johannesson, 2011; Chevis et al., 2015). Thus, redox conditions
along the flow path of groundwater can affect REE concentration
and fractionation (Johannesson et al., 2005, 2011; Tang and
Johannesson, 2005, 2006). A case study carried out on a sandy
STE in Florida (Chevis et al., 2015) showed that advection
and bio-irrigation differentially affect REE fluxes to the ocean
as fresh groundwater is enriched in HREEs, while marine
pore-water is enriched in MREE in association with the
reductive dissolution of Fe oxides/oxyhydroxides. Therefore,
REE contributions to coastal waters are clearly identified due to
large contributions of different REE patterns to coastal waters
(Kim and Kim, 2011; Johannesson et al., 2017). Much more
extensive studies are necessary to determine SGD’s contribution
to the budgets and fractionations of REE on basin and
global scales.

The compilation of Nd isotopes in the global ocean showed
that the traditionally believed main Nd sources, e.g., rivers
and atmosphere, cannot explain the large difference in Nd
isotope ratios and concentrations in different basins, the so
called “Nd paradox.” Recent studies showed that SGD can
account for the missing Nd source (>90% of the known
source; Tachikawa et al., 2003; Johannesson and Burdige, 2007;
Chevis et al., 2015). However, much more local and regional
evidence are necessary to validate this hypothesis. Besides, large
enrichments of alkaline earth elements (Sr, Ba, and Ra and
their isotopes) have been successfully utilized to trace SGD
to the ocean. SGD inputs of Sr, with less radiogenic Sr than
seawater, influence the Sr isotope budget in the ocean, making
up 13–31% of the marine Sr isotope budget (Beck et al., 2013).
This fluvial input is comparable in magnitude to the flux
driven by submarine hydrothermal circulation through mid-
ocean ridges. Yet, the use of Sr isotopes as an SGD tracer is
still challenging since Sr isotopic composition and distribution
of the coastal waters are rather complicated (Huang et al.,
2011). Such a complicated pattern seems to be associated with
different isotopic ratios from different sources, fractionations
along the path, and non-conservative behaviors within the STE
(Andersson et al., 1994; Xu and Marcantonio, 2004; Huang
and You, 2007). Since Ra isotopes are one of the more
useful SGD tracers, more details concerning the Ra isotope
applications for flux estimations will be covered in the following
methodology section.

Geochemical Methodology
Coastal salinity may seem like an obvious SGD tracer but it
has interferences from terrestrial surface runoff and it does not
capture the recirculated seawater component of SGD. Therefore,
since the 1990’s several groundwater tracers have been applied for
SGD quantification in addition to, or instead of salinity (Table 1).
Among others, these include radium, radon, methane, silica,
hydrogen, and oxygen stable isotopes of water (Bugna et al., 1996;
Cable et al., 1996; Campbell and Bate, 1996; Moore, 1996; Godoy
et al., 2013; Rocha et al., 2016). Radon and radium isotopes have
been applied most frequently, with 40% of the published 473
SGD articles between 2015 and 2019 applying one or both (Web
of Science, 2019). The advantage of radon (222Rn, T1/2 = 3.8
days) is that automated measurement methods allow for easy
time-series and spatial survey measurements. Due to the large
concentration gradient between groundwater and ocean water, its
gaseous nature, and relatively short half-life, radon is applicable
for assessment of recent and local SGD inputs. Radium analysis
of seawater, on the other hand, requires a collection of large
volume samples and laboratory or shipboard measurements.
However, its great advantage is that radium has four isotopes
with half-lives covering a wide range of time scales (224Ra, T1/2

= 3.6 days; 223Ra, T1/2 = 11.4 days; 228Ra, T1/2 = 5.7 years;
and 226Ra, T1/2 = 1,600 years) thus allowing SGD assessment
on multiple spatial and temporal scales. In addition, radium
isotopes can be used to estimate water mixing and residence
times (Charette et al., 2008). For example, beyond the embayment
scale, ocean-basin scale SGD estimates were recently performed
using inventories of the relatively long-lived 228Ra (Kwon et al.,
2014). Uncertainties are often high for both radon and radium
mass balance estimates, largely but not exclusively, because of
the difficulty in constraining a value for the groundwater “end-
member” (the concentration of the tracer in the discharging
groundwater; Burnett et al., 2007; Schubert et al., 2019).

SGD tracer measurement methods have recently been
improved to enhance detection limits and make more efficient
measurements over longer time periods as well as obtaining
finer spatial scale applications. One example of improvement
for radium measurements is a large-volume (over 1,500 L/4 h)
sampling method using commercially available in situ pumps
modified to accept MnO2 coated filter cartridges (Henderson
et al., 2013). The method has been applied on continental shelves
as well as in open ocean environments and is a promising
tool to significantly increase the number of observations of
ocean basin-scale radium isotope inventories in the coming
years. Improvement in the existing coastal radon detection
methods via a commercially available radon-in-air detectors
(RAD7, Durridge) was achieved by more efficient gas stripping
via improved air-gas exchanger design (Santos et al., 2012a)
and use of membrane extractors (Gilfedder et al., 2015). These
allow for more powerful and efficient pumping and better radon
measurement response rates during coastal surveys. The latter
issue was also tackled by Petermann and Schubert (2015), who
introduced a methodology to correct radon data collected using
an air-water exchanger (RAD-Aqua, Durridge) connected to
a RAD-7 radon detector for its response delay when moving
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TABLE 1 | Summary of the main geochemical tracers used in SGD related studies.

Tracer Measurement Lab/in situ Application References

Salinity Conductivity In situ Fresh water SGD

226Ra Gamma-spec Lab SGD estimation Moore, 1996

222Rn Lucas cells (alpha-scintillation) Lab SGD estimation Cable et al., 1996

222Rn Automated (RAD-7, alpha-spectrometry) In situ SGD estimation

-temporal -spatial

Burnett et al., 2001;

Dulaiova et al., 2005

222Rn Underwater gamma-spec (HPGe & NaI) In situ SGD estimation

-temporal -spatial

Povinec et al., 2006;

Tsabaris et al., 2012;

Dulai et al., 2016

222Rn Automated (RAD-7, alpha-spectrometry) Lab, in situ STE residence time

estimation

Goodridge and Melack,

2014; Oh and Kim,

2016

220Rn Automated (RAD-7, alpha-spectrometry) In situ SGD prospecting

SGD estimation

-temporal -spatial

Chanyotha et al., 2014,

2018; Swarzenski

et al., 2016

Methane Gas chromatography Lab SGD estimation Bugna et al., 1996

Methane METS membrane diffusion detector TETHYS in-situ

underwater mass spectrometry

In situ SGD estimation

-temporal -spatial

Kim and Hwang, 2002;

Dulaiova et al., 2010

224Ra, 223Ra RaDeCC (alpha-scintillation) Lab Water mass mixing,

residence times, SGD

estimation

Moore and Arnold,

1996; Charette et al.,

2008

224Ra/228Th RaDeCC (alpha-scintillation) Lab Porewater exchange Cai et al., 2014

224Ra, 223Ra RaDeCC (alpha-scintillation) Lab Porewater exchange Rodellas et al., 2015b

228Ra Gamma-spectrometry Lab Ocean basin scale SGD Moore et al., 2008;

Kwon et al., 2014

226Ra, 228Ra Large volume pump + gamma spectrometry Lab Ocean basin scale SGD Henderson et al., 2013

224Ra, 228Ra Underwater gamma-spectrometry In situ Residence times, SGD

estimation

Eleftheriou et al., 2017

fDOM, humification index Fluorometry Lab SGD estimation Nelson et al., 2015

Silica Colorimetry Lab SGD estimation Street et al., 2008

δ18O and δ2H Optical spectroscopy Lab SGD estimation Godoy et al., 2013;

Rocha et al., 2016

between high and low radon activity water masses. Schubert
et al. (2019) recently suggested additional improvements
in the application of radon mass balance approaches that
should improve corrections for radon losses from mixing and
atmospheric evasion.

Since the “early days” of SGD studies, there has been a natural
progression in improving radon measurement methodologies
from labor-intensive grab samples collected in the field and
analyzed in the lab or on ships (Mathieu et al., 1988), to the
use of automated systems such as the RAD-AQUA (Burnett
et al., 2001), to completely automated detection systems that
can work unattended for months to years. Examples of the
latter approach include autonomous water-proofed gamma-
spectrometry systems that are passive and do not require
power-demanding water pumping (Tsabaris et al., 2012). A
mobile underwater in-situ gamma-ray spectroscopy system was
successfully applied for coastal surveys of radon and 224Ra
as a ship-deployed tow system (Patritis et al., 2018) and was
also developed for long-term deployment on a permanently
moored station where it recorded hourly radon measurements
for multiple years (Dulai et al., 2016 and see Figure 5). These

novel technologies bring the ability to perform longer and
higher resolution SGDmonitoring in diverse field settings, which
will help document trends in SGD in different hydrogeologic
and climatic settings, under extreme weather events, excessive
groundwater pumping trends, and sea level rise scenarios.
Eventually, such systems could be deployed as a global network.

There have been several new SGD tracers introduced recently.
Another isotope of radon, 220Rn, also called “thoron,” has been
used for SGD prospecting, i.e., finding points of discharge as one
must be close to a source to detect this very short-lived isotope.
In an effort to employ 220Rn as a groundwater tracer, Huxol et al.
(2012) showed that while 220Rn is easily detected in soil gas, it
is often undetectable in groundwater. This is the case because
under saturated conditions, migration of thoron through water
is so slow that radioactive decay reduces the concentration to
undetectable levels. However, flowing water apparently disturbs
the immobile water layers stimulating the transfer of 220Rn to
the flowing water phase (Huxol et al., 2013). Thus, while thoron
is difficult to detect in groundwater, it does serve as a good
groundwater discharge tracer. Chanyotha et al. (2014) found
intermittent thoron spikes in a 25-km stretch of a Bangkok canal
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FIGURE 5 | (A) An autonomous gamma-spectrometer [NaI(Tl)] was deployed off the coast of Kiholo Bay, HI, USA. (B) Gamma-ray spectra were collected in the

surface waters at hourly resolution. (C) The spectra during low tide show radon decay products, while at high tide radon and its progenies are diluted to below

detection levels. (D) Hourly radon measurements over multiple years (a 9-month record shown here) allows us to evaluate SGD dynamics over tidal and seasonal time

scales. Data from Dulai et al. (2016).

at essentially the same locations in surveys run along the same
line 4 years apart. They also introduced a tool, the “meaningful
thoron threshold,” that ensures that a positive reading at or above
the threshold has a 90% certainty of being a real detect. Thoron
was also used in coastal spring discharge monitoring in Hawaii
(Swarzenski et al., 2016).

Another natural SGD tracer involves dissolved organic matter
(DOM). For example, SGD is often enriched in humic-like
fluorescent DOM (Kim and Kim, 2017) and Nelson et al.
(2015) demonstrated the utility of using indices of humidification
derived from DOM in discharging groundwater as a tracer of
SGD dispersal in nearshore waters.

There is renewed interest in the application of other U/Th
series radionuclides, for example the 224Ra/228Th disequilibrium
pair to study SGD and pore-water exchange dynamics (Cai
et al., 2014). It has been demonstrated that carefully constructed
radon and radium isotope mass-balances with well-defined

end-members allow the quantification of and distinction between
large-scale SGD and small-scale pore water exchange (Rodellas
et al., 2015b; Cook et al., 2018). On a larger-scale form of
exchange, radon has been applied to estimate beach pore water
residence times and the flushing of a subterranean estuary,
which showed positive correlation with tidal amplitudes and
associated nutrient and dissolved organic carbon enrichment
(Goodridge and Melack, 2014) and strong correlation with
seawater intrusion (Oh and Kim, 2016). Radium and radon have
also been combined with and used to document SGD-derived
greenhouse gas fluxes in for example, a subtropical estuary
(Sadat-Noori et al., 2016), the Amazon region (Call et al., 2019),
and the Arctic (Lecher et al., 2015).

While geochemical tracers continue to provide valuable
information for SGD studies, the most notable trend in
the field is the application of multiple techniques that
include geochemical tracers, geophysical approaches, direct
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FIGURE 6 | Biological production in coastal ecosystems based on nutrients supplied through SGD. The numbers refer to the driving forces identified in Figure 2.

measurements, and hydrological modeling (e.g., Taniguchi et al.,
2015). Such applications using multiple approaches decrease the
degrees of freedom when interpreting SGD processes in often
complex environments.

BIO-ECOLOGICAL IMPACTS

Bio-ecological Processes
Groundwater discharge has been recognized as a mechanism for
transporting land-derived materials to the sea. Nutrients, carbon,
metals, and other materials, which are dissolved in terrestrial
groundwater, can drive bio-ecological processes in coastal seas.
These effects are enhanced by recirculated seawater as it reacts
within the aquifer sediment (see the Geochemical section). SGD
can also act as a conduit of anthropogenic pollutants to coastal
regions, and the lower salinity and pH associated with some types
of SGD can stress local marine biota (reviewed in Lecher and
Mackey, 2018).

Most studies of marine biota with respect to SGD focus on
primary producers, because they provide the base of marine
ecosystems as well as the chief response to nutrient supply
via SGD (Figure 6). To date, many studies have revealed
that nutrients transported through groundwater can support
benthic and water column primary production in various
coastal ecosystems. For example, SGD drives benthic primary
production in the intertidal zone of the Yellow Sea (Waska
and Kim, 2010, 2011). SGD also contributes significantly to
reef productivity and/or calcification (Kamermans et al., 2002;
Greenwood et al., 2013; McMahon and Santos, 2017). In a coastal
water column, phytoplankton community structure was shown
to be altered by SGD (Troccoli-Ghinaglia et al., 2010; Blanco
et al., 2011; Adolf et al., 2019). More recently, a direct relationship
between SGD and in situ phytoplankton primary productivity
in nearshore coastal areas in Japan was found (Sugimoto et al.,
2017). In Mediterranean coastal lagoons, Andrisoa et al. (2019)

provided direct evidence for the role of karstic groundwater
and porewater fluxes in sustaining primary production. Nutrient
addition bioassay experiments support the view that SGD acts as
a continual nutrient source (Gobler and Boneillo, 2003; Lecher
et al., 2015).

Conversely, excess nutrient loadings via polluted groundwater
into coastal seas may cause cultural eutrophication and
microalgal blooms. In South Korea, SGD was identified as the
most likely nutrient source triggering harmful algal blooms
(HABs) and green tides (Hwang et al., 2005; Lee et al., 2009;
Kwon et al., 2017; Cho et al., 2019a). In oligotrophic coastal
reef environments, significant effects of SGD on marine biota
were reported with their magnitudes varying according to land-
use practices. The effects were shown to be most intense in
locations with high anthropogenic impacts (Amato et al., 2016,
2018). Macroalgal overgrowths of coral reefs worldwide has been
associated with nutrient inputs from SGD (Knee and Paytan,
2011). On the other hand, reef structure can also impact the
nutrient load discharged into the sea by SGD (Oehler et al., 2019).

In the case of benthic communities, most SGD linkages are
reported from intertidal regions. Several patterns have emerged
from a limited number of studies suggesting that intertidal
fresh SGD can change microbiological communities (Adyasari
et al., 2019), determine species diversity, distribution, biomass
distribution, and proliferation of benthic animals (e.g., Ouisse
et al., 2011; Leitão et al., 2015; Foley, 2018). For example,
benthic communities in the vicinity of freshwater SGD are often
characterized by reduced species richness and diversity, due to
high abundances of a small number of euryhaline/freshwater-
tolerant species (Zipperle and Reise, 2005; Dale and Miller,
2008). Intertidal SGD has been associated with a shift in
dominant species of macrofauna and meiofauna and can
exclude ubiquitous species that are in the surrounding marine
environment (Zipperle and Reise, 2005; Welti et al., 2015; Shoji
and Tominaga, 2018). SGD might also moderate pore-water
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temperatures and provide a refuge in sediment for macrofauna
against extreme temperatures (Miller andUllman, 2004). Overall,
intertidal SGD may enhance biodiversity and species richness on
a broader spatial scale.

SGD has been believed to contribute to coastal fisheries
production including extensive aquaculture (e.g., oyster and
mussel) in many locations around the world (Moosdorf
and Oehler, 2017; Chen et al., 2018a; Shoji and Tominaga,
2018). Although there was little scientific evidence until
recently, a growing body of interdisciplinary work is now
demonstrating an ecological linkage between SGD and fisheries
resources. For example, the Mediterranean mussel is a highly
valuable commercial species. At the Olhos de Aqua beach in
Portugal, groundwater inputs were recognized as increasing
abundance and body size of these mussels (Piló et al., 2018).
Cage experiments of the mussel Mytilus galloprovincialis in
Salses-Leucate lagoon in France revealed that groundwater
discharge provides favorable environmental conditions (i.e.,
higher temperature and food availability) for faster growth
(Andrisoa et al., submitted). This is thought to be the case
as groundwater discharge is a major source of nutrients and
affects primary production within these ecosystems (Rodellas
et al., 2015a; Andrisoa et al., 2019). Along the volcanic coast
of northern Japan, fresh groundwater is an important factor
providing suitable environment for phytoplankton that drives
the high quality of the sessile bivalve Crasslstrea nippona, a
commercially important local oyster (Hosono et al., 2012).
In the Caribbean region, a groundwater-fed inlet provides a
habitat for queen conch Lobatus gigas populations, which is
one of the most important fishery resources in the region
(Stieglitz and Dujon, 2017).

An increase of fish abundance and biomass and utilization of
nursery areas has been observed in the vicinity of SGD (Hata
et al., 2016; Utsunomiya et al., 2017; Starke et al., submitted;
Yamane et al., 2019). The first location where an impact of
SGD on fish abundance was directly recorded was in Obama
Bay, Japan (Utsunomiya et al., 2017). There, the effect of
nutrients transported via SGD on the food-chain was highlighted,
because primary production was shown to be higher near SGD
sites (Sugimoto et al., 2017). Furthermore, in the tidal flat
of Seto Inland Sea, Japan, abundant juveniles of the marbles
sole Pseudopleuronectes yokohamae were found near SGD sites
with abundant prey organisms (Hata et al., 2016). Experimental
evidence confirmed that the juvenile P. yokohamae obtained
elevated levels of nutrition in the vicinity of SGD (Fujita et al.,
2019). These findings demonstrated that SGD-derived nutrients
enhanced marine fish production.

SGD has been shown to influencemarine biota across a variety
of coastal ecosystems. However, the mechanisms by which SGD
affects primary production as well as marine animals differ from
one ecosystem to another depending upon the hydrogeographical
properties such as type of groundwater discharge (i.e., spring
or seepage), location, species present, nutrient content of
the groundwater, SGD flux, among other factors (Sugimoto
et al., 2017; Shoji and Tominaga, 2018). Additional research
is needed for a comprehensive assessment of SGD’s impact on
marine ecosystems.

Bio-ecological Methodology
Four-decades after Johannes’s benchmark paper (Johannes,
1980), several SGD studies confirmed that groundwater is a
significant source of nutrients to coastal seas. Although there
is no doubt that SGD-derived nutrients contribute to marine
organisms and ecosystem functions, evidence of the actual
linkage between SGD and marine organisms is limited. Evidence
seems best at some specific geological sites (e.g., karstic and
volcanic regions) and intertidal sandflats where the discharge
of groundwater can be directly viewed (Moosdorf and Oehler,
2017; Lecher and Mackey, 2018). In some cases, gas bubbles and
excessive phenomena such as eutrophication and algal blooms
are tied to SGD (Knee and Paytan, 2011). The difficulty in
making the SGD-ecological linkage may be explained in two
ways. First, marine organisms (i.e., microalgae, macroalgae, and
animals) living in coastal waters or sediments are subject to
various physical and biogeochemical processes that can affect
their growth and physiology. In addition, nutrients supplied
from multiple sources including rivers, atmospheric deposition,
oceanic waters, and organic matter regeneration as well as
groundwater inputs complicate an SGD assessment. Second, the
pathway of SGD is invisible restricting our investigations in most
coastal ecosystems. However, technological advances over the
last decade have increased our ability to assess the ecological
linkage to SGD in systems from local to shelf scales. Lecher and
Mackey (2018) synthesized the effects of SGD on marine biota.
Here we focus on how to assess the impact of SGD on marine
organisms and ecosystems based on the latest methodological
advances (Table 2).

Stable nitrogen isotope ratios (δ15N) of primary producers are
well-known to be useful in detecting the direct linkage between
groundwater inputs and marine organisms when the dissolved
inorganic nitrogen (DIN) of groundwater is isotopically distinct
from other DIN sources. For example, McClelland and Valiela
(1998) demonstrated a strong relationship between increases of
δ15N of NO−

3 in groundwater and increases in δ15N of various
primary producers in several estuaries in Massachusetts. A clear
positive relationship between seagrass δ15N and the estimated
groundwater flux was a pioneering work for this approach
(Kamermans et al., 2002). To date, several studies have traced
the behavior and fate of groundwater DIN using the δ15N of
primary producers, seagrasses, and macroalgae from local to
regional scales (e.g., Lapointe et al., 2004, 2015; Derse et al.,
2007; Honda et al., 2018; Andrisoa et al., 2019). In comparison
to phytoplankton, macroalgae and seagrasses provide a time-
integrated view of the N sources. Given that macroalgae directly
take up nutrients only from the water column whereas seagrass
does so mainly from interstitial waters, macroalgae is considered
the more appropriate tool to assess the long-term availability
of nitrogen in the overlying water column (Umezawa et al.,
2002). In recent studies, researchers have deployed pre-treated
macroalgae to assess the time-integrated impacts of SGD on a
fine spatial scale. For example, Amato et al. (2016) quantified
a groundwater impacted area in Kahului Bay, Hawaii, using
the δ15N of both in situ macroalgae collected from intertidal
and subtidal zones as well as pre-treated macroalga deployed
for a short-term in anchored cages. Similar studies have been
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TABLE 2 | Summary of the main bio-ecological parameters used in SGD related studies.

Tracers Measurement Lab/In situ Application References

δ15N and δ13C Isotope ratio mass spectrometer (IRMS) Lab Tracing nitrogen and

carbon flows, food web

analysis

McClelland and Valiela,

1998; Hata et al., 2016;

Andrisoa et al., 2019

δ15N of macroalgae deployed in the water IRMS and macroalgae incubation Lab + in situ Spatial mapping of

SGD impacts on

primary producers

Amato et al., 2016

Nutrient Submersible colorimeter In situ High resolution

monitoring of nutrient

Blanco et al., 2011

Nutrient Spectrophotometry Lab Primary production

estimation

Waska and Kim, 2011;

Wang et al., 2018

Chlorophyll Fluorometry Lab, in situ Biomass of

phytoplankton,

Kobayashi et al., 2017;

Honda et al., 2018

Photosynthetic pigments High performance liquid chromatography (HPLC) Lab Class differentiation of

benthic algae

Waska and Kim, 2010

Phytoplankton Spectral fluorometry In situ Class differentiation of

phytoplankton

Blanco et al., 2011

Phytoplankton Flow cytometer Lab Size differentiation of

phytoplankton

Lecher et al., 2015;

Adolf et al., 2019

Phytoplankton Bottle incubation with nutrient addition Lab + in situ Growth rate of

phytoplankton, Limiting

nutrients

Gobler and Boneillo,

2003; Lecher et al.,

2015

Phytoplankton Bottle incubation with enriched DI13C addition Lab + in situ Primary productivity of

phytoplankton

Sugimoto et al., 2017

Dissolved oxygen Optical oxygen sensor In situ Net ecosystem

production,

photosynthesis,

respiration

Honda et al., 2018

pCO2 Non-dispersive infrared sensor In situ Net ecosystem

production,

photosynthesis,

respiration

Santos et al., 2012a;

Maher et al., 2019

Number of benthic animals Core sampler In situ Biomass and diversity

of animals, Habitat use

Dale and Miller, 2008;

Leitão et al., 2015

Number of fish Net In situ Biomass and diversity

of animals, Habitat use

Hata et al., 2016;

Yamane et al., 2019

Behavior of animals Acoustic telemetry In situ Habitat use Stieglitz and Dujon,

2017

Shell length of bivalve Cage experiment In situ Growth rate (Andrisoa et al.,

submitted)

Total length of fish Cage experiment In situ Growth rate Fujita et al., 2019

done at a fringing coral reef ecosystem of Hawai’i Island (Abaya
et al., 2018) and four embayments in Tutuila, American Samoa
(Shuler et al., 2019).

However, the exact relationship between algae and SGD is
sometimes difficult to interpret because the isotopic composition
of the source nitrogen is variable and can cause uncertainty when
interpreting the isotope fractionation during the assimilation,
especially if more than one form of nitrogen is present (e.g.,
NO−

3 and NH+

4 ), or if more than one source of nitrogen is
available (e.g., riverine, groundwater, oceanic, and regenerated
nitrogen; Sugimoto et al., 2010, 2014). Thus, the utilization
of the δ15N of primary producers as a proxy for the δ15N
of nutrient sources is difficult unless adequate information
is obtained regarding the δ15N of the various sources. For
example, in the Waquoit Bay estuarine system, a comparison

of the δ15N of phytoplankton, NO−

3 , and NH+

4 revealed that
phytoplankton derived 3–47% of their N from groundwater
NO−

3 , while the major N source was regenerated NH+

4
(York et al., 2007).

Along with analyses of δ15N, gradients in the stable carbon
isotope ratio (δ13C) between fresh groundwater and marine
end members (Gramling et al., 2003) can be utilized to detect
the direct linkage between SGD and organisms. For example,
the δ13C signature of macrophyte and phytoplankton in coastal
lagoons on the French Mediterranean coastline shows the
contribution of karstic groundwater discharge and porewater
exchange as significant sources of dissolved inorganic carbon to
primary production (Andrisoa et al., 2019). Therefore, these δ15N
and δ13C signals in primary producers can be traced through
some marine food webs. Although there is still no clear evidence,
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Hata et al. (2016) suggest that there is a contribution of fresh SGD
to local fish production on a tidal flat in Japan.

Biomass, abundance, productivity, physiology, and
community structures of marine organisms have been directly
assessed along natural gradients of SGD impact as well as
compared at both SGD impacted and unimpacted sites. In
contrast, visualization approaches using thermal infrared
sensing and radon/radium tracing (see Geophysical and
Geochemical sections) can be used as a guide for setting up
ecological studies. Although the application of TIR imaging
for ecological investigations has had limited applications
thus far, Miller and Ullman (2004) and Grzelak et al. (2018)
clarified a correspondence between the distributions of SGD
and benthic organisms using thermal imaging. On the other
hand, geochemical tracers such as radium and radon are often
used for SGD-ecological studies. For example, Sugimoto et al.
(2017) conducted field experiments at three Japanese coastal
sites to elucidate the influence of SGD on in situ primary
productivity of phytoplankton. Before the field experiments,
they conducted continuous 222Rn measurement surveys to
visualize the spatial variability and gradient of SGD impacts.
Consequently, they were able to report clear evidence for a direct
association between SGD and coastal primary production. This
visualization scheme has been applied in subsequent studies
for marine organisms including fish (Utsunomiya et al., 2017).
Furthermore, telemetry and biologging approaches for studying
animal behavior associated with SGD will be helpful for future
studies (Shoji et al., 2017; Stieglitz and Dujon, 2017).

When 222Rn is used as a guide, simultaneous measurements
of 222Rn with other biological parameters enable us to assess
the input of SGD and the response of marine organisms’
activity. At a fringing coral reef in Japan, Blanco et al. (2011)
conducted 4-days of continuous monitoring of 222Rn activity,
nitrate concentrations and class-differentiated phytoplankton
using an automated radon analyzer and submersible sensors.
Consequently, they revealed that groundwater-associated NO−

3
discharge drastically increased microalgal productivity and
changed the community composition toward a dominance of
a particular class. Furthermore, simultaneous measurements of
222Rn with chlorophyll fluorescence, dissolved oxygen and pCO2

supported a direct linkage between SGD and primary production
in time and space at various locations (Kobayashi et al., 2017;
Honda et al., 2018; Maher et al., 2019).

Primary production can be estimated by using a nutrient
budget method (Waska and Kim, 2011), although estimates
of SGD flux and nutrient loading commonly reported in
SGD studies may not be appropriate for use as a comparison
of nutrient availability for marine biota. In an urbanized
embayment in Hong Kong, primary productivity was estimated
at 1.5–15 × 106 g C d−1, with 2–53% of the production being
supported by SGD-driven PO3−

4 flux (Luo et al., 2014). In Daya
Bay, China, ∼30% of total primary production was accounted
for by SGD based on DIP budgets (Wang et al., 2018). This
method can be easily scaled up from a local to a shelf scale.
Luo et al. (2018) estimated that new production supported by
groundwater-derived DIN constitutes up to about 24% of the
total new production in a coastal upwelling shelf system.

Compared to primary producers, research for higher trophic
species associated with SGD has just started. In the future, it is
essential to clarify the spatial (e.g., local to global scales) and
temporal (e.g., diel, seasonal, and decadal) variabilities in the
processes relating to how SGD affects coastal fishery resources
production. In particular, fish can move to and feed in multiple
habitats within a relatively short temporal scale (e.g., tidal and
daily scales). In focused flow (“submarine spring”) situations,
photo series can be used to interpret the behavior of fish
at the local scale (Shoji and Tominaga, 2018; Starke et al.,
submitted). Combinations of hydrographic and geochemical
surveys with bio-logging/telemetry approaches and stable isotope
analyses together with fishmovement and trophic flows in coastal
ecosystems would enable accurate estimation of the contribution
of SGD to fisheries production.

ECONOMIC AND CULTURAL ASPECTS

Economic Aspects
The presence of SGD in coastal zones, estuaries, and lagoons
is associated with a variety of effects and uses, including
geochemical and ecological dependencies (Johannes, 1980;
Taniguchi et al., 2002; Burnett et al., 2003; Moore, 2010; Hosono
et al., 2012), values associated with potable water for domestic
use (Duarte et al., 2010; Pongkijvorasin et al., 2010; Burnett et al.,
2017, 2018), as well as the historical and cultural importance
of SGD-related submarine springs and plumes (Moosdorf and
Oehler, 2017; Brosnan et al., 2018). The benefits associated with
these uses can be expressed by a variety of metrics, including
geochemical characteristics, aerial infrared maps of sea surface
temperatures (Johnson et al., 2008), qualitative descriptions of
cultural and historical significance (e.g., see next section), as
well as economic evaluations of these SGD-related services and
outcomes. Appropriate frameworks for deriving these economic
estimates are the focus of this section.

Resource economics provides a theoretical framework for
considering the economic value of SGD by directly linking
groundwater and nearshore resources. Pongkijvorasin et al.
(2010) developed a model of coastal groundwater management
as a renewable resource and examined economically efficient
management in the presence of known marine consequences of
SGD. Concern for environmental conditions affecting marine
biota controls the optimal steady-state head level of the aquifer.
The model was discussed in general terms for any coastal
groundwater resource where SGD has an impact on valuable
nearshore resources. The authors then applied the model to
a case study in Kona Hawai’i, where SGD is being actively
studied and where both nearshore ecology and groundwater
resources are significant sociopolitical issues. The application
incorporated the economic value of SGD by including the market
value of a freshwater-dependent marine algae directly in the
model’s objective function, thereby reducing the economically
efficient trajectory of water consumption over time in order to
support the growth of this economically and culturally important
keystone species.

In a related case study in the same region by Duarte et al.
(2010), the authors incorporated the consequences of water
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extraction on nearshore resources by imposing a minimum
requirement on the growth rate of the valuable marine algae.
Efficient pumping rates fluctuate according to various growth
requirements on the algae and different assumptions regarding
aquifer recharge rates. Given expected growth in future water
demand, costly desalination would be required under baseline
recharge conditions and a strict minimum standard, and under
low recharge conditions regardless of minimum standards of
growth. The authors calculated the net present value associated
with each scenario (with varying algae growth rates and
recharge rates). These values can then be compared, and the
differences interpreted as representative of the tradeoff between
increased groundwater pumping and the economic value of the
nearshore species.

Other studies have taken a more simplified (and static)
approach to assessing the economic benefit of groundwater and
its related functions, including services by SGD. For example,
Burnett et al. (2017) reported results from a choice-based
survey and analysis suggesting that residents of Obama City
Japan are willing to pay on average JPY 565 (∼$5 USD) per
month to maintain the drinking water function and related
ecological services of groundwater and SGD in the region. While
these stated preference approaches assess values of groundwater
and related functions more directly, they are potentially less
useful for policy and management than those values derived
from dynamic resource management frameworks that include
trajectories of efficient resource use over time. In follow-up work
in this region, Burnett et al. (2018) developed a model linking
groundwater pumping in Obama City to the area’s nearshore
fishery resource. A decrease in SGD reduces the flow of nitrogen,
phosphorus, silica and other nutrients into the ocean, which
affects primary production and, ultimately, fishery production.
While groundwater is currently being used for domestic use, the
economically important nearshore fishery depends on freshwater
SGD as a source of nutrients, while the SGD diminishes with
increases in pumping. Using a 3D model (MODFLOW) of
the groundwater aquifer and fishery catch, market price, and
fishing cost data from Obama City, the authors monetized the
impact of increased groundwater pumping on the nearshore
marine fishery.

Changes in the structure of economies across the world
influence the availability of SGD and associated benefits. Hugman
et al. (2015) showed how increases in tourism and irrigated
agriculture in Portugal influence the distribution of SGD
along the coast as well as over time. External pressures on
the groundwater aquifer will also affect the economic value
associated with SGD. Changes in land use, climate, demand
growth, and energy costs will affect future water extraction
patterns over space and time, with resulting spatial and temporal
implications for SGD and linked coastal and estuarine resources.
In the context of the “coastal groundwater squeeze,” Michael
et al. (2017) describe potential impacts on coastal estuaries and
coral reefs (see also Johannes, 1980; Valiela et al., 1990; Amato
et al., 2016). Characterizing the linkages between these related
systems (e.g., land use to aquifer to SGD to ecosystem) is the first
step in developing appropriate frameworks to evaluate economic
outcomes associated with adjustments within and between these

compartments. As the science relating these interconnected
systems improves, so will our ability to express the underlying
economic values.

Cultural Aspects
Fresh groundwater flows into the ocean through focused
conduits (“submarine springs”), can be visible to the eye and, in
some cases, potable. Submarine springs have inspired humans
since ancient times. Aside from having important geochemical,
biological, and economic importance, sudden occurrences of
fresher water in a salty ocean hold cultural, social, and spiritual
relevance throughout the world as well.

The cultural relevance of submarine springs is well-
documented not only in the literature, but also through legends
or places of worship and the naming of historical sites. The links
are weakly documented by, for example, temple positions, as
seen in Bangkok (Burnett et al., 2009) or on Lombok, Indonesia
(Tanah Lot temple: Lubis and Bakti, 2013). Other indications of
the cultural importance of submarine springs are place names
related to water, such as Olhos de Aqua in Portugal (Carvalho
et al., 2013) and local legends, such as the crying Tjilbruke spirit
in South Australia (Isaacs, 1979). Because submarine springs are
not usually the focus of people researching cultural heritage, little
effort has been put into following these links in a structured way.
In the following, the cultural relevance of SGDwill be exemplified
for two locations. This expands on a broader review of the societal
use of SGD (Moosdorf and Oehler, 2017).

One of the most characteristic locations where submarine
springs have been culturally important is the island of Bahrain.
Submarine springs occur off the north side of the island and
belong to a large aquifer system under the eastern part of the
Arabian Peninsula (Rausch et al., 2014). Since Mesopotamian
times (∼3000 BCE), literary texts mentioned the freshwater
springs of the island (Crawford, 1998). This renders Bahrain as
one of the prime candidates to be “Dilmun” (Bibby and Phillips,
1996; Crawford, 1998). In Sumeran tales, Dilmun is a paradise
island where freshwater is plenty, and could possibly be related to
the Christian Garden of Eden (Kramer, 1963). Later, in medieval
times, the springs were used to refresh water supplies on sailing
ships and during military conflicts (cf. Potts, 1985). Until the
twentieth century, the water was also sold on land as drinking
water (Williams, 1946). These springs, which have a 5000-year
history of societal use, have been drying out due to increased on-
land pumping of groundwater in recent decades (Taniguchi et al.,
2002; Rausch et al., 2014). The consequences of the lost heritage
due to the lost springs, whichmay even have had an impact on the
naming of the island (Faroughy, 1951) remains to be discussed.

On the other side of the planet, the first written accords from
Rapa Nui (Easter Island) from the Eighteenth century report that
the island provides very little freshwater (Martinsson-Wallin and
Crockford, 2001). Precipitation infiltrates the permeable volcanic
soils immediately and there are no perennial streams on the
island (Brosnan et al., 2018). Members of an expedition by the
British explorer Captain Cook note that natives drink seawater
(Forster et al., 2000)—most likely this refers to them drinking
from coastal springs (Brosnan et al., 2018). After the arrival of
the Europeans, the native population quickly disappeared so that
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no accounts of the prehistoric water usage exist. But remnants of
dug wells can be found only right at the coast, which, together
with hydrogeological evidence point to fresh or brackish coastal
seeps as a main drinking water source throughout the history of
the island (Brosnan et al., 2018). While the cultural relevance of
these drinking water sources is clear, it is also documented by
the distribution of the famous stone monuments on the island,
which occur more often close to the coastal seeps (DiNapoli et al.,
2019). This leads to the hypothesis that the monuments marked
important places, including coastal groundwater seeps (DiNapoli
et al., 2019).

These examples showcase the social and historical importance
of submarine springs to different cultures. Its relevance can
sometimes also be used to qualitatively identify SGD locations,
because locals, such as fishermen, often know the locations of
submarine springs.

SUMMARY AND REMAINING QUESTIONS

We have updated the state of current research concerning SGD
focusing on findings over the last decade, the “mature stage”
(after the mid-2000s) of SGD research. Our treatment centered
on the updates of measurement techniques, geophysical drivers,
magnitudes, and effects.

In terms of measurement techniques, technological advances
made during the developmental period of SGD research (mid-
1990s—mid-2000s) and continuing to this day have had a
profound impact on recognizing the scope of SGD. While radon
and radium isotopes remain as the most popular geochemical
tracers, other possibilities are showing promise. The short-lived
isotope of radon (220Rn) can be used for locating sources of SGD.
Advances in sub-sea gamma spectrometers allow unattended
radon measurements on time scales up to years. In some
circumstances DOM, FDOM, Si, and stable isotopes of C and
N have proven valuable as SGD tracers. Macroalgae δ15N can
be used to assess the long-term time-integrated availability of
N from SGD. Interpretations are sometimes difficult because of
multiple forms and sources of N. Advances in geoelectric and TIR
technologies now allows expanded access to these tools. While
these geophysical approaches cannot necessarily measure SGD,
they provide useful maps that improve field studies and can
be used to document the temporal dynamics of SGD. Coupling
geoelectric techniques with hydrological flow modeling should
improve our understanding of complex mixing between saline
and fresh water SGD. Telemetry and biologging approaches for
studying animal behavior associated with SGD will be helpful in
future studies.

While many researchers focus mainly on groundwater flow
driven by a terrestrial head, SGD is influenced by many
geophysical drivers. Many of these drivers (tidal pumping, wave
setup, etc.) are marine in origin. SGD and porewater exchange
are seen as different and overlapping processes. Other drivers
(wave pumping, bioturbation, etc.) may produce flow that is
considered SGD and/or porewater exchange depending upon
the situation and measurement technique. When examined in
time and space coordinates, one can differentiate SGD from

pore water exchange. Multiple driving forces are not necessarily
synergistic or additive and interact in a non-linear fashion. In
addition, multiple time scales of overlapping drivers are difficult
to study by field observations, so most investigations rely on
numerical models.

Recent studies suggest that the magnitude of fresh SGD to
the ocean is only ∼1% of the annual river discharge. Most
previous estimates placed this figure in the 5–10% range.
However, while the fresh SGD magnitude is small relative to
river discharge, it may still have local impacts. Furthermore,
the total (saline + fresh) SGD and its dissolved materials
is many times greater than river inputs. While there has
been a focus on high-porosity sandy environments in SGD
studies, muddy wetlands and marshes can also be important.
For example, tidally-driven porewater exchange in mangrove
creeks around the world are sufficient to filter the entire
continental shelf volume in ∼150 years. Or, said another
way, the mangrove creek flow is equivalent to about 1/3 of
the global annual river discharge. Muddy coasts thus deserve
more attention.

The effects on delivery of nutrients and other dissolved
materials to the coastal ocean can be profound but depends upon
the hydrogeological and biogeochemical conditions of the STE
in question. It has been shown in many cases that nutrients
transported by SGD can support benthic and water column
primary productivity as well as influence the phytoplankton
community structure. Of course, an overabundance of nutrients
from any source can lead to eutrophication and macroalgal
blooms. Intertidal SGD can influence species diversity and
biomass distribution of benthic communities. SGD effects on
higher trophic levels, including fish, have been documented
as well.

While groundwater discharge has traditionally been studied
as a geophysical process, SGD is now recognized to have certain
economic and cultural implications. In order to evaluate the
economic value of SGD, one needs to develop a framework
to make these estimations. For example, there is a need to
characterize the linkages between these interconnected systems:
aquifers—land use—SGD—ecosystems in order to evaluate
economic outcomes as changes occur within these components.
Cultural values come into play as well. Coastal food resources,
often influenced by SGD, can have meaningful significance
in various cultures. Thus, as SGD changes via groundwater
pumping, climate change or other forces, the resource and
the community dependent upon that resource are directly and
indirectly affected.

Some remaining questions concerning SGD are listed below
as suggestions for future research.

a) Spatial and temporal scale issues
For all the aspects considered here many spatial and temporal
scale issues remain to be solved. While we recognize
recirculated seawater as the main volumetric component
of SGD, what are the time/length scales of the recharging
process? How long are the residence times for water and
dissolved material circulation in STEs?

b) Climate change impacts on SGD
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Predicting the impacts of climate change on SGD is a
remaining challenge. Impacts on SGD by sea level rise and
changes in precipitation and/or evapotranspiration need to
be evaluated. Further collaborations with climate change
researchers are essential.

c) Global estimations
While global estimations of SGD and dissolved nutrient
inputs associated with SGD have been attempted,
uncertainties remain. We can now say with some degree
of certainty that fresh groundwater discharge contributes
less than a few percent of riverine inputs and saline
discharge is several folds higher than rivers. However,
more precise evaluations still evade us. Global estimates of
SGD-derived fluxes for key elements such as carbon and iron
remain unavailable.

d) Muddy shorelines
Most SGD datasets were obtained from sandy shorelines.
Muddy saltmarshes and mangroves are widespread along
global coastlines but remain understudied. Their muddy soils
are often permeable due to abundant animal burrows and can
produce extremely high porewater concentrations of carbon
and heavy metals. To develop global estimates of groundwater
and porewater influences on marine biogeochemical cycles,
a stronger focus on mangroves and saltmarshes may
be required.

e) Sustainability
SGD is a relatively stable water discharge through a
subterranean estuary into the coastal environment. Thus, the
“stability” of SGDmay be much different from river discharge
and shape the environment in a number of ways. Improved

understandings of ecosystem functions and linkages to SGD
will clarify the corresponding impacts, helping improve
management toward a more sustainable coastal environment.

SGD is now recognized as an important pathway between land
and sea. In some cases, SGDmay be the most important pathway.
It has been shown here that SGD has a relationship to other
parts of the coastal continuum, and it has relevance from many
different points of view. The next steps are to further quantify
the interconnected roles allowing one to predict impacts of SGD
change within the coastal zone.
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It is increasingly recognized that groundwater discharge in the form of stream baseflow

and submarine groundwater discharge (SGD) plays an important role in contaminant

transport. This study seeks to demonstrate the importance of groundwater flow for

the distribution and transport of selected pesticides and nutrients in the Faga’alu

aquifer on the island of Tutuila in American Samoa. Field measurements, including

seepage runs and analysis of stream and groundwater for pesticides and nutrients,

were combined with hydrological modeling. Selected analytes were glyphosate (GLY),

dichlorodiphenyl-trichloroethane (DDT), imidacloprid, and azoxystrobin for pesticides and

chemical species of nitrogen, phosphate, and silicate for nutrients. Hydrological flow and

transport models of the aquifer were built to simulate groundwater flow and to provide

estimates of GLY and dissolved inorganic nitrogen (DIN) fluxes. Stream baseflow was

responsible for 59% and SGD for 41% of groundwater flow to the bay, which totaled

6,550 ± 980 m3/d in the dry season when surface runoff was negligible. DDT was

found in 85% and GLY in 100% of tested samples. SGD and baseflow thus delivered

9 ± 2 g/d of DDT, 0.9 ± 0.2 g/d of GLY, 570 ± 100 g/d of DIN and 840 ± 110 g/d

of dissolved inorganic phosphorus (DIP) into Faga’alu Bay. While all pesticide levels

are below environmental limits, their presence in baseflow and SGD, which discharge

continuously year-round, result in sustained fluxes of GLY and DDT to the reef. The

presence of DDT in groundwater decades after its last application confirms its long-term

environmental persistence.

Keywords: submarine groundwater discharge, stream baseflow, pesticides, nutrients, water quality, hydrological

model, groundwater hydrology

INTRODUCTION

There is mounting evidence that populated Pacific islands struggle with water quality problems
that affect human as well as ecosystem health (Mosley and Aalbersberg, 2003; Bolabola, 2007; Erler
et al., 2018). Typically, population density is highest along coastlines, where centralized sanitary
systems serve only a small fraction of the population and decentralized agriculture leaves room
for unregulated practices, resulting in nutrient, pathogen, and pesticide pollution. While issues
related to rising human population have been recognized for decades, such as water pollution
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and ecosystem health decline, the contributions from individual
pollution sources and pathways of contaminants are diverse and
still, at best, under investigation (Mosley and Aalbersberg, 2003;
Craig et al., 2005). For example, in the U.S. territory of American
Samoa, anthropogenic contaminants from point, and non-point
sources such as onsite sewage disposal systems (OSDS), piggeries,
and agriculture, have been a widespread problem (Vaouli et al.,
2010). As 90% of the municipal water on the densely populated
island is sourced from groundwater, the concern over polluted
drinking water resources has become a serious issue (Shuler et al.,
2017). Additional concern is that pollution from groundwater
propagates to streams and coastline as well (Shuler et al., 2019).
Groundwater discharge to streams and the coastal ocean is often
hard to quantify and is the subject of this study, which focuses on
the Faga’alu watershed on the island of Tutuila, American Samoa
(Figure 1A). The benthic ecosystem in Faga’alu Bay is classified
as one of the most impacted on the island (Houk et al., 2005;
Tuitele et al., 2014) and it has been labeled a priority remediation
watershed by the U.S. Coral Reef Task Force (Messina and Biggs,
2016).

Coral reefs support large biodiversity (Nyström et al., 2000),
however, anthropogenic pollution from terrestrial sources makes
reefs less resilient and more susceptible to diseases (Bruno et al.,
2003). Although surface runoff collects and distributes large
amounts of dissolved and suspended particulate contaminants
to the coastal region (Polidoro et al., 2017), the contributions
of submarine groundwater discharge (SGD) to the coastal
contaminant budget is becoming more widely accepted as
important, if not dominant (Johannes and Hearn, 1985; Dulai
et al., 2016). Submarine groundwater discharge refers to the flow
of groundwater across the land-ocean interface, which can carry
dissolved compounds and often serves as an important pathway
of contaminants from coastal aquifers into the ocean (Rodellas
et al., 2015). SGD results from underflow, which collects solutes
from the surrounding aquifer material and overlaying land-use
as it moves downstream, eventually discharging at the coast
when it crosses the land-ocean boundary. Studies in similar
coastal volcanic geological settings (e.g., Korea, Japan, New
Zealand) have found SGD to play a major role in overall
water and contaminant budget (Kim et al., 2003; Hosono et al.,
2012; Stewart et al., 2018). Stream baseflow, another process
addressed in this study, results from underflow entering a stream
where groundwater level and streambed conductivity are higher
(Larkin, 1988). Stream baseflow is a connection between surface
and groundwater systems and has been shown to affect stream
water quality (Miller et al., 2016) and in case of small island
watersheds, also coastal water quality.

Nutrient fluxes have been the focus of many SGD studies
because they are widely known to leach into the water table
and to be carried by groundwater flow to the coastline
(Richardson et al., 2015; Amato et al., 2016; Shuler et al., 2019).
Pesticides also commonly leach into and may be dispersed
in aquifers (i.e., Schuette, 1998), although their mobility is
species dependent and is usually lower than those of nutrients
(Davidson, 1995). Chemical and physical properties such as
solubility, adsorption, degradation, and volatilization determine
the potential of pesticides to contaminate groundwater (Chin

and Weber, 1988; Davidson, 1995). Many studies have described
pesticide movement in groundwater (e.g., Zhang et al., 2009;
Rendón-von Osten and Dzul-Caamal, 2017), including the
presence of the ubiquitous herbicide glyphosate (Magga et al.,
2008) but few have documented their transport across the land-
ocean interface to the coastal ocean through SGD (Gallagher
et al., 1996; Almasri, 2008).

Glyphosate has become the most heavily used herbicide
in the world since its introduction as a key ingredient in
the popular Roundup formula in 1974 (Benbrook, 2016). Its
heavy use in both agricultural plots and roadside-to-backyard
domestic settings and its mobility makes it an ideal tracer to
demonstrate the chemical connection between land applications
and receiving water bodies. This study thus used glyphosate as
a tracer to demonstrate the role of groundwater in the transport
of pesticides to streams and the coastal ocean. Other pesticides
surveyed in this study include the insecticide dichlorodiphenyl-
trichloroethane (DDT) along with its breakdown product
dichlorodiphenyl-dichloroethylene (DDE) (from here on both
collectively referred to as “DDT”), the insecticide imidacloprid,
and the fungicide azoxystrobin. Application of DDT has not
been legal in American Samoa since 1972, after the U.S. EPA
officially banned the compound due to its adverse effects on
wildlife and potential threat to human health (Lallanilla, 2019).
The insecticide, however, was sprayed heavily across the island
in the mid-twentieth century and is still persistent thanks to its
long residence time in the environment (Travis et al., 1946; NPIC
Oregon State University, 1999). Also quantified in this study were
nutrient fluxes, in order to provide comparison to other island
studies (e.g., Glenn et al., 2013; Shuler et al., 2019).

Field observations of contaminant concentrations and
previously published land-use data were integrated with
hydrological modeling to characterize groundwater fluxes
and associated selected pesticide and nutrient fluxes in the
Faga’alu aquifer on the island of Tutuila, in American Samoa.
The modular 3-dimensional MODFLOW model (Harbaugh
et al., 2000) was utilized to estimate fresh SGD and baseflow
contribution while the multi-species transport model MT3DMS
(Zheng and Wang, 1999) was used to model contaminant
transport. The goal of the model simulation was to quantify
relative contributions of the multiple glyphosate and dissolved
inorganic nitrogen (DIN) sources to SGD and baseflow fluxes,
including OSDS and piggeries as well as urban and agricultural
non-point pollution sources. Groundwater contribution to
the overall water and contaminant budget of the watershed
via stream baseflow and SGD was assessed, and hypothetical
scenarios focusing on changes in land-use and contaminant
inputs were run to assess potential remediation actions to help
develop better pollution management practices.

STUDY AREA

American Samoa
The largest island in American Samoa, Tutuila (14.3258◦ S,
170.7325◦ W) lies within the South Pacific Convergence Zone
(SPCZ). Rainfall varies geographically across the island, ranging
from 3,000 to 6,000 mm/year (Craig, 2002). Wet season is
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FIGURE 1 | (A) The Faga’alu watershed is located in the central-south sector of Tutuila, American Samoa. (B) Sampling locations are depicted in the detailed map of

the watershed, which is divided into primary geologic units: (A) Pago Volcanic Series, intra-caldera, trachyte plugs, and dikes, (B) Pago Volcanic Series, intra-caldera,

(C) Beach sand and silty/clay alluvium (Stearns, 1944). Indicated are sampling sites of groundwater (black circles: well FG-179, shallow stream bank and coastal

springs sampled using push point samplers 0.8 m below ground surface), stream water (red circles, also locations of seepage runs and 222Rn measurements), and

mountain springs used as observation points for groundwater head level calibration (hollow circles).

between October and May, and the dry season is from June
to September (Craig et al., 2005). Tutuila’s mountainous terrain
is a result of eroded shield volcanoes (Stearns, 1944). Alluvial
valleys have been carved over time from erosion and are spaced
along the island coastline (Stearns, 1944; Izuka et al., 2007). The
2 km2 Faga’alu watershed contains the Faga’alu Stream (3 km),
with headwaters on the slopes of Matafao Mountain running
down an alluvial valley, and emptying into the Faga’alu Bay of the
outer Pago Harbor (Messina and Biggs, 2016). The undisturbed
upper watershed is steeply sloped and forested, while the Faga’alu
village lies on the lower alluvial plain. The valley slopes are
comprised of dense basaltic rocks, which also underlie the alluvial
deposits of silty and sandy clay loams of >50m thickness on the
lower plain where human development is highest (Messina and
Biggs, 2016). One groundwater well, managed by the American
Samoa Power Authority (ASPA) is used as a municipal water
source, and is located halfway up the developed area, near the
boundary where the alluvium intersects the basalt (Figure 1B).
Alluvium thickness at the well is ∼25m (ASPA drilling logs,

personal communication). No documented descriptions of the
aquifer’s hydrogeologic properties in Faga’alu exist. Although
small perched bodies of groundwater have been documented in
American Samoa (i.e., at Ototole and Olosega; Davis, 1963), none
have yet been confirmed in Faga’alu.

Agriculture, both conventional and agroforestry, is
widespread in American Samoa, and represents one of the
major nutrient and pesticide sources (Misa and Vargo, 1993).
Pigs are the most prevalent form of livestock raised on Tutuila,
and are a source of organic matter, pathogens, and excess
nitrogen (Zennaro, 2007). Cesspools are the prime method of
human wastewater management, used in over 5,500 homes on
the island, and contribute a significant amount of excess nitrogen
into the water table (NOAA/EPA, 2003; Shuler et al., 2017). A
fringing coral reef exists at the shoreline and extends 50–400m
offshore in Faga’alu Bay. Water quality of the bay is currently
of major concern due to turbid, nutrient-enriched waters
(Messina and Biggs, 2016; McCormick, 2017; Vargas-Angel and
Schumacher, 2018; Shuler et al., 2019).
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METHODS

Sample Collection and Analysis
Groundwater samples were collected at six sites (three from
stream bank sediments, two from coastal springs, and one from
the only existing public well in the watershed, Figure 1B) in
August 2016 during the dry season. Surface samples were taken
at seven sites in the stream. Water from the well (screened from
20 to 32m depth) was collected from a wellhead collection port
while stream bank groundwater and spring sites were sampled
using push-point samplers (MHE Products) and a peristaltic
pump from 0.4–0.6m depth below ground surface. All samples
were filtered on-site with a 0.45µm hydrophilic polyethersulfone
capsule filter. Nutrients were collected in acid-washed high
density polyethylene (HDPE) bottles. Pesticides were collected in
combusted glass amber vials to prevent photodegradation. Once
collected, all samples were chilled and then refrigerated for short-
term storage. Water for radon analysis was collected in 250mL
glass bottles with no headspace. A YSI multiparameter sonde
(6600 V2-2 model) was used to measure temperature, salinity,
and dissolved oxygen in situ in each sample.

A seepage run, where streamflow was measured at seven
stations along the main channel, was performed under
baseflow conditions on the same day and locations as sample
collection (Figure 1B). The SonTek FlowTracker Handheld
Acoustic Doppler Velocimeter was used to measure streamflow.
Samples were analyzed for radon (222Rn) at each surface
and groundwater site to identify groundwater contribution
and hyporheic exchange, thus identifying gaining and
losing sections of the stream (Burnett and Dulaiova, 2003;
Dulaiova et al., 2006). Radon samples were analyzed the
day of collection (Supplementary Table 1) using a Rad-H2O
instrument (Durridge).

Water samples were analyzed for their nutrient concentrations
of total dissolved nitrogen (TDN), phosphate (PO3−

4 ), nitrate and
nitrite (N+N), ammonium (NH+

4 +NH3 from here on referred
to as NH+

4 ), and silicate (Si(OH)4) at the University of Hawai‘i
SOEST Laboratory for Analytical Biogeochemistry. Dissolved
inorganic nitrogen (DIN) concentrations were calculated as the
sum of the measured N+N and NH+

4 values. Pesticide analysis
included GLY, DDT, imidacloprid, and azoxystrobin. An enzyme
linked immunosorbent assay (ELISA) (Abraxis LLC) analysis
was performed for the four chosen pesticides. The colored
wells were analyzed in a spectrophotometric microplate reader
(Abraxis, Model 4303) at a wavelength of 450 nm to obtain
concentration values. The minimum detection limits for GLY,
DDT, imidacloprid, and azoxystrobin were 50, 370, 6, and 9 ng/L,
respectively (www.abraxiskits.com). Relative uncertainty of GLY
concentrations based on field and method duplicates derived via
the ELISA test was 10–22%. Relative uncertainty of DDT was 10–
16%. Nutrient uncertainties, expressed as absolute errors were
17 µg/L for TDN, 0.3 µg/L for PO3−

4 , 8 µg/L N+N, 2 µg/L
NH+

4 , 56 µg/L Si(OH)4. Radon relative uncertainties derived
from counting statistics were 10–30% at 1-sigma.

Modeling Approaches
Water flow and contaminant transport were modeled using the
MODFLOW (Harbaugh et al., 2000) and MT3DMS (Zheng and

Wang, 1999) models, respectively. The MODFLOW model was
used to predict groundwater levels and water fluxes necessary for
transport modeling via MT3DMS. The Groundwater Modeling
System (GMS) software (https://www.aquaveo.com) served as
a graphical interface in building the conceptual models.
MODFLOW was calibrated using (1) stream baseflow from
seepage runs taken during sample collection and (2) water table
head levels obtained from the well and elevations of groundwater
springs documented during this study. The elevations of the
observedmountain springs were utilized as water levels where the
groundwater spring represents an intersection of the top of the
water table and the land’s surface. This relies on the assumption
that the observed spring is fed by a saturated zone that is
hydraulically connected to the aquifer. Field-based groundwater
levels and baseflow fluxes were utilized through both iterative and
automatic approaches in calibrating MODFLOW. The iterative
approach was used initially to constrain hydraulic conductivity,
while the automatic approach via the PEST code (Doherty
and Hunt, 2010) was used to refine the conductivity estimates.
MT3DMS was used to model contaminant transport in the
aquifer through convection, dispersion, adsorption and decay.
MT3DMS was calibrated through an iterative approach to match
observed against modeled GLY and DIN concentrations. A flow
chart relating the models and their respective inputs and outputs
can be found in Supplementary Figure 1.

Groundwater Flow Model
The MODFLOW-2000 (McDonald and Harbaugh, 1988)
numerical model comprised of 4221 active cells (38 × 30m)
across two vertical layers. The top layer covered the zone
between mean sea level (MSL) and the terrain elevation, while
the lower layer covered MSL to 500m below MSL. Recharge was
based on estimates from the Soil and Water Assessment Tool
(SWAT) model created by Leta et al. (2017), with daily recharge
ranging from 1.8 to 3.5 mm/d across the watershed. Other data
were sourced from available geographical information system
data that included stream, well, geologic units, and domain
boundary data. A pumping rate of 163.53 m3/d was assigned
to the well based on data provided by American Samoa Power
Authority (ASPA).

The six observation points for head level were supplemented
by stream baseflow discharge rates, which were obtained from
the seepage run measurements. The zonal parameter estimation
method via PEST software (Kennedy, 2012; MODFLOW-
PEST Pilot Points, 2016) was incorporated in the calibration
process to obtain the best fit between measurements and
model values. Conductivity-calibration zones were set based
on known geological units (Figure 1B). The model was
considered adequately calibrated when residuals for head
and discharge were minimized to within 10% of maximum
observed values.

Pesticide and Nutrient Fluxes in Baseflow
and SGD
To separately estimate baseflow from high level and coastal
aquifer portions of the watershed in the model, MODFLOW
stream arcs were divided into upper and lower reaches
(boundary set at S-5, Figure 1B). To obtain the respective mass
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TABLE 1 | Groundwater nutrient and pesticide concentrations.

Sample site Type Glyphosate

(ng/L)

DDT/DDE

(ng/L)

TDN

(µg/L)

PO4

(µg/L)

Si(OH)4
(µg/L)

N+N

(µg/L)

NH+

4

(µg/L)

DIN

(µg/L)

S-1 Stream bank 90 1,220 70 160 16,620 20 65 90

S-3 Stream bank 80 1,310 90 180 15,630 50 15 70

S-6 Stream bank 180 < 110 100 16,390 70 2 70

FG-179 Well 160 880 170 260 20,200 90 20 110

CS-N Coastal spring 160 2,070 340 110 6,910 250 7 260

CS-S Coastal spring 300 1,510 140 50 1,940 90 6 100

< indicates below detection limits.

flux rate, pesticide and nutrient concentrations from stream
bank groundwater samples were multiplied by the modeled
groundwater flow estimates for each segment.

SGD fluxes at the land-ocean interface were determined by
summing up flow through coastal grid cells in three sections of
the model: (1) the northern coastline, (2) the central coastline,
and (3) the southern coastline. The central coastal segment
representing the region from the stream mouth to S-1, was
excluded from SGD and was included in stream baseflow instead.
Pesticide and nutrient concentrations at the northern and
southern coastal springs were used to represent their respective
segment of the coast, while S-1 was used for the central coastal
segment. To estimate the flux rates, the respective contaminant
concentrations weremultiplied by the estimated SGD flow for the
corresponding coastal segment.

Contaminant Transport Model
An MT3DMS transport model was developed to simulate
the advective and dispersive transport and transformation of
contaminants through the aquifer. In addition to hydrologic
data carried over from the hydrogeologic model, new parameters
were incorporated in the transport model, including porosity,
longitudinal dispersivity, dispersivity-anisotropy ratios, and DIN
and GLY attenuation and decay coefficients. A sensitivity analysis
test was run to determine which parameters most affected
the calibration (Supplementary Figure 2) and adjustments were
made to find the optimal match between the modeled and
observed values (Supplementary Table 2). The simulation-time
was about 55 years to obtain a steady-state condition for
each contaminant.

Glyphosate served as the representative pesticide to trace
movement through the aquifer. GLY concentrations were
added in the model based on annual applied concentrations
by agricultural activities derived from literature values
(Supplementary Table 3), which were added as recharge
concentrations. GLY, however, is not only used for agriculture,
but also for smaller-scale applications along roadsides and in
residential yards for weed control (Tang et al., 2015). As an
approximation, and due to the lack of information, half the
concentration applied to agricultural plots in the model was
assumed to pertain to the domestic zones. A literature-based
sorption coefficient (1.64 × 10−5 m3/mg) as well as decay rate
constant (based on half-lives ranging from 91 to 197 days) were

used in the model to represent natural degradation of GLY
(Schuette, 1998; Henderson et al., 2010).

DIN loading rates were estimated for each endmember
using attenuation rates specific to each source
(Supplementary Table 3). Mass loading rates were applied
to the point sources of cesspools and piggeries, while annual
application concentrations were applied to non-point source
agricultural N-inputs. A fixed level of N was additionally
added into all non-agricultural domains to represent natural
background levels of DIN (Shuler et al., 2017). Fluxes of DIN
and GLY for ocean and stream segments of interest were then
determined by the calibrated transport model.

Contaminant Source Contributions
The calibrated MT3DMS model was used to run several
hypothetical land-use scenarios for DIN and GLY source
contributions throughout the watershed. Each source of DIN was
individually assessed for its relative contributions to the total
N flux via baseflow and SGD. A scenario was then run when
cesspools were improved (i.e., converted to septic systems) by
doubling their DIN attenuation efficiency, which was simulated
by halving the DIN concentration that entered the aquifer from
each OSDS unit (Supplementary Table 3). To determine how
the rates of agricultural or domestic GLY affect concentration
at each observation point, scenarios were run to simulate each
source individually. Two additional scenarios were run where
the application amount of GLY was halved in the developed
zones and then in all the application zones to simulate improved
practices if half of the currently used herbicide was applied. These
scenarios may give insight to what could be accomplished in the
future to improve water quality of the stream and coastline.

RESULTS

Water Quality Results
Overall, 100% of Faga’alu samples had detectable levels of GLY
and 85% had DDT. Groundwater GLY concentrations ranged
between 80 and 300 ng/L and averaged 160 ± 80 ng/L. Stream
bank groundwater samples had relatively higher value furthest
upstream at S-6 (180 ng/L), and lower values at S-3 (80 ng/L)
and S-1 (90 ng/L). The well (FG-179) had a concentration of
160 ng/L and the northern and southern coastal springs were
160 and 300 ng/L, respectively (Table 1, Figure 2A). Glyphosate
in surface samples at the seven stream sites ranged between 60

Frontiers in Environmental Science | www.frontiersin.org 5 October 2019 | Volume 7 | Article 16270

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


Welch et al. SGD and Baseflow Supply Pesticides

FIGURE 2 | (A) GLY and (B) DIN concentrations at the six groundwater sampling sites in Faga’alu, shown with related point source and land-use

contributors—cultivated (light green polygons), agroforestry (dark green polygons), OSDS units (triangles), piggeries (square icons), and unpaved developed/residential

land (dark gray).

and 230 ng/L with an average of 140 ± 70 ng/L (Table 2). Higher
concentrations were found in the upper four sites (S-4 to S-7),
averaging 180 ± 40 ng/L, the lower three stream samples (S-1 to
S-3) averaged 80± 20 ng/L. When comparing the concentrations
at sites which had both surface and groundwater samples (S-1,
S-3, S-6), GLY was comparable in surface water to groundwater
(S-1 80 vs. 90 ng/L, S-3 90 vs. 80 ng/L, S-6 200 vs. 180 ng/L).

DDT was ubiquitously present in groundwater samples,
ranging from below detection limit to 2,070 ng/L with an
average of 1,400 ± 690 ng/L. In surface waters, DDT ranged
from below detection limit at S-5 to 2,030 ng/L at S-7 with
an average of 1,240 ± 720 ng/L (Tables 1, 2). The other
two tested pesticides, imidacloprid and azoxystrobin, were not
detected in any of the Faga’alu samples, and will not be
discussed further.

DIN in Faga’alu groundwater ranged between 60 and 250
µg/L and averaged 110 ± 70 µg/L, with generally higher
concentrations toward the coastal areas (Figure 2B). Stream
bank groundwater samples had lower DIN than the coastal
springs and the well (Table 1). DIN in stream surface waters were
comparable to groundwater concentrations across the watershed,

with a range from 60 to 140µg/L and an average of 80± 30µg/L.
Ammonium did show notable differences, as it averaged 4 ± 2
µg/L in surface water compared to 19± 23 µg/L in groundwater
samples with a maximum of 130 µg/L at S-1. This is expected
because of limited oxygen present in streambank groundwater as
opposed to the oxygenated stream.

Phosphate concentrations ranged from 50 to 260 µg/L in
groundwater samples with an average of 140 ± 70 µg/L, and
ranged from 80 to 120 µg/L with an average of 110 ± 10
µg/L in the surface water samples. Silica showed a relatively
even distribution across stream bank groundwater and stream
surface samples, averaging 16,210 ± 6,970 µg/L and 16,480 ±

300 µg/L, respectively, but showed much more diluted values
at the northern and southern coastal springs (6,910 and 1,940
µg/L, respectively). The well had Si(OH)4 concentrations of
20,200 µg/L.

Groundwater Flow Model Results
The final calibrated MODFLOWmodel had a root mean squared
residual (RMSR) of 12m for head and a RMSR of 256m3/d
for discharge. The model was considered satisfactorily calibrated
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TABLE 2 | Stream discharge measurements and surface sample nutrient and pesticide concentrations.

Sample site Type Discharge

(m3/d)

Glyphosate

(ng/L)

DDT/DDE

(ng/L)

TDN

(µg/L)

PO4

(µg/L)

Si(OH)4
(µg/L)

N+N

(µg/L)

NH+

4

(µg/L)

DIN

(µg/L)

S-1 Stream 3,630 80 840 180 110 16,890 130 8 140

S-2 Stream 2,900 60 1,850 130 120 16,770 70 2 70

S-3 Stream 2,290 90 1,380 120 120 16,730 60 3 60

S-4 Stream 2,370 140 840 120 110 16,000 70 4 70

S-5 Stream 1,970 230 < 130 110 16,260 90 3 90

S-6 Stream 2,530 200 1,720 120 100 16,390 80 2 80

S-7 Stream 2,390 170 2,030 120 80 16,300 80 3 80

< indicates below detection limits.

TABLE 3 | Observed and modeled groundwater head levels of the calibrated

MODFLOW model with relative error.

Observation point Observed

head level

(m)

Modeled

head level

(m)

Relative

error (%)

Well FG-179 3 6 +156

Spring-1 42 69 +63

Spring-2 109 112 +3

Spring-3 160 162 +1

Spring-4 253 255 +1

Spring-5 250 264 +5

Root mean squared residual 12 m

when the RMSR (head+flow) was 2.31 and the coefficients
of determination (r2) were 0.99 for head and 0.82 for flow
(Tables 3, 4).

The modeled freshwater SGD from the coastline of the
entire bay was 2,680 ± 290m3/d, while the modeled stream
baseflow was 3,870 ± 430m3/d. Both estimates have 11%
uncertainty assigned based on the relative error derived for
baseflow (Table 4). The high-level aquifer baseflow in the upper
reach of the stream contributed 63% of the stream’s flow,
while the lower reach contributed 37%, which reflects gaining
stretches both upstream and near the coast. The field-based
seepage run and radon concentration trends verified this pattern
of gaining stretches of the stream (Supplementary Figure 3).
Radon concentrations in stream bank groundwater were higher
where baseflow was present, suggesting radon rich groundwater
upwelling as opposed to intrusion of low-radon hyporheic flow.
Accordingly, stream radon levels were also highest at sections
predicted to be gaining reaches. While these observations are
only qualitative, they confirm the model predicted patterns of
surface water groundwater exchange. According to the model,
most of the watershed’s SGD came from the central coastline
of the bay (69%), while the northern and southern coastlines
contributed 18 and 13%, respectively (Figure 3). The modeled
combined flow of groundwater to Faga’alu Bay under baseflow
conditions, delivered by the combination of stream baseflow and
freshwater SGD was thus 6,550± 980m3/d (Table 5).

Contaminant Transport Model Results
The results of MT3DMS model are shown in
Supplementary Table 4, where calibration was performed

TABLE 4 | Observed streamflow under baseflow conditions assuming no

additional surface runoff contribution, in comparison to modeled baseflow results.

Sample site Observed

discharge

(m3/d)

Modeled

discharge

(m3/d)

Relative

error (%)

S-7 2,390 2,100 −12

S-6 2,530 2,370 −7

S-5 1,970 2,440 24

S-4 2,370 2,460 4

S-3 2,290 2,490 9

S-2 2,890 2,500 −14

S-1 3,630 3,240 11

Root mean squared residual 260 m3/d

Flow from tributaries was not quantified and was neglected. Uncertainty on observed

discharge is 12.5% derived from flow measurement (7.5%, Huhta and Sloat, 2007) and

estimate of stream cross section (10%).

using GLY and DIN as tracers for agricultural, domestic and
mass loading pathways within the watershed. For DIN, most
sites were underestimated in the model in comparison to the
measured values (1–91% relative error). The MT3DMS model
was considered acceptable when the mean absolute error (MAE)
of the total modeled vs. observed DIN values fell within 15%
of the maximum observed DIN concentration (250 µg/L) and
obtained an r2 of 0.66. Modeled glyphosate levels had an MAE of
125 ng/L, producing a low r2 value (0.024). The model produced
estimates that were within an order of magnitude of the observed
concentrations but did not capture GLY in the upper watershed
(S-6) and therefore was only used as a screening tool to make
qualitative assessments of GLY distribution and to compare
various land-use scenarios. Fluxes of GLY and DIN determined
using the MT3DMS model are listed in Supplementary Table 5

along with those estimated using the MODFLOW derived water
fluxes multiplied by field observations.

Land-Use Contaminant Source Scenarios
From all the considered N-sources piggeries contributed 6%
of the total DIN, agriculture contributed a very small fraction
(<1%), and OSDS units added the largest fraction, 90% of
DIN concentrations recorded at the observation points. Natural
N which was added into each polygon resulted in a 4%
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FIGURE 3 | MODFLOW model derived SGD fluxes show larger groundwater discharge to the central portion of the bay, with diminishing fluxes outward toward the

northern and southern ends of the bay. Grid cells belonging to the northern, central, and southern sectors of the coastline as well as coastal springs (CS-N, S-1, and

CS-S) are shown.

contribution to the total concentration at our observation
sites (Supplementary Table 6). The scenario where OSDS N-
attenuation efficiency was doubled, resulted in 46% less DIN
at the observation points, significantly reducing the amount of
this anthropogenic pollutant discharging into the stream and the
coastal ocean.

Agricultural inputs represented 28.5% and domestic GLY
application contributed 71.5% of the total GLY observed at
the sampling points, despite half as much GLY assumed to
be applied for domestic uses. This is partially a result of
the proximity of domestic applications to the stream but
also an artifact of the model not capturing GLY groundwater
concentrations at the gaining section of the stream at station
S-6. In absence of available information, this study did not
include any major agricultural or domestic GLY sources in
the upper watershed despite elevated GLY being recorded
consistently in groundwater and the stream. As domestic GLY
applications delivered high concentrations at the stream and
coastal observation points, a scenario was run where it was
assumed that people used half of the glyphosate in the domestic
zones. The concentrations at the observation points dropped
by 37% in this scenario. When GLY application rates were cut
by half in agricultural zones, the total concentrations entering
our observation sites dropped an additional 13%, to total a
50% decrease.

DISCUSSION

Contaminant Concentrations and Fluxes
Pesticides
Gaining sections of the stream were identified via multiple
methods (seepage run, radon, hydrological model), where all

methods were in good agreement that there was baseflow
contribution from the high level as well as basal aquifers. GLY
was observed in all groundwater samples and an important
factor that seemed to drive stream GLY concentrations was
the presence of baseflow in gaining reaches. Station S-6 marks
the upper boundary of the village and there is a small plot of
agriculture adjacent to it, with a quarry just upstream. Seepage
runs and elevated stream and groundwater Rn showed the stream
to be gaining water from the underlying aquifer in this region.
Groundwater at S-6 was higher in GLY than any other stream
bank station. Surface stations S-5, 6, 7 were also all higher in GLY
than any other sections of the stream. In contrast, S-3, located
downstream of the upper watershed in the losing reach of the
stream had the lowest concentration of all sites (80 and 90 ng/L
GLY in ground- and surface water, respectively).

The well and northern coastal spring (both 160 ng/L) are each
downslope of agricultural plots, possibly contributing to their
glyphosate load. The southern coastal spring probably integrates
inputs from multiple sources, including agriculture as well as
domestic uses and had the highest recorded concentrations
(300 ng/L). Observed concentrations and transport model results
suggest that because of their proximity to the stream, applications
on domestic properties have the potential to deliver GLY to the
stream sites in addition to the larger but more distant agricultural
inputs. This can be attributed to GLY breakdown within the
aquifer and its sorption to soil and so nearby applications to
be more influential. For example, S-1 (90 and 80 ng/L GLY in
ground- and surface water, respectively) in the lower village lies
farthest from any significant agricultural plots, but lies within
the central part of the village on a gaining section of the stream.
Here, possible GLY application sites include roadsides and yards
in upstream homes where herbicides containing glyphosate may
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be applied to control unwanted weeds, although contributions
from upstream agricultural plots via deeper groundwater flow
lines cannot be ruled out.

Glyphosate levels in Faga’alu stream and groundwater were
orders of magnitude lower than the Maximum Contaminant
Level (MCL) of 700,000 ng/L in drinking water (EPA, 2009) or
environmental limits (mg/L; EPA, 1993). GLY concentrations
found across the watershed were comparable to findings
elsewhere, such as a study in Catalonia by Sanchis et al. (2012)
which found average GLY to be 200 ng/L in groundwater. GLY
concentrations in groundwater in Canada were reported at
660 ng/L (Van Stempvoort et al., 2014, 2016), even higher levels
were recorded in a study in Mexico (440 to 1410 ng/L, Rendón-
von Osten and Dzul-Caamal, 2017). In Faga’alu, groundwater
flow was responsible for 0.54 ± 0.09 and 0.34± 0.08 g/d of GLY
discharge via baseflow and fresh SGD, respectively.

The relatively uniform distribution of DDT reflects its method
of island-wide application several decades ago (NPIC Oregon
State University, 1999). Its presence in stream bank groundwater
and coastal springs so long after its last application is notable,
which reflects its persistent nature as it is adsorbed onto soils
and slowly leaches into groundwater. Whitall and Holst (2015)
reported sediment DDT concentrations of up to 2.3 ng/g in
Faga’alu watershed, suggesting that sediments are likely to be a
reservoir of DDT from which groundwater may mobilize it. In
this study, Faga’alu had similar concentration ranges of DDT
in both surface and groundwater. DDT fluxes to the reef were
determined to be 5.3 ± 0.8 and 3.7 ± 0.6 g/d via baseflow
and SGD, respectively (Table 5). DDT concentrations of up
to 2,000 ng/L were observed in both stream and groundwater
samples, nearly half of the water quality limit of 5,000 ng/L
(EPA, 2016).

Nitrogen
Nitrite, nitrate, and ammonium concentrations (Tables 1, 2)
were all orders of magnitude below recommended US limits
[drinking water MCLs of nitrite 1mg/L, nitrate 10mg/L (EPA,
2009), ammonium environmental limit 0.25–32.3mg/L Oregon
Department of Human Services, 2000]. Measured nutrient
concentrations followed land-use and groundwater flow patterns
across the watershed with increasing concentrations downstream
of the agricultural and populated areas in the watershed. In
the samples, between 65 and 100% of TDN consisted of DIN,
and thus both followed a similar distribution pattern. N+N
represented between 20 and 70% of DIN, with NH+

4 representing
the rest. The northern coastal spring (CS-N) had the highest
DIN (250 µg/L) and TDN (340 µg/L) concentrations, likely a
result of the high density of OSDS units along the coast, along
with large agricultural plots up the slope of the adjacent ridge.
As the transport model predicts, OSDS is likely the primary
contributor of DIN in Faga’alu groundwater with as much as 90%
of groundwater DIN originating from them.

Although N+N generally contributed more to DIN than
did NH+

4 in Faga’alu samples, the stream bank sample at S-1
had lower N+N than NH+

4 , which can likely be explained by
anoxic organic rich estuarine sediments. Additionally at site S-
1, DIN was 72% higher in the surface samples than groundwater

samples. At other sites, surface stream DIN levels were all
comparable to the stream bank groundwater.

Of the sites sampled, the highest concentrations of N were
observed at the two coastal springs and the well. This is not
surprising, as coastal springs integrate all upstream inputs and
are also a site of converging shallow and deeper groundwater flow
lines. This also highlights the point this study is making, that SGD
should be considered in coastal nutrient budgets, as it is a point of
source and flow convergence and an important nutrient pathway
to the coastal ocean.

Phosphate and Silicate
As phosphate acts as an essential constituent of organisms,
the EPA has no set MCL for drinking water (Oram, 2014a).
In freshwater bodies, phosphate is usually a limiting nutrient,
thus in excess can lead to accelerated eutrophication, leading
to algal blooms and lower dissolved oxygen. The EPA has
set the maximum acceptable stream PO3−

4 concentration to
100 µg/L (Oram, 2014b). Four of the six stream bank
groundwater and five of the seven stream surface sites sampled
exceeded this amount (Tables 1, 2) suggesting that groundwater
contribution likely plays an important role in driving these
elevated PO3−

4 concentrations. Specifically, the well (FG-179) had
the highest concentration of phosphate (260 µg/L), possibly due
to the accumulation of upslope agricultural inputs in the deep
groundwater, but more likely the longer groundwater pathways
obtaining enriched P from natural rock weathering. It has been
shown that DIP in volcanic aquifers can naturally be elevated
(Porder and Ramachandran, 2013), so it is possible that natural
sources (i.e., basalt weathering) are responsible for the elevated
groundwater PO4 concentrations.

Silicate in groundwater reflects water-rock interactions, as
Si dissolves from silica-rich minerals within the underlying
rocks. Silica content is also directly proportional to groundwater
residence times within the rocks in the aquifer (Pradeep et al.,
2016). This is often reflected in deeper-sourced groundwater
over shallow-sourced water (Khan et al., 2015). This seems to
be the case in Faga’alu, as the highest concentration of Si(OH)4
was found in the well (FG-179), which is sourced from the
deepest groundwater in the study. The coastal springs showed
the lowest Si(OH)4 values, as they were diluted by the ocean.
The range of Si(OH)4 concentrations in groundwater was 1,940–
20,200 µg/L, with a mean concentration of 12,950 ± 6970 µg/L.
The stream bank sites average, however, was <2% different from
the surface stream sample average concentration. This confirms
active surface water-groundwater interactions in the stream.

Evaluation of the Groundwater Flow Model
It should be noted that MODFLOW and related simulation
software assumes validity of the continuum approach implying
that aquifers can be treated as porous media (Bear, 1979). Such
an approach defines a representative elementary volume (REV)
that is large enough to represent the medium properties, such
as porosity or hydraulic conductivity, but still small enough to
be considered as a point in the mathematical formulation of
the water flow process. In practical terms, field measurements
are considered as average values over the REV. In a case
where significant preferential flow exists, for example due to the
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TABLE 5 | Modeled groundwater discharge via stream baseflow and fresh SGD, and their associated pesticide and nutrient fluxes based on observed concentrations in each representative section of the watershed.

Modeled baseflow Measured

baseflow

Modeled fresh SGD Measured fresh

SGD

(Shuler et al., 2019)

Baseflow +

fresh SGD

modeled Flux

Upper reach Lower reach Baseflow sum North Central South SGD Sum

Discharge

(m3/d)

2,440 ± 580 1,430 ± 160 3,870 ± 260 3,630 480 ± 50 1,840 ± 200 360 ± 40 2,680 ± 300 2,820-11,730 6,550 ± 980

Discharge

(m3/m/d)

1.08 1.94 1.29 0.64 3.68 0.56 1.42

GLY

(g/d)

0.43 ± 0.12 0.11 ± 0.02 0.54 ± 0.09 0.28 0.07 ± 0.02 0.16 ± 0.04 0.11 ± 0.02 0.34 ± 0.08 0.88 ± 0.23

DDT

(g/d)

3.5 ± 1.0 1.8 ± 0.3 5.3 ± 0.8 4.4 1.0 ± 0.2 2.2 ± 0.4 0.5 ± 0.1 3.7 ± 0.6 9.0 ± 2.0

DIN

(g/d)

170 ± 40 100 ± 10 270 ± 30 300 120 ± 20 150 ± 20 30 ± 10 300 ± 40 570 ± 100

TDN

(g/d)

270 ± 70 110 ± 20 370 ± 40 250 160 ± 20 130 ± 20 50 ± 10 340 ± 50 710 ± 140

PO4

(g/d)

240 ± 60 240 ± 30 480 ± 30 590 50 ± 10 300 ± 30 20 ± 2 370 ± 40 840 ± 110

Si(OH)4
(g/d)

39,880 ± 9,570 23,120 ± 2540 63,000 ± 4,170 60,300 3,320 ± 370 30,580 ± 3,370 700 ± 80 34,600 ± 3,800 97,600 ± 12,530

N+N

(g/d)

170 ± 40 40 ± 10 210 ± 20 50 120 ± 20 20 ± 3 30 ± 4 170 ± 20 380 ± 70

NH+

4

(g/d)

5 ± 1 60 ± 10 65 ± 8 245 5 ± 1 125 ± 20 2.0 ± 0.3 132 ± 20 200 ± 40

Contributions from the lower and upper reaches of the stream are summed for total stream-derived fluxes into the bay while contributions from the north, central, and southern coastlines of the bay are summed for bay-wide fresh

SGD-derived fluxes. The final column shows the total combined modeled flux for each contaminant derived from fresh groundwater (baseflow + SGD).
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existence of large size fractures, applicability of porous media
models will be questionable. Two interacting flow systems would
exist in this case with Darcyan and non-Darcyan flows in the
porous media and fractures, respectively (Bear, 1979). Modeling
efforts will thus be complicated by requiring data about the
location, size, and properties of the fractures. Volcanic aquifers
may include conduits, fractures, dikes, and other features.
However, manymodeling studies completed in American Samoa,
Hawaii, and other Pacific Islands have successfully utilized porous
media models in managing groundwater resources (e.g., Oki,
2005; Izuka et al., 2007; Whittier et al., 2010; Gingerich and
Engott, 2012). In this regard, hydraulic conductivity is typically
calibrated for various geologic units integrating smaller-scale
heterogeneities within the aquifer. In our case, although all
calibrated head elevations of the modeled water table lie within
10% of total head values in the watershed, two sites (Spring-
1 and the well) had a high relative error of 60 to 150%,
respectively (Table 3). The poor match at these sites is likely
the result of unknown small-scale hydrogeological properties of
the subsurface.

For our purposes of estimating baseflow and SGD, the
model adequately estimated discharge observations and gave
us confidence in its applicability to study contaminant fluxes.
The modeled stream baseflow measurements matched the
observations to an average of 11%, with absolute error ranging
from 90 to 464m3/d across the sites. The RMSR of 256m3/d
falls well below 10% of the total modeled stream baseflow
(3,870m3/d). The modeled baseflow entering the bay at the
lowest stream station, S-1 overestimated the total measured
surface flow by only 11 %. Additionally, Faga’alu Stream
gauge measurements from August 10th, 2016 recorded a total
streamflow of 3,830m3/d, with baseflow delineated at 3,670m3/d
on the day of the seepage run (https://github.com/cshuler/ASPA-
UH_Stream_REPO), only 5% relative error compared to the
modeled flow. Contrary to observations, however, the model
did not calculate any of the sections to be losing water to the
aquifer. Every reach of stream calculated in the model was
gaining from the last (Table 4), while the seepage run identified
the presence of both gaining and losing sections. Specifically,
between site S-6 to S-5, discharge dropped by over 550m3/d,
while the model predicted a 67m3/d increase in flow. Such
a discrepancy is again most likely due to simplifications in
the conceptual model that do not accurately capture the true
geologic features of the site. Our study approach was therefore to
combine field observations and modeling to derive contaminant
transport pathways.

The MODFLOW-derived groundwater fluxes were compared
to the measured values collected during a previous study in 2014-
2015 (Shuler et al., 2019), which consisted of baseflow separation
and indirect measurement of SGD entering the bay calculated by
a 222Rn mass balance (Shuler et al., 2019). Groundwater flow as a
sum of SGD and stream baseflow was 5,500–14,400m3/d (Shuler
et al., 2019) by comparison to 6,550 ± 980m3/d in this 2016
study. Although both measurements occurred during American
Samoa’s dry season under baseflow conditions, some variability
in the elevation of the water table due to seasonal conditions
likely exists. This study’s estimate is on the lower end but within

the range of the previously published results. The shore length-
normalized fresh SGD rates of 0.6 to 3.7m3/m/d (Table 5) are
comparable to rates found at other volcanic island settings such as
Jeju, Hawaii, Japan, and New Zealand (Kim et al., 2003; Hosono
et al., 2012; Dulai et al., 2016; Stewart et al., 2018). In such
settings reported fresh SGD rates can be up to 100m3/m/d and
it is interesting that a relatively wet place such as Tutuila is
on the lower end of the spectrum of observed fresh SGD rates.
Otherwise, fresh SGD volume of ∼2,000m3/d discharging to the
whole Faga’alu Bay is comparable to similarly-sized embayments,
see for example synthesis of previous work in Hawaii Islands by
Kelly et al. (2019).

Nearly as much water was delivered to the bay via SGD (41%)
as from the stream (59%) during baseflow conditions, making
SGD a considerable fraction of the daily water and solute load
in the dry season. The central coastline of the bay contributed
more SGD than both the north and south coasts combined.
Other studies similarly found elevated groundwater discharge
to occur in estuaries of streams and rivers (e.g., Buddemeier,
1996; Dulaiova et al., 2006). The northern coastline contributed
slightly more SGD than the southern shore, which agrees with
overall SGD distribution patterns in Faga’alu found by Shuler
et al. (2019). This agreement supports that the water fluxes
determined by the model can justifiably be used to estimate
contaminant transport. It is, however, important to point out
that the study only addresses a one-time observation during
dry season, so it should not be extrapolated to annual average
conditions. At the same time, SGD and baseflow are a continuous
year-round input to the coastline so the results presented
are minimum contaminant fluxes. Land-based pollution runoff
probably increases when surface runoff is present in the
wet season.

The approach only estimated freshwater SGD, which is
considered the major pathway of terrestrial contaminants and
probably captures GLY fluxes appropriately. DIN however
may also be contributed by the saline component of SGD as
demonstrated elsewhere. Mulligan and Charette (2006) showed
that ammonium may be produced in the subterranean estuary
(STE) by remineralization processes and released within the
salinity transition zone. At the same time nitrate removal by
denitrification in the STE may attenuate the terrestrial DIN
flux. This study did not investigate nutrient transformation and
attenuation within the salinity transition zone, instead it uses
nutrient concentrations past the STE sampled at the groundwater
discharge point. Likewise, due to lack of information on the
salinity transition zone, this study did not develop a density-
dependent groundwater model to account for salt-fresh water
interaction at the land-ocean interface. Density effects were
ignored due to the lack of salinity data but future studies could
explore the role of the STE for contaminant attenuation and SGD
via density dependent groundwater models such as SEAWAT.

Groundwater-Derived Contaminant Fluxes Based on

Observed Concentrations and Model-Derived

Groundwater Fluxes
SGD from the central coast delivered the most contaminants
across the land-ocean interface, with the exception of TDN and
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N+N (Table 5), the majority of which, according to the model
were delivered from the northern shoreline. This assumes that
CS-N TDN levels are valid for the whole northern section of
the coastline. The upper stream reach contributed much more
discharge than the lower reach. Likewise, contaminant fluxes
entering the stream from baseflow were higher in the upper
reach, partly because of higher concentrations, also because of
much higher water discharge. The only exception to this was
DIP, which was distributed equally, and ammonium, which had
over 10 times higher concentrations in the lower reach although
it may be oxidized during discharge. Field observations and
modeled groundwater discharge in this study estimated that SGD
contributes a comparable amount of DIN, DDT and GLY as the
stream. The combined total flux of each contaminant entering the
bay each day via fresh SGD and baseflow thus has the potential to
greatly influence water quality and reef health in this designated
priority watershed.

Evaluation of the Contaminant Transport
Model
MODFLOW derived groundwater flow was utilized in MT3DMS
to determine contaminant flow. Observations at one well
and five stream sites (6 GLY, 6 DIN) were evaluated in
the transport model. Limitations of the study were the low
number of observations and that concentrations at each site
could fluctuate greatly over seasons and years, so we are
reporting results as “per day” and concentrations and fluxes
represent dry season estimates. Additionally, in contrast to
groundwater flow models, porous-media transport models are
less accurate under the assumption of continuous media
where preferential flow can prevail due to fractures (e.g.,
Glenn et al., 2013). Another uncertainty in this study is
the absence of actual site-specific chemical application rates
and attenuation coefficients of nutrients and pesticides. Given
such difficulties, we were able to obtain model estimates
that matched observations to within an order-of-magnitude
for both GLY and DIN concentrations at all sites. Such
uncertainties support the use of this model primarily as a
screening tool in demonstrating the importance of groundwater
fluxes and predicting scenarios involving variables relative
to one another, rather than for precise quantitative analysis
(Zheng et al., 2012). Future studies should emphasize a wider
spatial and temporal distribution of sampling sites as well as
identify application rates of fertilizers and herbicides along with
OSDS and piggery mass loading rates, rather than relying on
literature data.

Toward using the model as a screening tool, a sensitivity
analysis was performed. Dispersivity played the largest factor
in affecting end concentrations of both solutes at all sites,
whereas porosity specifically affected GLY concentrations more
than DIN (Supplementary Figure 2). Sensitivity to anisotropy
ratios was most noticeable at the northern coastal spring (CS-
N). Extremely high fluxes of DIN appear in this northern
coastal sector compared to other regions of the watershed
with similar OSDS density, which might be the result

of how PEST zonally estimated hydraulic conductivity in
this location.

The solute fluxes derived from the transport model fell
within the same order of magnitude as the values estimated
by MODFLOW’s derived groundwater discharges and observed
concentrations (Supplementary Table 5). The MT3DMS model
underestimated GLY fluxes and overestimated DIN fluxes, due
to inconsistencies in the modeled upper reach of the stream.
Fluxes based on MODFLOW estimates are thus more realistic
than those based on MT3DMS estimates, considering the model
limitations discussed above.

Scenarios of GLY and DIN Source
Variability and Resulting Fluxes in the
Watershed
Scenarios were run using the transport model to look for relative
contributions of each point and non-point source to dissolved
contaminant loads. The transport model predicted that 90% of
groundwater DIN is being contributed to the observation points
by OSDS input. As these are installed below ground, possibly
interacting with the water table, OSDS have the most direct
nutrient loading pathway. The other 10% of DIN transported
in the aquifer according to the model is contributed mostly by
piggeries and natural sources. The trends are not valid across
the entire watershed though, for example, piggeries are estimated
to contribute 20% DIN in the southern coastal spring (CS-S),
indicating that the model predicts the nearby piggery to play a
larger role at this site than piggeries on average at other sample
sites. Fertilizer application was the source of only <1% of DIN
contribution estimated by the model to arrive at our observation
points. In Hawai‘i, it has been found that very small fractions
of agricultural DIN leach into groundwater in the root zone of
plants (El-Kadi and Yabusaki, 1996), which could explain why
fertilizer N shows such small contribution to the DIN inventory
in the model. Watering techniques and high precipitation could
also inhibit fertilizer’s capability to make it into the groundwater
by creating a surface runoff to the nearest surface water body.
However, other studies attribute heavy agriculture to play a larger
role in groundwater nutrient budgets and coastal SGD N-fluxes
(e.g., Amato et al., 2016).

In a study that looked at watershed nutrient sources on
the same island but a different watershed, Shuler et al. (2017)
showed that OSDS contributed 60 ± 7% of the DIN flux. The
fraction of groundwater-derived DIN estimated by this study’s
MT3DMS model (90%) would thus fall a bit higher. The piggery
contribution was 20 ± 6% in comparison to 6% in this study.
The agricultural N inputs were 9 ± 4% in Shuler et al. study
2017 in comparison to <1% in Faga’alu. While the absolute
fractions were different between the two studies and watersheds,
the relative role of each source was similar, OSDS being the
dominant DIN contributor.

Scenarios of improved OSDS installations and decreased
pesticide-use were run to predict the impact of changes in land-
use management practices on groundwater quality. When DIN
mass loading rates were halved for each OSDS-unit, simulating
a 2-fold improvement to the assumed cesspools that occupy

Frontiers in Environmental Science | www.frontiersin.org 12 October 2019 | Volume 7 | Article 16277

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


Welch et al. SGD and Baseflow Supply Pesticides

the lower Faga’alu watershed, the average DIN concentrations
of the observation points improved by 46%. Thus, upgrading
many of the current cesspools in the watershed to septic
systems could provide a considerable improvement in future
groundwater quality, due to more effective nitrogen attenuation
and resulting smaller amounts of nutrients leaching into the
coastal waters.

Glyphosate-use scenarios were performed to see the relative
contributions from domestic and agricultural inputs. The results
show that degradation of GLY may influence which sources
contribute the most to the observation sites. According to the
model, the domestic inputs, which were modeled with half
the initial concentrations as the agricultural zones, delivered a
significant amount of the herbicide to the observation points.
This indicates that proximity to the stream may be an important
factor in glyphosate contamination. Agricultural GLY may be
more diluted and degraded before reaching observation points
within the village.

Scenarios were thus run with (1) half the domestic input of
GLY and (2) with half the total GLY (domestic and agricultural)
applied. The first scenario lowered average concentrations by
37% across the watershed, and the second scenario lowered
GLY arrival another 13%, to a total of 50%. This shows
that improving application techniques or limiting the use of
GLY-based herbicides near the stream and coastline could
significantly lower the amount of the herbicide in discharging
groundwater (Supplementary Table 6). It should be noted that
assumptions about application rates, geographical distribution
of application, and degradation rates were made. Finally, as
mentioned previously, the underlying geology and soil properties
may play a role in the attenuation of glyphosate and their
heterogeneity may have not been captured in the model.

Potential Threat to the Reef Ecosystem
Glyphosate is the most common ingredient in top-selling
herbicides around the world today (e.g., Roundup), and its
harmful effects have been discussed, specifically in regards to its
carcinogenic nature to humans (Tarazona et al., 2017). There
are a few studies that reported on the effects of GLY on aquatic
ecosystems (e.g., Diu, 2016; Pérez et al., 2017). According to our
study, 880 ± 230mg/d of GLY is entering Faga’alu Bay, with
near-ocean groundwater concentrations reaching values likely
similar to those measured in coastal springs (160 to 300 ng/L).
In a study by Diu (2016) focusing on coral exposed to different
concentrations of GLY, the herbicide was generally found not
to have harmful effects on reef fertilization or settlement. Only
in contained studies, at concentrations above 690,000 ng/L does
GLY affect coral fertilization (Diu, 2016), which is three orders
of magnitude higher than what was found in Faga’alu coastal
springs. The GLY that enters Faga’alu Bay each day via baseflow
and coastal SGD is likely diluted relatively quickly as it enters a
large body of water and mixes offshore. Gallagher et al. (1996)
found low concentrations of pesticides across coastal sites in
Virginia, but detected none in the offshore surface water or
sediment samples. The chronic effects of the GLY itself are
suggested not to be a factor on reef health, as its dilution and
degradation are relatively rapid in open water (Schuette, 1998).

With a half-life ranging from 47 to 267 days, depending on the
type of microbial communities present (Mercurio et al., 2014),
GLY is not known to bioaccumulate in organisms as it has low
lipid solubility (Schuette, 1998). Diu (2016), however, found that
lower fertilization rates in coral can be attributed to the runoff
of Roundup (Monsanto R©) into marine environments. Despite
GLY itself not being detrimental to reef health, in combination
with other chemicals (e.g., Roundup solution), the formulation
is likely to present increased toxicity to the reef (Diu, 2016).
Thus, monitoring GLY fluxes in stream and across the land-ocean
interface from Roundup application may still be of importance
in Faga’alu.

The insecticide DDT has a much longer residence time
than glyphosate and is able to bioaccumulate in the tissues of
organisms. Studies have shown that DDT likely has an effect on
the calcification of adult corals and other calcifying organisms
in the reef community (Kwok, 2015; Porter et al., 2018), similar
to the effects it had on the calcium-related eggshell thickness of
bird eggs in early studies (Porter and Wiemeyer, 1969; Peakall,
1970). The fact that 9,000 ± 2,000mg of DDT is contributed to
Faga’alu Bay via stream baseflow and SGD each day, highlights
its persistence and ubiquity in the environment decades after
its ban (EPA, 2016). Despite that it is no longer sprayed, DDT’s
long half-life allows it to accumulate in the ecosystem. DDT
has the potential to chronically affect growth and reproduction
of marine organisms within the reef as its daily load into the
bay has spanned several decades, and may continue for several
more. This study sheds light on groundwater fluxes of DDT
into the bay but it should be noted that it has multiple other
pathways. Thanks to its high sorption coefficient DDT sorbs
to soil and sediment particles (Magga et al., 2008) and can
readily get transported by stream suspended loads and also
released by sediment resuspension in the bay. A study in coastal
California demonstrated that sediment resuspension resulted in
DDT release and contaminant levels in the water column closely
correlated to sediment DDT levels (Zeng and Venkatesan, 1999).
Studying DDT in tissues of organisms in the future would thus be
beneficial to understanding the long-term effects the insecticide
is having in Faga’alu Stream and Bay.

Total N entering Faga’alu Bay via baseflow and SGD together
is 710 ± 140 g/d and total P is 840 ± 110 g/d. Elevated nutrient
concentrations have already been documented in Faga’alu Bay
in other studies (Whitall and Holst, 2015; Shuler et al., 2019).
In American Samoa, the National Coastal Condition Report
(Colianni et al., 2012) determined cut-points for coastal DIN
at <500 µg/L, and all groundwater and stream DIN measured
in our study were lower than that. For DIP, the cut-point of
fair condition is <70 µg/L of P, which is exceeded by all but
three stream and groundwater samples. In addition, corals are
sensitive to excess nutrients, and levels above 14 µg/L-N (DIN)
and 3 µg/L-P can be considered unhealthy for a reef ecosystem,
as it may promote more algal growth (Goreau and Thacker,
1994; Mosley et al., 2005). These high levels of nutrients can
lead to eutrophication in the bay, upsetting the delicate balance
of the reef ecosystem. Excess algae can smother the corals
and block sunlight from reaching important photosynthetic
organisms, and can promote the spread of harmful bacteria
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(Coral Reef Alliance, 2019). Thus, in the case of Faga’alu, a
reduction in nutrient fluxes could be beneficial to the bay. As
this study demonstrates, groundwater quality directly affects
coastal nutrient levels, and the nutrient fluxes from baseflow and
SGD should be considered when nutrient pathways into the reef
are evaluated.

CONCLUSIONS

This study further implicates the importance of the role of
fresh SGD and baseflow to overall water and contaminant
fluxes in coastal aquifers with volcanic geologic properties. By
integrating observed groundwater contaminant concentrations
with a hydrogeological model of Faga’aluWatershed in American
Samoa, relative SGD and baseflow fluxes of pesticides and
nutrients were determined for each sector of coastline and
reach of stream. Although flow rates modeled in this study are
only calibrated against a snapshot of observations, the model-
estimated contributions reasonably captured groundwater flow
in comparison to a study from a previous dry season (Shuler
et al., 2019). The model predicted the central coastline to be
contributing themost SGD to Faga’alu Bay and the upper reach of
the stream was contributing the most baseflow. Under baseflow
conditions SGD flux was 41% of the total fresh groundwater flow
to the bay and stream baseflow was responsible for 59%. It is
evident that groundwater plays a significant role in water and
solute transport to the bay, especially during the dry season of
July through September.

Clearly, a more robust modeling approach would be based
on year-round observations capturing seasons and extreme
weather conditions as well as based on geographically extended
hydrogeological observations. In addition, as a next step, a
hydrological model capturing the salinity transition zone and
total SGD would help further in interpreting nutrient cycling and
fluxes across the land-ocean interface.

Field investigation confirmed pesticides to be present in the
groundwater, and by combining their measured concentrations
with model-derived groundwater discharge, fluxes across the
land-ocean interface were slightly <1 g of GLY to the bay each
day and nearly 9 g/d of DDT. The continued flux of these
chemicals could have chronic effects on reef health and should
be investigated in more detail. Nutrient fluxes were 710 ±

140 g of TDN and 840 ± 110 g of DIP per day where 90%
of TDN was estimated to be derived from OSDS. Although
concentrations of N at any individual sampling site did not
exceed EPA recommended values, concentrations of DIP were
above the acceptable limits (Oram, 2014b) in many locations.

Better land-use practices, specifically reducing the amount of
applied pesticides and improving the wastewater infrastructure
can help reduce the leaching of pesticides and nutrients into
groundwater. Models like the one developed here but perfected
with more observations could be applied for optimization of
elimination of pollution sources that have the largest impact. As
Faga’alu has been designated a priority watershed in monitoring
reef health, it is important to consider not only contaminants
entering the bay via surface pathways, but also as demonstrated

by this study, to consider groundwater transport via SGD and
stream baseflow as pathways for pesticides and nutrients into
the bay.

DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the
manuscript/Supplementary Files.

AUTHOR CONTRIBUTIONS

HD and AE-K contributed conception and design of the study.
EW and CS designed and performed the field-based aspects of
the study. HD and EW performed the laboratory analysis. AE-K
and EW developed the hydrological models. EW wrote the first
draft of the manuscript. HD, AE-K, and CS wrote sections of the
manuscript. All authors contributed to manuscript revision, read
and approved the submitted version.

FUNDING

Funding for this project was provided to HD by the USGS
Water Resources Research Institute Program (WRRIP) project
number 2016AS455B and the Hawai’i EPSCoR Program
funded by the National Science Foundation’s Research
Infrastructure Improvement (RII) OIA-1557349, to AE-K
from the Pacific Regional Integrated Sciences and Assessments
(Pacific RISA), NOAA Climate Program Office project number
NA15OAR4310146, and to EW from the University of Hawaii
Undergraduate Research Opportunities Program (UROP).

ACKNOWLEDGMENTS

The authors acknowledge continued support from the American
Samoa Environmental Protection Agency, the American Samoa
Power Authority, the NOAA AS office, American Samoa
Community College, and the Coral Reef Advisory Group for
providing essential logistical assistance on Tutuila and enabling
the field component of this work. The authors would also like
to thank the village of Faga’alu, the Pulenuu of Faga’alu, and
others who generously provided access to study sites. We would
like to thank Dr. Mark Schmaedick and Dr. Ian Gurr at the
American Samoa Community College Land Grant for their time
and expertise when developing research methods used in this
study. We thank Drs. Olkeba Tolessa Leta, Trent Biggs, and
Alex Messina for collaboration support, advice, and feedback at
various stages of the study. This is contributed paper WRRC-
CP-2020-04 of theWater Resources Research Center, and SOEST
publication # 10802 at the University of Hawaii at Manoa,
Honolulu, Hawaii.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fenvs.
2019.00162/full#supplementary-material

Frontiers in Environmental Science | www.frontiersin.org 14 October 2019 | Volume 7 | Article 16279

https://www.frontiersin.org/articles/10.3389/fenvs.2019.00162/full#supplementary-material
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


Welch et al. SGD and Baseflow Supply Pesticides

REFERENCES

Almasri, M. N. (2008). Assessment of intrinsic vulnerability to contamination
for Gaza coastal aquifer, Palestine. J. Environ. Manage. 88, 577–593.
doi: 10.1016/j.jenvman.2007.01.022

Amato, D. W., Bishop, J. M., Glenn, C. R., Dulai, H., and Smith, C. M.
(2016). Impact of submarine groundwater discharge on marine water quality
and reef biota of Maui. PLoS ONE 11:e0165825. doi: 10.1371/journal.pone.
0165825

Bear, J. (1979). Hydraulics of Groundwater, McGraw-Hill Series in Water Resources

and Environmental Engineering. New York, NY: McGraw-Hill.
Benbrook, C. M. (2016). Trends in glyphosate herbicide use in the United States

and globally. Environ. Sci. Eur. 28:3. doi: 10.1186/s12302-016-0070-0
Bolabola, A. (2007). “Pollution a growing concern in Fiji Waters,” in Pacific Islands

Report, Pacific Islands Development Program. Available online at: www.pireport.
org/articles/2007/07/05/pollution-growing-concern-fiji-waters

Bruno, J. F., Petes, L. E., Harvell, C. D., and Hettinger, A. (2003). Nutrient
enrichment can increase the severity of coral diseases. Ecol. Lett. 6, 1056–1061.
doi: 10.1046/j.1461-0248.2003.00544.x

Buddemeier, R. W. (1996). “Groundwater flux to the ocean: definitions, data,
applications, uncertainties,” in LOICZ Reports Studies 8, 16–21.

Burnett, W. C., and Dulaiova, H. (2003). Estimating the dynamics of groundwater
input into the coastal zone via continuous radon-222measurements. J. Environ.
Radioact. 69, 21–35. doi: 10.1016/S0265-931X(03)00084-5

Chin, Y.-P., and Weber, W. J. (1988). The Interaction of Hydrophobic Organic

Compounds with Natural Solids and Dispersed Organic Polymers (ProQuest
Dissertations and Theses). Web.

Colianni, G., Aquarone, M., Balthis, L., Bourgeois, P., Casey, J., Cooksey, C.,
et al. (2012). National Coastal Condition Report IV. Environmental Protection
Agency, Office of Water and Office of Research and Development. Available
online at: https://www.epa.gov/sites/~production/files/2014-10/documents/0_
nccr_4_report_508_bookmarks.pdf

Coral Reef Alliance (2019). CleanWater for Reefs. Available online at: https://coral.
org/what-we-do/clean-water-for-reefs/.

Craig, P. (2002).Natural History Guide to American Samoa: A Collection of Articles.

Pago Pago, American Samoa: National Park Service and the Dept. of Marine
and Wildlife Resources.

Craig, P., DiDonato, G., Fenner, D., and Hawkins, C. (2005). “The state of
coral reef ecosystems of American Samoa,” in The State of Coral Reef

Ecosystems of the United States and Pacific Freely Associated States, ed J.
Waddell (Silver Spring,MD: NOAATechnical MemorandumNOSNCCOS 11.
NOAA/NCCOSCenter for CoastalMonitoring andAssessment’s Biogeography
Team), 312–337.

Davidson, J. H. (1995). South Dakota Groundwater Protection Law. University of
Arkansas System Division of Agriculture.

Davis, D. A. (1963). Ground-Water Reconnaissance of American Samoa.
Washington, DC: US Government Printing Office.

Diu, S. (2016). Trouble in Paradise: The Effect of Glyphosate and Roundup

Toxicity on Coral Fertilization and Settlement (Master’s thesis). Princeton
University. Available online at: https://dataspace.princeton.edu/jspui/handle/
88435/dsp01sj139440v

Doherty, J. E., and Hunt, R. J. (2010). Approaches to Highly Parameterized

Inversion: A Guide to Using PEST for Groundwater-Model Calibration.
Reston, VA: US Department of the Interior; US Geological Survey.
doi: 10.3133/sir20105169

Dulai, H., Kleven, A., Ruttenberg, K., Briggs, R., and Thomas, F. (2016).
“Evaluation of submarine groundwater discharge as coastal nutrient source
and its role in coastal groundwater quality and quantity,” in Emerging Issues

in Groundwater Resources, Advances in Water Security, ed A. Fares (Springer
International Publishing), 187–221. doi: 10.1007/978-3-319-32008-3_8

Dulaiova, H., Burnett, W. C., Wattayakorn, G., and Sojisuporn, P. (2006).
Are groundwater inputs into river-dominated areas important? The
Chao Phraya River—Gulf of Thailand. Limnol. Oceanogr. 51, 2232–2247.
doi: 10.4319/lo.2006.51.5.2232

El-Kadi, A., and Yabusaki, K. (1996). Assessment of Nutrient Use and Nitrate

Contamination in Central Oahu, Hawai‘i. Water Resources Research Center,
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Groundwater discharge is today recognized as an important pathway for freshwater,
nutrients and other dissolved chemical substances to coastal systems. While its effect
on supporting primary production in coastal ecosystems is increasingly recognized, its
impact on growth of animals at higher trophic level (primary and secondary consumers)
is less well documented. Here, we investigate the impact of groundwater discharge on
the growth of the Mediterranean mussel (Mytilus galloprovincialis) in a coastal lagoon.
Growth rates and condition index (tissue weight/shell weight) of mussels growing at
groundwater-exposed sites and at a control site in Salses-Leucate lagoon (France)
were measured. The mussels in this lagoon produce circadian (daily rhythm) growth
increments in their shell, as opposed to semi-diurnal increments in tidally influenced
systems. Mussels from groundwater-influenced sites have higher growth rate and
condition index compared to those from a control site. Importantly, growth rates
from groundwater-influenced sites are amongst the highest rates reported for the
Mediterranean region (41 ± 9 µm d−1). The higher growth rates at groundwater-
influenced sites are likely a consequence of both the higher winter temperatures
of lagoon water as a result of groundwater discharging with relatively constant
temperatures, and the groundwater-driven nutrient supply that increase the food
availability to support mussel growth. Overall, this study demonstrates that groundwater
discharge to Mediterranean lagoons provides favorable environmental conditions for fast
growth of mussels of high commercial-quality.

Keywords: groundwater discharge, coastal lagoon, Mytilus galloprovincialis, Mediterranean mussel, growth rate,
condition index

INTRODUCTION

Coastal lagoons are highly productive ecosystems, supporting a wide range of ecosystem services
such as aquaculture, fishery, tourism and others (Newton et al., 2014; Riera et al., 2018; Velasco
et al., 2018). They are very dynamic environments controlled by physical processes under both
marine and terrestrial influence (Kjerfve, 1994). These ecosystems are threatened by climatic and
anthropogenic disturbances such as land use change, coastal erosion, sedimentation and excessive
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nutrient loading (De Wit et al., 2005; Aliaume et al., 2007;
Anthony et al., 2009). Whilst the role of surface waters (rivers,
streams, runoff, etc.) in supporting biological production
in coastal ecosystems has been extensively documented
(Middelburg and Nieuwenhuize, 2001; Liu et al., 2010; Bianchi
et al., 2014; Cloern et al., 2014), groundwater discharge is only
more recently being recognized as an important pathway of
nutrients for coastal systems (Slomp and Van Cappellen, 2004;
Moore, 2010; Null et al., 2012).

In the Mediterranean Sea, which is an oligotrophic basin
characterized by limited surface water inputs, groundwater
discharge is a major source of nutrients to coastal systems
and may thus affect the primary production in the ecosystems
(Herrera-Silveira, 1998; Basterretxea et al., 2010; Tovar-Sánchez
et al., 2014; Rodellas et al., 2015). However, the impacts of
groundwater discharge are not limited to nutrient loading: a wide
range of organisms also respond to changes in water salinity,
light penetration into water column, pH and turbulence (Short
and Burdick, 1996; Troccoli-Ghinaglia et al., 2010; Lee et al.,
2017). For example, groundwater input has been demonstrated
to increase meiofauna diversity (Encarnação et al., 2015) and the
abundance and body size of Mediterranean mussels (Piló et al.,
2018) in Olhos de Agua beach in Portugal, and enhance species
richness, abundance and biomass of fishes and invertebrates in
Japanese coastal waters, where high groundwater-borne nutrient
concentrations have been reported (Hata et al., 2016; Utsunomiya
et al., 2017). Conversely, groundwater discharge reduces coral
species diversity in coastal systems due to lower salinity (Lirman
et al., 2003; Amato et al., 2016). While some studies document
the effect of groundwater discharge on primary producers in
coastal ecosystems (e.g., Herrera-Silveira, 1998; Charette et al.,
2001; Andrisoa et al., 2019), the impact of groundwater discharge
on the growth of animals such as mussels and fish species remains
largely unstudied (Hata et al., 2016; Piló et al., 2018).

In this study, we assess the effects of groundwater
discharge on the growth of the Mediterranean mussel (Mytilus
galloprovincialis), which is a commercially important species
in the Mediterranean region. Typical for bivalves, mussels
sequentially deposit new shell layers during their growth. The
shell growth patterns are controlled by both environmental
and physiological factors such as temperature, salinity, food
availability, tides, day/night cycles and biological clocks (Evans,
1972; Richardson, 1988; Jones et al., 1989; Sato, 1997; Schöne
et al., 2004). We here investigate the variations in growth rate and
condition index (tissue dry weight/shell dry weight) of mussels
growing in the groundwater-fed Salses-Leucate lagoon (France)
and examine the role of environmental parameters in mussel
growth in this natural environment.

MATERIALS AND METHODS

Study Sites
Salses-Leucate lagoon is located on the southwestern French
Mediterranean coast. The region experiences rainfall during
fall and spring (500 mm per year) with little rain during
summer, and is characterized by strong northwesterly winds,

regularly exceeding 10 m s−1, which play an important role
in the hydrodynamics of the lagoon (e.g., Stieglitz et al., 2013;
Rodellas et al., 2018).

Groundwater discharges directly into the lagoon from two
karstic springs, Font Estramar and Font Dame, with mean water
flows of 3.0 × 105 m3 d−1 and 2.0 × 105 m3 d−1, respectively
(Fleury et al., 2007; Figure 1). The lagoon is permanently
connected with the Mediterranean Sea by three large artificial
openings in the eastern part of the lagoon, through which lagoon
water efficiently exchanges on a continuous basis. A recent study
showed that nutrient inputs driven by the discharge of the two
karstic springs are the main source of nitrogen for primary
producers in the western basin (Andrisoa et al., 2019). A few small
intermittent streams deliver freshwater to the lagoon from the
catchment area only during high-rainfall periods.

Installation of Mussel Cages and
Monitoring of Environmental Parameters
Three different locations in the western basin of Salses-Leucate
lagoon were selected to evaluate the influence of groundwater
inputs on mussel growth: two groundwater-influenced sites,
located close to the karstic springs of Font Dame and Font
Estramar, respectively, and a control site (Port Fitou) far
from the groundwater sources and representative for average
lagoon conditions (Figure 1). At each location, thirty to
sixty (naturally present) specimens of Mediterranean mussels

FIGURE 1 | Salses-Leucate lagoon location on the French Mediterranean
coastline. The groundwater-influenced sites (Font Dame and Font Estramar)
and control site (Port Fitou) are shown, as well as the groundwater springs
and the meteorological station.
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M. galloprovincialis were collected on 10 October 2016 at
Font Dame and Font Estramar sites and 17 February 2017 at
Port Fitou (Table 1). The initially selected lagoon control sites
(i.e., deep cages) were not appropriate due to large salinity
variability, requiring a new control site (Port Fitou) installed
only 4 month after the beginning of the experiments. New
specimens were collected on 27 June 2017 at Font Dame
sites but not at Font Estramar sites. Shell length of each
individual was measured and specimens were immersed in
a calcein solution of 150 mg/L for 1 h. The fluorescent
marker calcein is incorporated into growing calcium carbonate
structures (Moran, 2000), and used for identification and
measurement of growth of various calcifying species (Mahé et al.,
2010; Lartaud et al., 2013; Nedoncelle et al., 2013). Sodium
bicarbonate (105 g) was added to the solution to adjust the
pH to 8.2 and to enhance the solubility of calcein. After shell
marking, the calcein-marked mussels were returned to their
original location by placing them in cages (25 × 12 cm).
At a mean water depth of ca. 70 cm at both Font Dame
and Font Estramar sites, cages were installed at 50 cm
(surface cage) and 20 cm (bottom cage) above the bottom,
experiencing different conditions in the periodically stratified
water column due to fresh groundwater inflow. One cage
was installed at Port Fitou (vertical homogeneity of the water
column). As the mussels were returned to their respective
original habitat, it is reasonable to assume that they tolerate
the environmental conditions and that growth is not affected
by the experimental setup. The calcein-marked mussels were
periodically sampled from the cages between November 2016 and
January 2018 (Table 1).

CTD loggers (Solinst LTC Levelogger and NKE S2T600) were
installed with all the mussel cages at the three sites to monitor
temperature, salinity, and water level variations. Water level
was corrected for atmospheric pressure. Loggers were protected

with copper mesh to avoid biofouling of the sensors, and were
regularly cleaned (once every 1–2 months). Precipitation, wind
and atmospheric pressure data at the nearby meteorological
station “Leucate” were extracted from the French meteorological
service (Météo France).

Sample Preparation
In the laboratory, mussel samples were cleaned to remove all
epibionts and other attached organisms. The shell total length
was measured along the maximum growth axis using a caliper.
The shells were carefully opened and tissues removed. The shell
and the flesh of each individual were dried at 60◦C overnight and
weighted separately.

For the sclerochronological analysis, the right valve of each
shell was cut along the maximum growth axis and perpendicular
to the growth lines with a Buehler Isomet low-speed saw,
using a 0.3 mm thick diamond wafering blade (Figure 2a).
The section was mounted on a glass slide using Epoxy Araldite
2020 resin (Figure 2b). A thin section (0.8 mm) of shell
was cut along the maximum growth axis, ground with 80,
180, 400, and 800 SiC grit, polished with 3, 1 and 0.3 µm
Al2O3 powder and rinsed with deionized water following
the protocol in Nedoncelle et al. (2013). In order to resolve
growth patterns in the shells (Figure 2c), polished sections
were etched in a Mutvei’s solution composed of 500 mL
1% acetic acid, 500 mL 25% glutaraldehyde, and 5 g alcian
blue powder for 1 h at 37–40◦C (Schöne et al., 2005a)
(Figure 2d). Etched samples were immediately rinsed with
deionized water and dried.

Condition Index
The condition index (C.I.) is defined as the ratio between the
flesh (tissue) dry weight and the shell dry weight (Eq. 1). This
index is commonly used to assess the health and the quality of

TABLE 1 | The shell length mean (Mean ± SD) and range (Min–Max), and the number (n) of mussels installed/collected from the cages with collection date from the
different stations in Salses-Leucate lagoon: FDS: Font Dame Surface, FDD: Font Dame Deep, FES: Font Estramar Surface, FED: Font Estramar Deep, and PF: Port Fitou.

Date FDS FDD FES FED PF

Installation 10/10/2016 49 ± 16 58 ± 8 51 ± 11 38 ± 6

(21–78, n = 30) (43–79, n = 29) (22–67, n = 40) (22–52, n = 76)

17/02/2017 – – – – 58 ± 6
(46–78, n = 33)

27/06/2017 40 ± 11 46 ± 10 – – –

(20–82, n = 63) (29–80, n = 30)

Collection 24/11/2016 59 ± 10 66 ± 11 56 ± 4 47 ± 3 –

(49–77, n = 6) (55–82, n = 5) (51–61, n = 5) (44–51, n = 6)

14/01/2017 63 ± 7 63 ± 6 56 ± 11 39 ± 3 –

(54–74, n = 6) (53–71, n = 7) (27–69, n = 10) (36–42, n = 10)

27/03/2017 59 ± 7 61 ± 5 56 ± 4 44 ± 3 63 ± 8

(52–70, n = 5) (53–67, n = 6) (51–60, n = 6) (41–49, n = 7) (57–77, n = 7)

27/06/2017 52 ± 10 – – – 65 ± 7

(38–68, n = 15) (56–70, n = 10)

29/11/2017 54 ± 13 57 ± 13 – – 63 ± 4

(37–82, n = 15) (49–81, n = 8) (57–67, n = 5)

29/01/2018 43 ± 4 53 ± 10 – – 60 ± 11

(38–50, n = 10) (39–66, n = 5) (46–79, n = 10)
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FIGURE 2 | (a) Mussel section along the maximum growth axis, (b) section mounted on glass slide showing the shell length (Lt = L+ L1t), (c) shell under natural
light showing the calcein marking, and (d) the shell under fluorescent light showing growth increments.

the mussel for scientific and commercial purposes (Lucas and
Beninger, 1985; Yildiz et al., 2006; Peharda et al., 2007). It is
particularly important in quality assessment and marketing value
of bivalves – the higher the proportion of tissue, the better the
commercial value (Župan and Šarić, 2014).

C.I. =
Tissue dry weight
Shell dry weight

x 100 (1)

Growth Analyses
In order to identify the growth lines marked with calcein,
the cross-sections (on the glass slide) were viewed under
epifluorescent microscope at magnification 4X (OLYMPUS
BX61) and digitized with an OLYMPUS DP 72 camera at
the Observatoire Oceanologique de Banyuls-sur-Mer, France
(BIOPIC platform). Mutvei-treated sections were analyzed under
reflecting light using the same microscope and camera. Growth
analyses were carried out on mounted photographs using image
processing software Adobe Photoshop and Image J. The distance
between the calcein mark and the ventral edge of the shell (L1t)
was measured to allow an estimation of the growth rate during
the period held in the cages (Figure 2c). The number of growth
increments was counted to estimate the growth periodicity.
The width of growth increments was measured to assess the
relation between growth and environmental parameters. In
some cases, the growth pattern was not well revealed by the
Mutvei etching, which may lead to an underestimation of
growth increments and an overestimation of the increment width
(Nedoncelle et al., 2013). We focused our analysis on the shells
with clear growth increments. The periodicities in shell growth
were estimated by Fast Fourier Transform (FFT) (Welch, 1967;
Walker, 1996).

Growth Curves
The growth rate of individual mussels was modeled using
the Von Bertalanffy growth equation as described in
Nedoncelle et al. (2013):

Lt = L∞(1− exp[−K(t−t0)]) (2)

where Lt is the shell total length (mm), measured along
the maximal growth axis (Figure 2b); L∞ is the asymptotic
theoretical shell length (mm); K represents the growth coefficient
(year−1); and t0 is the time constant obtained from the minimum
size at mussel settlement (L0) (L0 and t0 are assumed to be zero
in our calculations; Ramón et al., 2007). For each individual, Lt
was measured and the shell portion L1t determined from the
distance between the calcein mark and the ventral edge of the
shell (Figure 2b).

The linear regression between the total shell length (Lt) and
L allows to define the Ford-Walford y-intercept a and regression
slope b used to calculate the Von Bertalanffy parameters K and
L∞ (Nedoncelle et al., 2013):

Lt = a+ b∗L (3)

K = −ln(b)/1t (4)

L∞ = a/(1− b) (5)

The growths of mussels from different sites were compared
using commonly used indices of growth performance: the phi-
prime index (ϕ′) and the index P, calculated from the Von
Bertalanffy growth parameters K and L∞ (e.g., Brey, 1999;
Ragonese et al., 2012):

ϕ′ = log10(K)+ 2∗log10(L∞) (6)

P = log10(K∗L∞) (7)
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Statistical Analyses
Data normality and homogeneity of variances were tested with
Shapiro–Wilk and Levene’s tests, respectively. All statistical
analyses were considered at α = 0.05 level. Analysis of Variance
(one-way ANOVA) was used to assess the differences in condition
indices between sites Font Dame Surface, Font Dame Deep, Font
Estramar Surface, Font Estramar Deep and Port Fitou. We used
t-test statistics to determine if there were significant differences
in condition indices, growth rates, salinity and water temperature
between groundwater-influenced sites (Font Dame Surface, Font
Dame Deep, Font Estramar Surface, Font Estramar Deep, which
were pooled together for this comparison) and the control site
(Port Fitou). The differences between surface cages (Font Dame
Surface and Font Estramar Surface) and bottom cages (Font
Dame Deep and Font Estramar Deep) were also tested using
t-test statistics.

RESULTS

Condition Index
The average condition indices estimated from the sampled
mussels during the study period were 8.8 ± 2.3% (n = 50) at
Font Dame Surface, 9.9 ± 2.3% (n = 26) at Font Dame Deep,
9.5 ± 3.3% (n = 20) at Font Estramar Surface, 8.8 ± 2.2%
(n = 23) at Font Estramar Deep and 5.8 ± 1.4% (n = 30) at
Port Fitou. The condition index varied significantly between sites
(ANOVA: F = 5.32, p < 0.05) with significantly higher indices
at the groundwater-influenced sites over the control site (t-test:
t = 5.93, p < 0.05) (Figure 3A).

Shell Growth Rate
The mean growth rates for sampled mussels were 48.2 ± 6.0 µm
d−1 (n = 31) at Font Dame Surface, 32.8 ± 5.0 µm d−1

(n = 17) at Font Dame Deep, 38.8 ± 7.7 µm d−1 (n = 13)
at Font Estramar Surface, 36.4 ± 5.0 µm d−1 (n = 13) at
Font Estramar Deep and 27.7 ± 2.5 µm d−1 (n = 8) at
Port Fitou (Figure 3B). Similar to the condition index, the
growth rate of mussels from the groundwater-influenced sites
(mean = 40.9 ± 9.2 µm d−1) was significantly higher than
that of the control site (27.7 ± 2.5 µm d−1) (t-test: t = 5.24,
p < 0.05). At the groundwater-influenced sites (Font Dame
and Font Estramar), the growth rates were significantly higher
for the mussels from the surface than those from the bottom
(t-test: t = 3.97, p < 0.05) with the highest rate observed at
Font Dame Surface.

Growth Curves
The Von Bertalanffy growth curves derived from
M. galloprovincialis collected in Salses-Leucate lagoon at
the groundwater-influenced sites (combined data from Font
Dame Surface, Font Dame Deep, Font Estramar Surface and
Font Estramar Deep; n = 79, size range = 26.5–81.5 mm) and
at the control site (n = 11, size range = 56.0–68.0 mm) are
presented in Figure 4, together with curves obtained for the same
species growing at other coastal Mediterranean sites. Overall,

FIGURE 3 | (A) Mean (±SD) condition indices and (B) growth rate in
groundwater-influenced sites (FDS: Font Dame Surface, FDD: Font Dame
Deep, FES: Font Estramar Surface and FED: Font Estramar Deep) and the
control site (PF: Port Fitou) in Salses-Leucate lagoon. The asterisk indicates
that p is less than 0.05 for the Student’s t-test between groundwater-
influenced sites and control site (condition index: groundwater influenced-sites
n = 119, control site n = 30, t-test, t = 5.93, p < 0.05; growth rate:
groundwater influenced-sites n = 74, control site n = 8, t-test, t = 5.24,
p < 0.05).

the growth rates of M. galloprovincialis from Salses-Leucate
lagoon (groundwater-influenced sites: K = 0.54, L∞ = 75.0 mm;
control site: K = 0.46, L∞ = 63.9 mm) are among the highest
reported for this species in the Mediterranean region, particularly
for the groundwater-influenced sites (Table 2; Figure 4). As
commonly observed, the results indicated a fast growth rate
at a younger age and a decrease in growth rates as the shell
approaches its maximum size (Figure 4). Individuals collected
from the groundwater-influenced sites showed higher total
growth rates than individual from the control site. For instance,
after 3 years, mussels from the groundwater-influenced sites
reached 60 mm while those from the control site reached
only 48 mm. Furthermore, the growth performance indices
at the groundwater influenced sites (ϕ′ = 3.48, P = 1.61) and
the control site (ϕ′ = 3.27, P = 1.47) were also among the
highest reported to date for this species in the Mediterranean
region (Table 2).
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TABLE 2 | The Von Bertalanffy growth parameters and the growth performance
indices values of M. galloprovincialis from this study and other coastal systems in
the Mediterranean region.

References Sites K L∞ (mm) ϕ
′

P

This study GW-influenced
sites

0.54 75.0 3.48 1.61

Control site 0.46 63.9 3.27 1.47

Posa and Tursi,
1991

Semi-enclosed
basin, Italy

0.09 62.1 2.54 0.75

Coastal basin, Italy 0.10 58.7 2.54 0.77

Sarà et al., 2012 Coastal bay, Italy 0.03 51.3 1.90 0.19

Ramón et al., 2007 Coastal bay, Spain 0.76 85.0 3.74 1.81

Ceccherelli and
Rossi, 1984

Coastal lagoon,
Italy

0.66 85.9 3.69 1.75

Abada-Boujemaa,
1996

Coastal area,
Algeria

0.31 64.0 3.10 1.30

FIGURE 4 | Von Bertalanffy growth curves of Mytilus galloprovincialis from the
groundwater-influenced sites and the control site in Salses-Leucate lagoon
and from other coastal systems in the Mediterranean region with 1:
groundwater-influenced sites in this study (K = 0.54, L∞ = 75.0); 2: control
site in this study (K = 0.46, L∞ = 63.9); 3: semi-enclosed basin in Italy
(K = 0.09, L∞ = 62.1, Posa and Tursi, 1991); 4: coastal basin in Italy
(K = 0.10, L∞ = 58.7, Posa and Tursi, 1991); 5: coastal bay in Italy (K = 0.03,
L∞ = 51.3, Sarà et al., 2012); 6: coastal bay in Spain (K = 0.76, L∞ = 85.0,
Ramón et al., 2007), 7: coastal lagoon in Italy (K = 0.66, L∞ = 85.9,
Ceccherelli and Rossi, 1984), and 8: coastal area in Algeria (K = 0.31,
L∞ = 64.0, Abada-Boujemaa, 1996). Shaded areas represent the standard
deviations of data obtained in the present study.

Growth Increments
Mussels growing in Salses-Leucate lagoon formed growth
increment with daily (circadian) rhythm. Among the shells
showing clear growth pattern, the average number of increments
were 0.9 ± 0.2 (n = 17), 0.7 ± 0.1 (n = 15), 0.8 ± 0.2 (n = 9),
0.8 ± 0.1 (n = 9), and 0.7 ± 0.1 (n = 6) per day in Font Dame
Surface, Font Dame Deep, Font Estramar Surface, Font Estramar
Deep and Port Fitou, respectively. For instance, a mussel collected
at Font Estramar Surface formed 93 growth increments during

96 days. The number of increments was consistently lower than
the number of days.

Sclerochronological profiles showed a large variability in
increment width for a given shell. The periodicities in increments
width were estimated by FFT analyses. The analyzed shells
exhibited similar patterns and, as an example, three shells
(one each site) are presented in Figure 5. The FFT analyses
revealed peaks at low frequency corresponding to periodicities
of 12.7, 11.2, and 11.3 increments for the shells S1 (FDS0118-3),
S2 (FDD0118-4), and S3 (PF0118-3), respectively. Considering
the near-daily rhythm of the growth increment, the peaks
correspond thus to a period of 11–13 days (near-fortnightly
period). The power spectrum for the three shells also showed
peaks at high frequencies corresponding to the periods of
approximately 3 and 5 days.

Environmental Parameters
Time Series Variations
The daily precipitation in Salses-Leucate lagoon ranged between
0.0 and 70.2 mm with a maximum value recorded shortly after
the calcein marking (13 October 2016) (Figure 6a). High rainfall
events coincided overall with high wind events and occurred
chiefly between January and April. The region is characterized
by frequent strong winds generally blowing from the northwest.
Southeasterly winds also arrive from the Mediterranean Sea but
they are less frequent. The wind speed recorded varied between
1.6 and 18.0 m s−1 with an average value of 5.8 ± 2.8 m
s−1 (Figure 6b).

Lagoon water levels at Font Dame, Font Estramar and Port
Fitou showed similar patterns. They are principally controlled by
precipitations as well as winds (Ladagnous and Le Bec, 1997). The
water level generally increased with increasing precipitation and
wind speed (Figure 6c). The average water levels were 0.7 ± 0.1,
0.8± 0.2, and 1.0± 0.1 m in Font Dame, Font Estramar and Port
Fitou, respectively, indicating that the installed cages (at 0.2 and
0.5 m from the sediment-water interface) were rarely exposed.

The water temperature showed overall similar patterns at the
study sites with seasonal minimum values observed in winter
and maximum values in summer overlaid by daily variations
(Figure 6d). From February 2017 to January 2018 (data available
at all sites), the water temperatures were significantly higher at
groundwater-influenced sites (mean values in FDS = 18.1 ± 5.1,
FDD = 18.1 ± 6.0, FES = 20.5 ± 4.8, and FED = 20.1 ± 5.1◦C)
than at Port Fitou (mean = 17.3 ± 6.7◦C) (t-test: t = 2.34,
p < 0.05). Furthermore, for the total period of data collection
(October 2016 – January 2018), the water temperatures were
significantly higher at the surface (FDS = 16.7 ± 5.1◦C;
FES = 16.5 ± 5.5◦C) than at the bottom (FDD = 16.5 ± 5.5◦C;
FED = 15.8± 5.9◦C) (t-test: t = 1.38, p < 0.05).

The salinity was highly variable at the groundwater-influenced
sites (Font Dame and Font Estramar) and no clear pattern
was observed (Figure 6e), with salinity ranges of 9.0–35.8
(FDS), 7.4–44.4 (FDD), 10.2–36.8 (FES), and 10.0–40.7 (FED).
In contrast, salinity in Port Fitou was relatively stable with
seasonal values ranging between 26.2 and 41.8, showing small
daily variations and a seasonal pattern with maximum values
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FIGURE 5 | (Left panel) increment number from the calcein mark (right side) to the collection (left side) for three representative Mytilus galloprovincialis shells S1
(FDS0118-3), S2 (FDD0118-4), and S3 (PF0118-3) between June 2017 and January 2018. (Right panel) Fast Fourier Transform showing the periodicities of the
increment width.

recorded at the end of summer (consistent with an increase of
evaporation and a decrease of freshwater inputs). The salinity at
Port Fitou was overall considerably higher than that observed
at the groundwater-influenced sites, reflecting average lagoon
conditions (t-test: t = 37.95, p < 0.05).

Spectral Analyses
At both groundwater-influenced sites, spectral analyses of
parameters in bottom and surface waters showed similar patterns
and periodicities, and thus here we present surface water data
only. The FFT analyses of the temperature data showed overall
well-defined peaks centered at 12 h, 1 and 13 days for surface
waters at the three study sites (Font Dame, Font Estramar,
and Port Fitou) except for Font Estramar at the low frequency
(Figures 7A–C). For salinity, peaks were also observed at 12 h,
1 and 13 days for the site Font Dame while no clear peaks
were observed at Font Estramar and Port Fitou (Figures 7D–F).
Periodicities of 12 h and 11 days were exhibited for the water
depth at Font Dame and Port Fitou while at Font Estramar the
water depth followed periodicities of 12 and 24 h (Figures 7G–I).

The FFT analyses for the wind speed showed clear peaks at 1 and
2.6 days (Figure 7J).

DISCUSSION

Periodicity in Shell Growth and
Environmental Influences
The growth increment count demonstrates that
M. galloprovincialis in Salses-Leucate lagoon forms growth
increment on a near-daily basis (circadian rhythm). Generally,
growth patterns reported in mytilid species refer rather to tidal
cycles (Langton, 1977; Richardson, 1989; Buschbaum and Saier,
2001; Zaldibar et al., 2004) and circa-tidal periodicity has been
observed in several bivalves (Pannella and Macclintock, 1968;
Evans, 1972; Richardson, 1988; Schöne et al., 2003; Miyaji et al.,
2007; Connor and Gracey, 2011). For instance, Richardson
(1989) showed that M. edulis growing under tidally submerged
conditions exhibits a clearly defined growth pattern coinciding
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FIGURE 6 | Temporal variations between October 2016 and January 2018 in
(a) precipitation, (b) wind speed, (c) water depth, (d) temperature, and
(e) salinity in Salses-Leucate lagoon: Font Dame Surface (FDS), Font Dame
Deep (FDD), Font Estramar Surface (FES), Font Estramar Deep (FED), and
Port Fitou (PF). The salinity data shows large variability and presents similar
seasonal pattern for surface and bottom cages. For clarity, we present the
surface water salinity only.

with the number of emersions. In Salses-Leucate lagoon, tidal
variations are relatively small (<0.05 m) as a consequence of the
small tidal cycles in the Mediterranean Sea and the restricted
exchange between the lagoon and sea, and thus tidal cycles have
a negligible influence on mussel growth patterns. The circadian
rhythm observed in mussels from Salses-Leucate lagoon has been
reported in other bivalve mollusks (Pannella and Macclintock,
1968; Richardson, 1988; Parsons et al., 1993; Chauvaud et al.,
2005), and is often related to cycles governed by biological

clocks (Pittendrigh and Daan, 1976; Schöne, 2008; Connor and
Gracey, 2011). The biology of most organisms is closely related
to the changes in their environmental conditions, which often
present clear daily patterns of, mainly, temperature and light.
As a consequence, bivalves and other organisms have developed
behavioral and physiological daily patterns (Connor and
Gracey, 2011). As commonly observed in coastal environments,
temperature, salinity, water depth, and wind speed variations in
Salses-Leucate lagoon exhibit daily periodicity, suggesting that
these environmental factors contribute to the daily pattern of
mussel growth in the lagoon.

Although the growth pattern is oriented toward a daily
pattern, the number of growth increments counted in the
shell was generally slightly lower than the number of days,
suggesting that either growth halts during some part of the
study period or that the growth pattern was not well revealed
by the Mutvei etching, resulting in a potential underestimation
of the number of growth increments (Nedoncelle et al.,
2013). Similar observations have been reported previously for
Arctica islandica (Witbaard et al., 1994; Schöne et al., 2005b),
Pecten maximus (Chauvaud et al., 2005), and Phacosoma
japonicum (Tanabe, 2007). They observed that the number of
growth increment formed during a limited interval of time is
(sometimes significantly) lower than the number of days (or
tides) at the study sites. Winter growth cessation is indeed
common in bivalves (Jones and Quitmyer, 1996; Tanabe, 2007;
Okaniwa et al., 2010), because the production of shell carbonate
ceases below species-specific growth temperature thresholds.
For instance, Margaritifera margaritifera in northern Sweden
stops producing shell carbonate below 5◦C (Schöne, 2008)
while M. galloprovincialis from Tokyo Bay, Japan, stops growing
or barely grows for water temperature between 8 and 14◦C
(Okaniwa et al., 2010). Growth cessation may also occur all year
round as a result of an abrupt change in the environmental
conditions due to strong wind events, drop in salinity and/or
phytoplankton bloom (due to toxicity or clogging of the gill
system) (Page and Hubbard, 1987; Chauvaud et al., 1998; Schöne,
2008; Okaniwa et al., 2010). The observed discrepancy in days
and growth increments in this study is small in comparison
to those observed at many other sites, likely due to the
comparatively stable environmental conditions in the lagoon,
but nevertheless suggests that the conditions temporarily cause
either a complete cessation of growth during specific days or a
desynchronization in the circadian rhythm of growth increment
deposition (Chauvaud et al., 2005).

Aside from the (near-) daily cycles, the spectral analysis
of the increment width shows spectral peaks at frequencies
corresponding to periods of 11–13 days (Figure 5) The
temperature, salinity and water depth patterns also exhibit
periodicity of approximately 11–13 days, suggesting a spring-
neap cycle influence on the growth of M. galloprovincialis in
Salses-Leucate lagoon. Tidal patterns in (non-lagoonal) bivalves
are widespread and are expressed by thin increments altering
with groups of relatively thick ones, forming periodic pattern
of 13–14 days, corresponding to the fortnightly spring-neap tide
cycles (Evans, 1972; Richardson, 1989; Miyaji et al., 2007), and
suggested to be related to valve activity and/or current velocity
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FIGURE 7 | (A–C) Fast Fourier Transformations of the temperature, (D–F) salinity and (G–I) water depth at Font Dame (FD), Font Estramar (FE) and Port Fitou (PF),
and (J) the wind speed at the study. Arrows indicate peaks of the power spectrum.

changes modifying the food availability (Clark, 2005; Lartaud
et al., 2010; Tran et al., 2011). Whilst spring-neap cycles can
affect groundwater discharge rate in tidal systems (e.g., Kim and
Hwang, 2002; Taniguchi et al., 2002; Sieyes et al., 2008), this
is unlikely the case in Salses-Leucate lagoon due to the quasi-
negligible tidal amplitude. However, spring-neap cycles are likely
affecting the exchange between the lagoon and the Mediterranean
Sea (Sylaios et al., 2006), and may therefore play a role in
controlling the temperature, salinity, water depth and eventually
the nutrient supply in Salses-Leucate lagoon.

The origin of the periodicity of approximately 3 and 5 days
in the increment growth remains uncertain (Figure 5). It may
be related to frequent wind events, which show a periodicity
of 2.6 days (close to the 3–5 days periodicities of the growth
increments), and thus drive the circulation within the lagoon and
exchange with the sea, thereby controlling environmental factors
in the lagoon (Figure 6). For instance, southeasterly winds favor
the input of seawater in the lagoon while northwesterly winds
reduce its input. Furthermore, wind-driven circulation of lagoon

water through sediments is recognized as an important source
of nutrient in coastal lagoons (Rodellas et al., 2018). This “wind-
driven” nutrient supply may increase phytoplankton abundance,
which in turn may control mussel growth, albeit with a small
temporal lag governed by primary production timescales.

Growth of M. galloprovincialis in the
Mediterranean Region
The Von Bertalanffy curves show that the growth rates of
M. galloprovincialis from Salses-Leucate lagoon are among the
highest rates recorded for this species in the Mediterranean
region (Figure 4). This clearly indicates that Salses-Leucate
lagoon is well suitable for the growth of M. galloprovincialis.
The time required to grow to a length of 30 mm (ca. 1 year) is
significantly shorter than that reported for the same species from
the coastal bay of Mare Grande and the semi-enclosed basin of
Mare Piccolo (Italy) of approximately 7 years (Posa and Tursi,
1991) or longer in the Gulf of Castellammare (Sarà et al., 2012).
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The growth rates of M. galloprovincialis observed in this study
(particularly from the groundwater-influenced sites) are only a
little below those reported from the coastal lagoon of Sacca di
Scardovari on the Adriatic coast (Ceccherelli and Rossi, 1984)
and Fangar Bay in Spain (Ramón et al., 2007). The Sacca di
Scardovari lagoon and Fangar Bay are both located at the mouth
of big rivers (Po River and Ebro River, respectively), and thus
these areas are likely receiving nutrient inputs from rivers.
Moreover, these areas are well known for agricultural activities,
which may also be a relevant source of nutrients (Busch, 2013; Di
Giuseppe et al., 2014). Despite the seasonal variations in water
temperature in Salses-Leucate lagoon, the water temperature
ranges (Median = 16.0ºC, Q1 = 12.3ºC and Q3 = 20.4◦C) includes
the optimal temperature range for growth of M. galloprovincialis
(17–20◦C) (Blanchette et al., 2007).

Role of Groundwater Discharge
Mytilus galloprovincialis at the groundwater influenced sites
shows higher growth rate and condition index compared to that
of the control site, suggesting that groundwater influenced sites
are favorable for their growth (Figures 3, 4). Three compounding
effects of groundwater inputs to coastal areas can explain the
differences between mussel growth at groundwater-influenced
and non-influenced sites, i.e., groundwater-driven variations in
(i) temperature, (ii) nutrient availability, and (iii) salinity.

(i) Despite the seasonal variations of water temperature in the
lagoon (Figure 6d), the average water temperature at the
groundwater-influenced sites is significantly higher than
the temperature at the control site. Since temperatures in
groundwater sources are relatively constant throughout
the year (17–19◦C), groundwater inputs in winter (when
lagoon waters temperatures “elsewhere” are below 10◦C)
produce an increase of lagoon water temperatures at
the groundwater-influenced sites. The higher growth
rate and condition index observed at the groundwater-
influenced sites may thus (at least in part) be related
to this groundwater-driven increase in temperature
(Schöne et al., 2002, 2005b).

(ii) In addition to water temperature, food availability is a
major factor controlling shell growth and condition indices.
Bivalve growth increases with increasing phytoplankton
abundance (Page and Hubbard, 1987; Sato, 1997), with
food availability controlling 64–70% of the variation in
growth of M. galloprovincialis (His et al., 1989). Sato
(1997) demonstrated that growth of bivalve Phacosoma
japonica in Ariake Bay (Japan) is also primarily influenced
by food availability. High phytoplankton abundance has
been directly linked to groundwater input in several costal
systems worldwide (Valiela et al., 1990; McClelland et al.,
1997; Herrera-Silveira, 1998). A recent study demonstrates
that groundwater discharge from Font Dame and Font
Estramar sustains primary production of the lagoon
investigated here (Andrisoa et al., 2019). Indeed, the
concentrations of particulate organic nitrogen in Salses-
Leucate lagoon [which is dominated by phytoplankton
in this lagoon (Carlier et al., 2009)], are higher in

groundwater-influenced sites (62 ± 40 µg N L−1) than
in the control site (52.8 ± 21.9 µg N L−1) (A. Andrisoa,
unpublished data). The high nutrient concentrations driven
by groundwater inputs likely favor phytoplankton growth
at the groundwater-influenced sites, which is readily
available for mussel growth at these sites.

(iii) Groundwater from Font Dame and Font Estramar
discharges substantial amounts of freshwater into Salses-
Leucate lagoon, considerably affecting the salinity at
the groundwater-influenced sites. Salinity is one of
the dominant environmental factors controlling growth.
Generally, M. galloprovincialis exhibits highest growth at
salinity 35 (His et al., 1989). Typical responses of mussels
to lower salinity include reduced feeding activity, slower
growth and valve closure (Navarro, 1988; Riisgård et al.,
2012). For example, due to low salinities in the Baltic Sea
(salinity between 6 and 8 in the northern part), mussels
are dwarfed in this area (Kautsky, 1982; Vuorinen et al.,
2002). Similarly, Riisgård et al. (2012) showed that mussels
growing at salinity 10 have slower growth rates than those
growing at salinity 30. However, acclimation to reduced
salinities may take place, and mussels are able to adjust
growth at changing salinities (Davenport, 1979; Qiu et al.,
2002). The higher mussel growth rates measured at the
groundwater-influenced sites despite lower salinity suggest
that mussels growing there are either acclimated to low
salinity environments or that salinity has a less important
effect on mussel growth compared to temperature and
food availability in this lagoonal environment. Also note
that salinity at the groundwater-influenced sites is highly
variable (Figure 6e), which may cause stress to the animals.
Many bivalves can tolerate small changes in salinity, but
salinity outside their acceptable range may negatively affect
their growth (Peteiro et al., 2018).

It should be noted that due to sampling constraints (see
section Materials and Methods), specimens from different sites
were not sampled for exactly the same periods. This could have
implications for our results since both growth rates and condition
indices highly reflect species reproductive dynamics. Growth
rates and condition indices are generally lower during the resting
phase (usually from November to February) and higher during
gonad maturation and ripening (from April to October) (e.g.,
Karayücel and Ye, 2010; Vural et al., 2015). Mussels from Font
Dame and Port Fitou were studied throughout almost a year,
thus covering the different phases of the reproductive cycle,
therefore the comparison between groundwater-influenced and
control sites must be considered robust. However, specimens
from Font Estramar site were monitored from October 2016
to late March 2017 only, and therefore biased toward winter
months. Considering the expected lower growth rates in winter
periods, the results obtained from the groundwater-influenced
site Font Estramar are likely an underestimation of mussel
growth rate and condition index in the annual cycle. Further,
mussels at the control site Port Fitou were naturally present in
a narrower range size than at the groundwater sites, potentially
biasing the results. A transplantation of specimen from other
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sites to cover the same size distribution would likely have
introduced an unknown, potentially large bias. Despite these
experimental limitations, mussel growth rates and condition
indices at groundwater influenced sites are significantly higher
than those estimated at control site.

The growth rates of mussels in the upper (shallower) cages
are slightly higher than those of bottom cages (Figure 3B).
Despite the shallow water depth (≈0.8 m), the water column at
the groundwater-influenced sites is generally stratified (except
during wind events). The upper cages are relatively more
influenced by lower-density groundwater inputs (mean salinity
FDS = 21.8± 7.1; FES = 24.3± 7.0) in comparison to the bottom
cages (mean salinity FDD = 27.6± 6.5; FED = 27.2± 6.1). Thus,
temperatures and nutrient concentrations are expected to be
higher in surface waters than in bottom waters as a consequence
of groundwater inputs, favoring mussel growth rates in the
upper cages. The high light availability and temperatures driven
by direct solar radiation in surface waters may also favor
phytoplankton and thus mussel growth. Higher growth rate of
mussels in surface waters than in deeper layers has previously
been reported and attributed either to differences in temperature
(Fuentes et al., 2000) or the high availability of phytoplankton
(Page and Hubbard, 1987). In addition, the lower growth
rates observed in the bottom cages may partially result from
siltation. Sediment resuspension occurs often in the study area
due to frequent wind events and may explain in part the
difference in growth observed between upper and lower cages.
Silts and clay can clog the gills of mussels, interfere with filter
feeding and affect indirectly by reducing light availability for
phytoplankton, inhibiting the growth of bivalves (Bricelj et al.,
1984; Box and Mossa, 1999).

Economic Implications
The Mediterranean mussel (M. galloprovincialis) is a highly
valuable commercial species. The world production of mussels
from aquaculture reach an annual value of 1.2 million
tons corresponding to an economic value of over 500
million United States dollars (Okumuş et al., 2014). About
80.000 tons are produced annually in France (Župan and
Šarić, 2014), and in Thau lagoon (a neighboring site on the
French Mediterranean coast), annual mussel production is
estimated at 5.400 tons (Gangnery et al., 2004). In particular
the competitive price compared to other bivalves makes
mussels a sought after seafood (Orban et al., 2002). However,
in recent years, the production of mussel is leveling off
due to reduced number of suitable coastal sites for high
productivity mussel farming, as consequences of human activities
(Cataudella et al., 2015). The results of this study clearly
show that coastal sites influenced by groundwater inputs
represent ideal environments for mussel growth (and thus
potential mussel farming), resulting in higher growth rates
(1.5 cm yr−1) and condition index. Higher condition index
indicates high quality of a marketed product, i.e., better health
status and fatness, especially during the periods of gonad
maturation and ripening. Mussel aquaculture is traditionally
placed in coastal waters with large primary productivity (e.g.,
Peharda et al., 2007). Results from this study suggest that

groundwater-influenced sites can offer environmental conditions
well suited for mussel aquaculture, and therefore, it may
be economically profitable to farm mussels in groundwater-
influenced areas.

CONCLUSION

M. galloprovincialis in Salses-Leucate lagoon produce circadian
(daily rhythm) shell growth increments and have amongst the
highest growth rates to date reported for the Mediterranean
region. In Salses-Leucate lagoon, mussels from groundwater-
influenced sites have higher growth rate and condition index
compared to those from a control site (chiefly influenced by
seawater), demonstrating that groundwater inflows are favorable
for mussel growth. Groundwater discharging to coastal areas
is characterized by relatively constant temperatures and is an
important source of nutrients, providing thus significant food
resources to filter feeders like mussels. This study indicates
that higher temperature and food availability associated with
groundwater inputs may explain the fast growth rate of
M. galloprovincialis at groundwater-influenced sites in Salses-
Leucate lagoon, and thus provides direct evidence for the
“downstream” ecological impacts of groundwater discharge on
this commercially important species.

Identifying suitable sites for profitable production is a
considerable challenge in mussel aquaculture. Groundwater-
influenced sites are suitable sites for mussel farming, particularly
in oligotrophic waters like the Mediterranean Sea. In addition
to its increasingly recognized ecological role, this study
suggests that groundwater inputs to coastal areas can have
non-negligible economic effects on fisheries products in
coastal socio-ecosystems.
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Submarine groundwater discharge (SGD), the direct discharge of groundwater into
the sea, is abundant around the globe. Fresh SGD can occur as focused flow in
submarine springs. However, little is known on the impact of submarine springs
on marine organisms. For a better understanding of the interaction between SGD
and its surrounding organisms, the impact of SGD on the abundance of fish was
investigated in a coastal lagoon of Tahiti, French Polynesia. The study is based on the
assumption of an enhanced biological production due to increased amounts of nutrient
input caused by terrestrial groundwater supply into the sea. Biofouling processes
and zooplankton samples were used as indicators for elevated nutrient input due to
submarine springs. The main objective was to investigate the effect on the abundance
of fish assuming a higher fish abundance possibly caused by a bottom-up control.
Presented data show a significantly higher abundance around a submarine spring as
well as significantly larger growth of algal turfs exposed to groundwater discharge.
Zooplankton evaluations suggest slightly higher abundances around the submarine
spring. The results suggest elevated nutrient concentrations transmitted by submarine
springs may cause a bottom-up control resulting in a higher abundance of fish around
the investigated submarine spring.

Keywords: submarine groundwater discharge, in situ primary productivity, nutrient input, fish abundance,
bottom-up control

INTRODUCTION

Scientific interest in submarine groundwater discharge (SGD), the direct discharge of groundwater
to the coastal waters, has strongly increased over the past years, highlighting its influence on coastal
nutrient budgets (Moore, 2010; Moosdorf et al., 2015), global water budgets (Burnett et al., 2003;
Kwon et al., 2014), and global biogeochemical cycles (Slomp and Van Cappellen, 2004; Cole et al.,
2007; Beusen et al., 2013; Cho et al., 2018). Its effect on marine flora and fauna in turn has been
studied rarely (e.g., Fujita et al., 2019; Lilkendey et al., 2019). These recent studies point towards a
bottom-up influence of SGD on fish abundance and fitness.

We present a detailed photographic study of fish at a submarine spring site located in a coastal
lagoon of Tahiti, French Polynesia accompanied by observations on nutrients, primary (biofouling)
and secondary production (zooplankton).

Due to their location between continental and marine ecosystems, coastal lagoons are often
described as boundary environments (Sarno et al., 1993). Their prevailing sedimentary deposition
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in tropical zones is often characterized by the accumulation of
calcium carbonate remains and calcium carbonate producing
organisms (Duck and da Silva, 2012). Determined by the
local climate conditions and the degree of hydrological access
salinity values can alternate from freshwater to hypersaline
(Kjerfve, 1986). Coastal lagoons are highly productive ecosystems
with water depths that rarely exceed a few meters (Kjerfve,
1986). The coastal lagoon presented in this study (Trou de
Lagon) exhibits several SGD spots of which we used two for
our investigations.

Submarine groundwater discharge consists of two main
fractions: recirculated seawater and terrestrial groundwater
discharging into the ocean (Burnett et al., 2003). The latter, here
called “fresh SGD” referring to the fresh fraction of the often
brackish actual discharge, is an important pathway of terrestrial
pollutants including nutrients, trace metals, pharmaceuticals,
various pollutants and other terrestrial substances into the
coastal ocean (Knee and Paytan, 2011). Fresh SGD can discharge
diffusely, e.g., from a coarse grained coastal sediment, in a
focused way from conduits (here called “submarine springs”)
(Slomp and Van Cappellen, 2004). Submarine springs generally
influence their surrounding environment, by changing salinity,
temperature, nutrient and sediment concentrations (Miller and
Ullman, 2004; Oehler et al., 2018) or by creating morphological
features on the sea floor (Stieglitz and Ridd, 2000). Ecological
impacts of SGD were mostly derived from postulating an
impact from elevated nutrient content (e.g., Johannes, 1980;
Miller and Ullman, 2004; Slomp and Van Cappellen, 2004;
Tait et al., 2014).

Direct impacts of terrestrial groundwater inflow through
elevated nutrient concentrations was reported to enhance
biological production as well as species diversity of coastal
ecosystems in a limited number of studies (Lecher and Mackey,
2018). However, fishermen in many regions all over the world
observe higher fish abundance around submarine springs and
attribute the flourishing influence to the freshwater (Moosdorf
and Oehler, 2017). This effect was scientifically confirmed only
in locations in Japan reporting significantly higher abundances
or biomass of fish (Utsunomiya et al., 2015; Hata et al., 2016;
Shoji and Tominaga, 2018; Fujita et al., 2019). In Mauritius,
a positive effect of fresh SGD on fitness of juvenile fish was
observed (Lilkendey et al., 2019).

As changes in ecosystems are often based on alterations in
nutrient fluxes, Johannes (1980) argued that ignoring SGD may
lead to profound misinterpretation of ecological data in terms
of coastal pollution, benthic zonation and productivity. His data
indicated that SGD locally delivers several times more nitrate to
coastal waters at the assessed location than river runoff does. This
is supported by other authors, partly associated with harmful
algae blooms, at various locations (e.g., Laroche et al., 1997;
Paerl, 1997; Gobler and Sañudo-Wilhelmy, 2001; Smith and
Swarzenski, 2012; Liu et al., 2017). Paytan et al. (2006) reported
enhanced anthropogenic nutrient loads from SGD is also likely to
contribute to reef degradation.

Few authors reported on nutrient fluxes delivered by SGD
on marine biota. For example, macrophyte tissue reflecting
δ15N of SGD showing higher nitrogen concentrations, larger

leaves and blades, reduced macrophytes biodiversity and higher
biomass (Kamermans et al., 2002; Umezawa et al., 2002;
Lapointe et al., 2005; Amato et al., 2016). Studies lacking δ15N
data but conducted in known SGD areas also show these
tendencies as e.g., in the most investigated green macroalgae
Ulva. Williams and Carpenter (1988) worked on the productivity
of small micro filamentous epilithic algae, so called “algal
turfs”, resulting in a significantly higher primary production
per unit chlorophyll-a of ammonium treated algal turfs. The
bryozoan Pentapora fascialis also showed changes of colony
growth, size, and mortality around SGD (Novosel et al., 2005;
Cocito et al., 2006).

According to Liu et al. (2017) environmental factors
influencing zooplankton abundance and diversity are mainly
chlorophyll-a concentration, temperature and salinity. As SGD
influences these factors and as zooplankton is highly depending
on primary producers, zooplankton is here used as an indicator
for SGD and its influence on higher trophic levels. In the present
study, primarily mesozooplankton will be investigated. Based
on the key role of zooplankton in early life history of fish Liu
et al. (2017) pointed out that changes in zooplankton abundance
as well as in its composition have significant impacts on the
recruitment and dynamics of fish.

The present study investigates the effect of a submarine spring
on the abundance of fish in a coastal lagoon of Tahiti, French
Polynesia, assuming a bottom-up control caused by elevated
nutrient concentrations from a submarine spring.

MATERIALS AND METHODS

To investigate the abundance of fish a stationary photo sampling
was performed. To visualize the nutrient input and emphasize the
effect on primary- and secondary production a short-term in situ
biofouling experiment as well as a zooplankton sampling of small
sampling size were conducted. These two parameters were used
as indicator of elevated nutrient concentrations released by the
submarine groundwater spring at Trou de Lagon.

Study Site
Experiments were performed from 20th February until 3rd
March 2017. Tahiti is a volcanic island located at 17◦ 24′ S and
149◦ 07′ W (Figure 1). It is part of the so called Society Island
archipelago, with a surface of 1042 km2 (Rougerie et al., 1997).
The island is composed mainly of basaltic material (Frouin,
2000) and surrounded by an almost continuous barrier reef
disconnected from the coastline by a narrow lagoon of 100 to
800 m width and a rather small tide-range of about ±0.15 m
(Rougerie et al., 1997).

The climate of Tahiti Island is influenced by the Southern
Oscillation. Trade winds blow primarily from the northeast
during summer (rainy season) and southeast during winter. The
mean rainfall is 150 cm y−1 and the air temperature generally
between 20–33◦C. Tahiti is located in the western area of the
south pacific gyre with sea surface temperatures between 26–
30◦C and sea surface salinity values of 35.5–36.3. The high salinity
values are caused by the negative P-E differentials leading to
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FIGURE 1 | Location of Tahiti, French Polynesia (B) and sampling site (A).

increasing surface salinity whereas values may decrease during
rainy season (Delcroix and Hénin, 1991; Rougerie et al., 1997).

Tahiti generally consists of two major volcanoes called Tahiti-
Nui (the bigger part of the island) and Tahiti-Iti (the smaller
part of the island) which are aligned in NW-SW (Duncan et al.,
1994). The study site is called Trou du Lagon which is located
on Tahiti-Iti in a low populated area. One of the main food
production in form of agriculture and livestock cultivation is
located in the region of Afaahiti-Taravao, Papeari, and Vairao
at the isthmus of the island which is the transition from Tahiti-
Nui to Tahiti-Iti (Cunningham, 1961). The study site is located

directly within this area which leads to the assumption that the
elevated nutrient concentrations are caused by the agriculture
and livestock production.

Trou de Lagon is an oval basin in shape (Figure 1A) with
depths from two to thirty meters enclosed in a shallow water
body connected to the lagoon. The sampling area ranges about
200 m × 200 m around the sampling sites with three submarine
springs in 11.6, 5.5, and 3.5 m water depth. The springs are of
small size and do not exhibit any expression at the water surface.
The distance to the shore line is about 850 m, the distance to the
reef about 800 m. As Tahiti is a volcanic island, the substrate is
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basalt, which is mostly covered by corals, due to the oligotrophic
water conditions, the lack of sediments and the nearby barrier
reef. The in situ biofouling and photo sampling experiments were
performed at two different springs at the same study site during
the same time. While no direct geochemical characterization of
the springs is available, given the geology of the island and the
SGD from Tahiti in general (cf. Haßler et al., 2019) two springs
that close to each other can be expected to originate from the
same aquifer and behave similarly. The sampling was performed
at 17◦ 46‘S and 149◦ 19’W in about 130 m distance to each
other. The study site exhibits very little disturbances due to
divers or fishermen.

Physical and Chemical Parameters
To demonstrate the presence of submarine discharge, water
samples were taken directly from the discharge spot using falcon
tubes. The sampling was performed daily during the stationary
photo sampling and once during the biofouling experiment.
The sampling solely provided salinity data as temperature
adapted too quickly to the ambient seawater temperature.
To estimate the groundwater discharge temperature of the
submarine spring at Trou de Lagon temperature was measured
manually at different accessible groundwater discharge spots
within the eulittoral zone around the island. These measurements
were performed by using a rod-thermometer. Nitrate and
phosphate concentrations of the spring at Trou de Lagon were
taken from Haßler et al. (2019), who performed a field study
in January 2016.

Biofouling Process
In order to indicate the assumed elevated primary production a
short-term in situ experiment was conducted. A total of 26 plastic
panels of ten by ten centimeters size were strung on a rope and
tied around corals in 3.5 m depth, through the submarine spring
(Figures 2, 3). The objective was to expose the central panels to
the submarine spring to monitor the biofouling process caused by
the spring, and observe the range of influence to both sides of the
spring. The panels on the outer parts of the line exposed to fully
marine seawater were used as control panels. For identification
purposes, the groundwater exposed panels were marked with

cable ties. For further evaluations, all panels were distinguished
in spring and control panels.

After 10 days, the panels were taken out of the water and
dried for several days not exposed to direct sunlight. To analyze,
front and back side of each panel were scanned by using an
Epson Perfection V330 photo scanner. All scans were cropped
at a height of seven centimeters to cut out the rope influenced
part of the panels. Within this part most of the settlement took
place but the focus of analysis was on the panels’ surfaces. The
cropping and all further analyses were performed by using the
software ImageJ (Version 1.51 f). To finally quantify the amount
of settlement as percentage of covered area, a scale was entered
using the Set Scale function. Therefore, a line of known distance
on one of the panels was used as scale reference. The Type of
Image was set on RGB Color and the Color Threshold function
was used. To define the areas of settlement the Color Space was
set on HSB, which are the three properties to describe a color
(Hue, Saturation and Brightness). On an interval of 0–255, given
by ImageJ, thresholds were set by trial and error and applied
for all panels equally. The hue was set from 0 to 115, saturation
from 26 to 255 and brightness from 115 to 255. Applying these
settings, the areas of investigation were defined in red (Figure 4,
right) to finally determine the settled areas in percent by using
the function Analyze Particles. The front and back sides of all
26 panels were evaluated separately to gain two separate datasets
which can be considered as replicates. In total, five panels where
marked as groundwater discharge exposed and eleven as seawater
exposed (control).

Zooplankton Abundance
As a further indicator of elevated nutrient concentrations, a
zooplankton sampling of small sampling size was performed. The
sampling was carried out by using an APSTEIN plankton net
of 55 µm mesh size and a unscrewable net beaker (sampling
container) within a water column of 5 m. A total of twelve
hauls was performed, six hauls around the submarine spring
within a radius of about 3 m and six at the control site. Each
haul was performed from the boat in the same way. After each
haul, the inside of the net was rinsed with filtered sea water
(55 µm) in order to collect the entire sample in the sampling

FIGURE 2 | Experimental design of the 10-day in situ biofouling experiment in 3.5 m water depth. In total 26 settlement panels were used, five panels exposed to
the submarine spring and twenty-one to seawater.
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FIGURE 3 | Settlement panels (10 × 10 cm) stringed on a rope and fastened
across the submarine spring (↓).

FIGURE 4 | One of 26 settlement panels exposed to the submarine spring
(left: settled areas in green, yellowish; right: identical areas in red to quantify
the proportion of settlement in percent by using ImageJ).

container. After rinsing, the container was unscrewed and the
content transferred in 50 ml Kautex container by using a funnel
and a squeeze bottle with filtered sea water (55 µm). Each sample
was preserved in 60% alcohol and stored in a fridge at six degrees
Celsius until analysis.

To analyze the zooplankton abundance the hardware
Hydroptic ZooScan ZSCA02 together with the software Vuescan
(Version 8.4.57), ZooProcess and Plankton Identifier was used,
following the procedure described by Gorsky et al. (2010). To
determine the zooplankton abundance each sample was first
transferred into a sieve of 55 µm mesh size to separate it
from the alcohol. To scan the isolated sample, it was poured
directly into a transparent frame (15 cm × 24 cm) inserted in
the scanning cell. The frame includes a 5-mm step. De-ionized
water was poured up to the edge of the step beforehand to
avoid forming a meniscus on the periphery of the image. To
obtain one vignette (image) of each single individual overlapping
organisms and organisms touching the side of the frame were
physically separated from each other or from the frame before
digitizing. Organisms touching the sides of the frame are
automatically removed from the data set (Gorsky et al., 2010).
The density of individuals was below 1000–1500 organisms
within the scanning area which is sufficient to reduce overlapping
organisms (Gorsky et al., 2010). To recheck that organisms
are not overlapping, each scan was reviewed and overlapping
individuals separated manually by using the software ImageJ.
Each 16-bit raw image was normalized and converted into an

8-bit full gray scale image and processed by subtracting the
background and removing the frame edges. The rolling ball
method (Sternberg, 1983) provided by the ZooProcess software
was used for background subtraction.

For automatic classification (Plankton Identifier) of objects
across all scanned images into major groups a learning file
of selected categories was used. The learning file contained
vignettes of single objects of different taxonomic groups. Each
folder within the learning file represented one taxonomic group.
Additional folders of abiotic objects as e.g., fibers, bubbles as well
as blurry objects were also part of the learning file. To reduce the
error rates all automatically classified objects were re-validated
manually, and any misidentified objects were moved to the
appropriate taxonomic group. The final images are digitized with
96-dpi and pixels of 24284 – 15296 in size with a pixel resolution
of 10.58 µm. These 8-bit gray level images require about 350 MB
storage and can be handled easily by regular PC ìs (Figure 5).
Finally, the zooplankton was classified into six major groups
above genus level (Copepods, Appendicularia, Chaetognatha,
Malacostraca, Polychaeta, and fish eggs). The classification on a
species level is not feasible using the software Plankton Identifier.
The abundance was calculated for each haul per site as well as for
each of the six groups per site given in the number of individuals
per volume of water (Ind. L−1).

Stationary Photo Sampling
To investigate the effect of the submarine spring on the
abundance of fish, a 10-day stationary photo sampling was
implemented. Two GoProHero4 cameras were mounted on the
bottom of the reef, one camera in about one meter distance to
the submarine spring in 5.5 m depth recording the presence
of fish around the submarine spring. The second camera was
installed in 5.4 m depth as a control. The control site was
chosen in a way that the surrounding area was ideally of the
same structure and certainly not influenced by the submarine
spring. The distance between both cameras was 56 m. In order
to install the cameras two small camera mounts were built to
guarantee a secure hold as well as to reduce possible thievery
(Figure 6). Recorded were images instead of videos in order
to enhance the battery capacity. The cameras were set to take
images at an interval of one shot per minute. The change of
batteries and memory cards took place once a day at 7:30 AM.
In consequence, the daily recording started at the same time
and ended with the complete battery discharge. Status lights and
sounds were deactivated. In order to extend the batteries capacity
each camera was equipped with one GoPro battery BacPac. By
using the battery packs, images were taken up to 10 h per day,
resulting in about 400 to 600 pictures per day. To evaluate the
photo sampling the number of fish at the spring and control site
images was counted manually. To visualize a potential difference
in quantity straightforward as well as to compare the obtained
data easier, the number of fish recorded in the images were
grouped in categories. For example, one up to five fish, six
up to ten fish. Species were not identified. Distant fish in the
very depth of the images were neglected during the counting
process. In total 7206 Images were evaluated with 3603 images
per site (Figure 7).
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FIGURE 5 | Examples of scanned objects (vignettes) (A) Ostracoda (Oligostraca), (B) Calanoida (Copepoda), (C) Zoea (Decapoda), (D) Zoea (Decapoda), (E) Egg,
(F) Appendicularia (Tunicata), (G) Chaetognatha (Metazoa), (H) Zoea (Decapoda), (I) Harpacticoida (Copepod), (J) Polychaeta (Annelida), (K) Fish Larvae.

Statistics
The Statistical analysis was carried out by using the software
R-Studio (Version 1.0.143). The assumptions of normal
distributed data and homoscedasticity were tested by graphical
and numeric methods. The type of distribution was investigated
by plotting normal q-q plots, histograms as well as by performing
the Shapiro–Wilk test. Homoscedasticity was verified by the
F-test. Log transformations were applied when the assumptions

FIGURE 6 | Installation built for the stationary photo sampling (left: metal
loops fixed onto a metal plate to interlock the GoPro camera housing; right:
mounting process of the metal construction as fixation for the 10-day photo
sampling).

of normal distribution and homoscedasticity were not fulfilled.
The subsequent hypotheses testing was carried out either by
using the parametric two sampled T-test or the non-parametric
Mann–WhitneyU-test depending on whether the assumptions
were fulfilled. The frequencies of counted categorized fish were
analyzed by applying the Chi–squared Test of homogeneity.
Therefore, the data was displayed in a contingency table. Based
on this table the test evaluates the distribution of frequencies
compared to the expected frequency (Köhler et al., 2012). The
test was applied on the same number of images at both sites
at the respective days. The data set consists of one factor (site)
with two factor levels (spring and control) and one response
variable depending on which data set was tested (settlement,
abundance, counts).

RESULTS

Physical and Chemical Parameters
The manually measured groundwater spring temperatures at
different submarine springs within the eulittoral zone around
the island were between 23.0 and 24.0◦C whereas at Trou de
Lagon the temperature at the control site (seawater) of the
photo sampling was between 29.2 and 30.2◦C. The salinity values
at the photo sampling and biofouling experiment resulted in
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FIGURE 7 | Example of higher fish abundance regarding three-dimensionality
and different substrate manifestation in the depth of the images [left: spring
site with less substrate, right: control site with more pronounced substrate
and a higher number of fish in the depth of the image (orange circle)].

salinities between 18.5 and 26.5 (still mixed with seawater) at
the submarine spring and between 35.4 and 35.9 at the control
site. The nutrient concentration of the submarine spring at Trou
de Lagon was measured in 2016, resulting in concentrations of
5.7 mmol m−3 NOx and 3.7 mmol m−3 PO4. Concentrations in
seawater sampled at a control site were below 0.4 mmol m−3 PO4
and below 0.3 mmol m−3 NOx (Haßler et al., 2019).

Biofouling Process
The settlement of algal turf on the groundwater exposed
settlement panels was significantly higher compared to the
seawater exposed panels (non-parametric Mann–Whitney
U-test, p = 0.004 and p = 0.030 on panel front and back
sides, respectively). The panels exposed to the submarine
spring exhibit elevated settlement compared to the seawater
exposed control panels. The largest amount of settlement in
area percent of the submarine spring exposed panels is located
above the total amount of settlement of the seawater exposed
panels (Figure 8). The groundwater exposed panels displayed
a median settlement of 6.5% whereas the seawater exposed
panels exhibit a median settlement of 2.7%. The panel front
sides were settled more intensively (medians 10.3 and 3.6%
for groundwater and seawater exposed panels, respectively)
than the back sides (medians 3.7 and 2.1% on groundwater
and seawater exposed panels). The median settlement area thus

FIGURE 8 | Biofouling processes of settlement panels exposed to a
submarine spring and a control section of seawater.

increased by factor 2.4 of the groundwater exposed panels (2.8
at the front sides, 1.8 at the back sides). From Figure 9 it can
be seen that related to the center of the spring the increasing
biofouling process exhibited a shift to the right of front and back
sides, respectively.

Zooplankton
The total zooplankton abundance of six hauls at Trou de
Lagon was slightly higher around the submarine spring (2.57
Ind. L−1

± 0.10 Ind. L−1) than at the control site (2.36
Ind. L−1

± 0.16 Ind. L−1). The median abundance was with
0.46 Ind. L−1 around the submarine spring and 0.33 Ind.
L−1 at the control site slightly higher around the spring. The
most abundant taxa at both sites were Copepoda followed by
Appendicularia, Chaetognatha, Malacostraca, Polychaeta, and
fish eggs. Copepoda were taken here as a proxy for elevated
nutrient concentrations. The total copepod abundance was 1.97
Ind. L−1

± 0.09 Ind. L−1 around the submarine spring and
1.82 Ind. L−1

± 0.14 Ind. L−1 at the control site. The median
copepod abundance of six hauls was 0.35 Ind. L−1 around
the submarine spring and 0.25 Ind. L−1 at the control site.
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FIGURE 9 | Biofouling processes of 26 settlement panels exposed to a
submarine spring and the seawater control section. The biofouling process on
the front and the back sides of the settlement panels are illustrated separately.
Each data point is one panel in the same distance to the submarine spring as
in the field experiment.

 

FIGURE 10 | Copepod abundances sampled within a diameter of six meters
around a submarine spring and a seawater control site.
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FIGURE 11 | Copepod abundances sampled at the submarine spring site
within a diameter of six meters around the submarine spring and the seawater
control site.

The evaluation of Copepod abundances per haul (Figures 10, 11)
resulted in slightly higher abundances around the submarine
spring in four out of six hauls (two, three, five, and six) compared
to the control sites. However, the applied non-parametric Mann–
Whitney U-test did not result in a significantly higher copepod
abundance (p = 0.7) around the submarine spring compared to
the control site.

Stationary Photo Sampling
With the stationary photo sampling we analyzed the number of
fish around a submarine spring and a control site. The number of
fish, here presented in frequencies of counted categories, declined
stronger at the control site compared to the submarine spring
site (Figure 12). Five out of seven categories were counted more
frequent at the submarine spring site compared to the control
site. Categories of zero fish and six until ten fish were counted
more frequent at the control site. The frequency distribution of
counted categories (Figure 12) follows more or less a Poisson
distribution. The factor results of spring and control site presents
the increase in categories of higher number of fish (Figure 12,
secondary axis). Category 0 was counted more often by factor 8.2,
category 1–5 by factor 1.0, category 6–10 by factor 0.7, category
11–15 by factor 1.0, category 16–20 by factor 1.9, category 21–
25 by factor 5.4, category 26–30 by factor 4.2, category 31→ by
factor 11.7. Despite the eight times more frequent category
of zero fish and the similar outcome of category 1–5, 6–10,
and 11–15 fish the evaluation resulted in a higher presence
of fish at the submarine spring site. According to the Chi–
Square test of homogeneity the frequencies of counted categories
significantly differ (p < 0.001) from one another in favor of the
submarine spring site.

DISCUSSION

The presence of the submarine springs was confirmed visually,
in salinity and temperature measurements. The temperatures
of the submarine springs at Trou de Lagon are assumed
to be equivalent to the manually measured temperatures at

FIGURE 12 | Categorized frequencies of counted fish around a submarine
spring and a seawater control site. The secondary axis depicts the ratio
Spring/Control. Note that the left (Frequency) axis is on logarithmic scale while
the right (Ratio) axis is linear.

the different groundwater discharge spots within the eulittoral
zone around the island. The salinity differences between the
submarine spring site and control site underscore the effect of
the submarine spring on the environmental parameters. The
remaining low salinity values of the spring site are caused by the
immediate mixing of ground and seawater whilst discharging.
Nitrogen and phosphorus concentrations were elevated at the
submarine spring sites compared to samples of seawater at a
control site (Haßler et al., 2019). The reduced salinity within
the spring as well as the nutrient concentrations support our
hypothesis of fresh SGD as a source of nutrient enrichment at the
groundwater discharge site.

Data regarding species diversity of Tahiti lagoons are
scarce. Studies on macrobenthic communities were mostly
undertaken of soft bottom communities at the most populated
region of the island nearby Papeete or Faaa Airport (e.g.,
Frouin and Hutchings, 2001). The authors described the
resulting biomass and species diversity as low in comparison
with most other areas within the South Pacific Ocean.
Some fish species identified in the context of this study
are: different types of Holothuroidea; Chaetodontidae:
Chaetodon ornatissmus, Chaetodon mertensii, Chaetodon
unimaculatus, Focipiger flavissimus, Forcipiger flavissimus;
Balistidae: Odonus niger, Balistapus undulatus, Rhinecanthus
aculeatus, Balistoides viridescens; Scaridae: Scarus oviceps;
Aulostomidae: Aulostomus chinensis; Pomacanthidae:
Centropyge flavissima, Pygoplites diacanthus; Pomacentridae:
Chromis margaritifer; Labridae: Thalassoma hardwicke,
Halichoeres trimaculatus; Acanthuridae: Zebrasoma scopas,
Acanthurus triostegus the latter is often found grazing on hard
substrate near freshwater discharge where certain algae grow
(Kuiter and Tonozuka, 2001).

The frequency of counted categories of larger fish groups was
significantly higher at the submarine groundwater spring site.
Our hypothesis of a higher presence of fish around submarine
springs can thus be confirmed for the site of the present
study. While categories including small groups of fish were
counted in similar frequencies at both sites, categories of larger
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groups were counted significantly more often at the submarine
spring site (Figure 12). Despite the possibility, that factors such
as wind stress or waves may have certain influence, that we
could not control or measure in this study, we conclude that
the main cause for the increased abundance of fish around
the spring is the elevated nutrient inflow by groundwater
discharge enhancing primary production leading to a higher
availability of prey.

An adaptation to changing environmental conditions as
e.g., the seahorse Hippocampus guttulatus in Tiralongo and
Baldacconi (2014) is not considered as the nutrient input at
Trou de Lagon is punctual and thus avoidable. Fish at Trou
de Lagon are assumed to prefer the proximity of the spring
due to higher availability of nutrients and prey. Tiralongo
and Baldacconi (2014) worked on a H. guttulatus population
found in the Mar Piccolo of Taranto (Ionian Sea) known
for its substantial pollution and oscillations of environmental
parameters. This declining and endangered species, inhabit
preferably seagrass and macroalgal meadows. Yet, the population
is well adapted to the highly polluted environment showing
a clear preference to artificial hard substrate over the usual
seagrass. The authors’ assumption of the abundant population
is lacking fishing pressure and good availability of food caused
by the artificial eutrophication. However, it is questionable
whether this result can be linked to the present study. Fish
at Trou de Lagon inhabit a general oligotrophic environment
being attracted by a submarine spring carrying higher nutrient
concentrations, whereas H. guttulatus inhabit a highly eutrophic
environment but mainly found in the western part of the
lagoon, which is in direct contact with the open sea allowing
a water exchange.

Apart from nutrient input also temperature should be
considered to effect the distribution of fish around the
study sites. Groundwater discharge temperatures in lower
latitudes generally tends to be lower than its ambient seawater
(Shaban et al., 2005; Ka’eo Duarte et al., 2006; Johnson
et al., 2008). As dissolved oxygen (DO) increases with lower
temperature and salinity values, here caused by the submarine
spring, it might also influence the abundance of fish around
submarine springs although the observed flow rate at Trou de
Lagon is low. Salinity and temperature values could not be
measured precisely as ground and seawater mixed immediately
during the sampling.

A variability in refuge possibilities due to higher manifestation
of substrate between sites was tried to rule out by the camera
set up. Recorded were image sections with approximately the
same amount of substrate within close proximity to the camera
at both sites (spring and control). However, a difference in
substrate manifestation took place at the very far back of the
control site images.

A higher abundance of fish due to recruitment after spawning
depending on seasonal variations of temperature, inducing algal
blooms in spring or autumn, were excluded as the climate is
tropical with only two distinct seasons. However, it is worth
mentioning that instead of seasonal variations in temperature as
in higher latitudes other variations as rain and dry season do
have an effect on reproduction (Flecker and Feifarek, 1994) and

may influence processes. Furthermore, seasonal variation is not
assumed to cause such selective higher fish abundance.

The significantly higher abundance of fish is suggested to
be the result of nutrient inflow by the groundwater discharge
enhancing primary production as presented in the short-term
biofouling experiment.

Lapointe (1997) found epilithic algal communities such as
algal turfs as well as macroalgae and coralline algae increasing
with increasing nutrient concentrations. During our short-term
biofouling experiment, a visible settlement of small filamentous
sessile algae took place, which was significantly higher on the
groundwater compared to the seawater exposed panels. The
biofouling process on the front sides was higher compared to
the back sides of the settlement panels. The latter might be
a result of the light exposure with a higher light irradiation
on the front sides caused by the alignment to the sun. The
back sides of the panels were aligned in south-eastern direction
receiving light irradiation for a fractional amount of the
day, whereas the front sides where aligned more in direction
north-west receiving light irradiation during almost the entire
daytime. The extent of biofouling along the transect (Figure 9)
exhibited a shift of elevated settlement to the right which
might be caused by slight currents moving the mixing plume
to the right or the freshwater exposed panels have not been
marked precisely.

The result of the biofouling experiment supports the
previously assumed higher productivity due to elevated nutrient
concentrations around SGD sites (e.g., Williams and Carpenter,
1988; Lapointe, 1997; Novosel et al., 2005; Cocito et al., 2006).
Factors such as wave energy, exposure to winds or regional
advection as causes of the different manifestation in settlement
between ground and seawater exposed panels are excluded. These
factors would in contrast cause a mixing of fresh and seawater
during short or long term events neutralizing the groundwater
effect rather leading to a homogeneous algal turf manifestation.

The total zooplankton abundance at the groundwater
discharge site was just slightly and insignificantly higher
compared to the control site. The overall abundance was very
low at both sites, based on the in general oligotrophic tropic
waters of low production (Dias et al., 2015). An even lower
total abundance of 0.068 Ind. L−1 was found by Carleton and
Doherty (1998) in a lagoon of Tuamotu Archipelago, located
within the same archipelago as Tahiti. As expected the most
abundant taxon at both sampling sites were Copepods which are
the most important grazer of nano- and microplankton and the
main diet of planktivorous fish.

The outcome of the present work is in line with results from
Obama Bay, Japan, showing a significantly higher abundance
of fish at a groundwater discharge site (Utsunomiya et al.,
2015). Also, a significantly higher abundances of turban snail,
hermit crabs and gammarids were reported at the groundwater
discharge site (Utsunomiya et al., 2015). The authors assumed
the higher abundance of fish might be the result of the 18 times
higher gammarid abundance being the major prey for these fish.
The higher abundance of fish around the submarine spring at
Trou de Lagon may thus be the result of a bottom-up control
as hypothesized.
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Diversity of fish species was not evaluated in the frame of this
work, as a proper identification of species could not be performed
by using the recorded images. Obstacles were e.g., the distance
of fish to the camera, turbidity or the salinity gradient blurring
the sight. The proportion of juvenile and adult fish could not be
estimated on the basis of the implemented sampling. Therefore,
a 3D video-based technique (Neuswanger et al., 2016) should be
considered for further investigations.

Difficulties which occurred during the image evaluation
should be taken into account for further investigations.
Difficulties in counting fish occurred for example due to the
three-dimensionality of the water body, changing image sections
caused by the daily change of batteries, different manifestations
of substrate as well as rapidly changing turbidity. The three-
dimensionality of the water body made it difficult to count
as the distances to the actual study site cannot be estimated
precisely. In addition with different substrate complexity the
counting involves subjective decisions. More substrate causes
more shelter and nutrition for fish. A varying amount of substrate
between two sites may also influence the abundance of fish
(McClanahan, 1994; Gratwicke and Speight, 2005) which may be
an additional variable besides the submarine spring. The cameras
were set up in a way to record the same amount of substrate
image sections at both sites. A little higher substrate complexity
occurred in the distance of the control site images. To overcome
this obstacle distant fish in the very depth of the images were
neglected during the counting process as they were basically
out of the study site clearly evident by very small sizes and
blurriness caused by the distance. Double counting of fish was
minimized by recounting.

While there are abundant research questions that need
answering regarding the impact of submarine springs on flora
and fauna, the here presented results are the first to show that

submarine springs do attract fish in tropical settings. This result
is assumed to be induced by the nutrient inflow of the submarine
spring as presented in our in situ biofouling experiment.
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Determination of submarine groundwater discharge (SGD) from karstic coastal aquifers

is important to constrain hydrological and biogeochemical cycles. However, SGD

quantification using commonly employed geochemical methods can be difficult to

constrain under the presence of large riverine inputs, and is further complicated by

the determination of the karstic groundwater endmember. Here, we investigated a

coastal region where groundwater discharges from a karstic aquifer system using

airborne thermal infrared mapping and geochemical sampling conducted along offshore

transects. We report radium data (223Ra, 224Ra, 228Ra) that we used to derive fluxes

(water, nutrients) associated with terrestrial groundwater discharge and/or seawater

circulation through the nearshore permeable sediments and coastal aquifer. Field work

was conducted at different periods of the year to study the temporal variability of

the chemical fluxes. Offshore transects of 223Ra and 224Ra were used to derive

horizontal eddy diffusivity coefficients that were subsequently combined with surface

water nutrient gradients (NO2
− + NO3

−, DSi) to determine the net nutrient fluxes

from SGD. The estimated DSi and (NO2
− + NO3

−) fluxes are 6.2 ± 5.0 ∗103 and

4.0 ± 2.0 ∗103 mol d−1 per km of coastline, respectively. We attempted to further

constrain these SGD fluxes by combining horizontal eddy diffusivity and 228Ra gradients.

However, SGD endmember selection in this area (terrestrial groundwater discharge vs.

porewater) adds further uncertainty to the flux calculation and thus prevented us from

calculating a reliable flux using this latter method. Additionally, the relatively long half-

life of 228Ra (5.75 y) makes it sensitive to specific circulation patterns in this coastal

region, including sporadic intrusions of Rhône river waters that impact both the 228Ra

and nutrient surface water distributions. We show that SGD nutrient fluxes locally reach

up to 20 times the nutrient fluxes from a small river (Huveaune River). On a regional
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scale, DSi fluxes driven by SGD vary between 0.1 and 1.4% of the DSi inputs of the

Rhône River, while the (NO2
− + NO3

−) fluxes driven by SGD on this 22 km long coastline

are between 0.1 and 0.3% of the Rhône River inputs, the largest river that discharges

into the Mediterranean Sea. Interestingly, the nutrient fluxes reported here are similar in

magnitude compared with the fluxes quantified along the sandy beach of La Franqui, in

the western Gulf of Lions (Tamborski et al., 2018), despite the different lithology of the

two areas (karst systems vs. unconsolidated sediment).

Keywords: submarine groundwater discharge, Mediterranean sea, radium isotopes, thermal infrared remote

sensing, nutrient fluxes, GEOTRACES

INTRODUCTION

Submarine Groundwater Discharge (SGD) is now recognized
as a vector for many chemical elements that impact the
biogeochemistry and ecology of the coastal seas (Moore, 1996;
Charette and Buesseler, 2004; Slomp and Van Cappellen,
2004; Burnett et al., 2006). SGD can facilitate phytoplankton
development in coastal areas (Paytan et al., 2006) or may play
a role in eutrophication of coastal seas, including in some cases
harmful algal blooms (Gobler and Sañudo-Wilhelmy, 2001). SGD
includes (i) the discharge of terrestrial groundwater to the sea and
(ii) the circulation of seawater through the coastal aquifer and
permeable coastal sediments (Burnett et al., 2003; Moore, 2010).
Themixing zone between groundwater and seawater is defined as
the subterranean estuary (Moore, 1999), a geochemically reactive
subsurface zone where many chemical species are modified by
biogeochemical reactions and water-rock interactions. Although,
SGD has been shown to supply essential nutrients (Charette et al.,
2001; Slomp and Van Cappellen, 2004; Hwang et al., 2005; Knee
et al., 2010; Beusen et al., 2013; Tamborski et al., 2017) and trace
elements to the coastal sea (Jeong et al., 2012; Trezzi et al., 2017),
relatively few studies have been conducted on nutrient fluxes
driven by SGD in the Mediterranean Sea (Garcia-Solsona et al.,
2010; Weinstein et al., 2011; Tovar-Sánchez et al., 2014; Rodellas
et al., 2015, 2017; Tamborski et al., 2018). In particular, little
information is available on the nutrient fluxes associated with
SGD along the French Mediterranean coastline (Rodellas et al.,
2017; Tamborski et al., 2018), despite the presence of several
well-known karstic springs (Arfib et al., 2006; Fleury et al., 2007;
Stieglitz et al., 2013; Bejannin et al., 2017).

Karstic springs may contribute groundwater to the coastal
ocean from different geological sources over different temporal
and spatial scales; thus, evaluation of SGD from coastal karst
aquifers remains a significant challenge (Montiel et al., 2018).
Karst aquifers may respond rapidly to even minor precipitation
events, and this rapid flushing can result in significant export
events (Fleury et al., 2007). Certain karstic springs may
continuously flow in the absence of rainfall, as is the case of
the brackish Port-Miou spring, one of the largest groundwater
springs that enter the Mediterranean Sea (Arfib and Charlier,
2016). Evaluation of nutrient loads via karst SGD is therefore
critical in semi-arid, oligotrophic regions like the Mediterranean
Sea (Tovar-Sánchez et al., 2014). Ra isotopes have proved to be
useful tracers of SGD from coastal karst aquifers, particularly in

the Mediterranean Sea (Ollivier et al., 2008; Garcia-Solsona et al.,
2010; Mejías et al., 2012; Tovar-Sánchez et al., 2014; Baudron
et al., 2015; Rodellas et al., 2015; Montiel et al., 2018; Tamborski
et al., 2018).

A recent study in the Mediterranean Sea reported SGD-
driven nutrient estimates based on a basin-wide 228Ra mass
balance (Rodellas et al., 2015). The 228Ra inventory, after
considering known 228Ra sources and 228Ra sinks, is divided
by the 228Ra submarine groundwater endmember activity to
determine a SGD flux. Importantly, Rodellas et al. (2015)
note that 228Ra SGD endmembers reported throughout the
Mediterranean Basin span a wide-range, from 102 to 105 dpm
m−3. This example illustrates the complexity in determining
the submarine groundwater endmember, particularly in karst
environments. It is thus important to also conduct studies at
regional- and local-scales (i) to better constrain the processes
involved in the transfer of chemical species between land and the
coastal seas and (ii) to elucidate spatial and temporal variability
associated with these fluxes.

In this study, we investigated the karstic coastline of the Côte
Bleue region located west of the city of Marseille, France. This
coastline is located east of the Rhône river plume, where riverine
nutrient inputs support 23–69% of the primary production
of the Gulf of Lions (Ludwig et al., 2009). This coastline is
of specific interest since it may exhibit significant transfer of
water and associated solutes toward the sea through terrestrial
groundwater discharge, as is the case in other karstic systems
worldwide (Garcia-Solsona et al., 2010; Pavlidou et al., 2014;
Tovar-Sánchez et al., 2014). SGD may constitute an additional
input of nutrients that contributes to sustain the primary
production in the coastal sea. Here, we investigated the entire
Côte Bleue coastline (22 km), in order to evaluate if coastal
sections without springs could also contribute as a nutrient
source. In addition, we focused on the temporal variability of
these fluxes. We thus conducted offshore transects of radium
isotopes that were used to derive horizontal eddy diffusivity
coefficients (Kh), that were subsequently combined with surface
water nutrient gradients (DSi, NO2

− + NO3
−) in order to

determine the net nutrient flux from SGD. Offshore transects
of 228Ra were also investigated with the aim to derive SGD-
driven nutrient fluxes by combining Kh and 228Ra gradients
with the SGD endmember. Fluxes were investigated over a
1-year period (April 2016, October 2016, December 2016,
and March 2017).
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FIGURE 1 | Location of the study site, Côte Bleue, a karstic coastline that is situated in south-eastern France. Previous hydrogeological characterizations (based on

Carte Hydrogéologique des Bouches du Rhône, 1972, BRGM) are reported. The location of the offshore transects (T1 to T7) are shown, with diamonds indicating the

surface water samples. Arrows indicate the presence of known springs along this coastline.

MATERIALS AND METHODS

Study Site
Côte Bleue is a 22 km long stretch of karstic coastline situated
along the French Mediterranean Sea, within the Gulf of Lions.
It is located 15 km east of the Rhône River, the largest river
discharging into the French Mediterranean Sea, and is 15 km
west of the Huveaune River, a small river discharging in
Marseille (Figure 1). The steep rocky coast hosts a series of
coves (Calanques), which shelter small harbors and beaches.
Submarine flow paths and springs are known to exist from its
three watersheds (Figure 1; Carte Hydrogéologique des Bouches
du Rhône, 1972, BRGM). Little quantitative information exists on
groundwater discharge magnitude, its seasonality and associated
solute fluxes. This area receives little to no rain during the
summer (from June to September) with low precipitation
rates throughout the year (Figure S1). The total precipitation
recorded during the 2 years of this study (2016–2017) is 632mm
(meteociel.fr). The water depth in this area is 6–20m at 100m
offshore and 70–80m depth at 8 km offshore (Figure 1). There
are no permanent riverine inputs along Côte Bleue. The land and
sea adjacent to the coast are protected areas (Natura 2000) and are
subject to biologic monitoring (Jouvenel et al., 2004); fishing and
diving is banned in the area. Artificial reefs have been installed to
improve fish populations (Jensen et al., 2012).

The hydrodynamical regime of the Gulf of Lions is very
complex (Millot, 1990). The main general circulation feature
that influences the Gulf of Lions is the Northern Current (NC)
that flows along the continental slope from east to west (Millot,
1990; see e.g., Figure 1 of Gatti et al., 2006). The NC was shown

to occasionally intrude on the shelf (Petrenko, 2003). Maps of
horizontal currents in the eastern part of the Gulf of Lions
indicate a predominant westward/northwestward flow offshore
Côte Bleue (Pairaud et al., 2011). However, these patterns were
found further offshore compared to the coastal region that was
investigated in the present study. No information is thus available
on the circulation patterns in the first 8 km along the coastline.
West of Côte Bleue, the circulation pattern generally drives the
Rhône river plume westward and therefore the Rhône river
plume does not impact the investigated region. In some rare
cases, however, the shelf waters in the area of Marseille were
shown to be influenced by Rhône river intrusion that may impact
the biogeochemical patterns in the area (Gatti et al., 2006; Fraysse
et al., 2014).

Field Methods
For reconnaissance of SGD locations, airborne thermal infrared
(temperature) and in-water radon mapping were carried
out. Airborne thermal infrared images were acquired on 20
September 2012 using a FLIR Systems ThermaCAM SC 3000
along the coast. Detailed information on the flight acquisition
is presented in Bejannin et al. (2017). Groundwater temperature
tends to follow the average annual air temperature; thus, surface
water temperature may be qualitatively used to identify coastal
areas potentially impacted by groundwater discharge. Images
were acquired in the morning (7:30 a.m.) to provide the largest
relative temperature difference between suspected discharging
groundwater and ambient surface waters. Thermal infrared
images were mosaicked and manually georeferenced against
satellite imagery (Google Earth) for visualization.
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FIGURE 2 | Thermal infrared imagery acquired along Côte Bleue on 20/09/2012 at 7:40 a.m. In the insets that show different zooms of the coastline (a–e), the

sampling locations of the nearshore water and porewater samples are displayed on the TIR images. Black diamonds denote nearshore water samples and white

diamonds denote porewater samples. It is important to note that the water sample collection and the thermal infrared overflight were not conducted at the same time.

Radon mapping of surface waters was measured in situ on 27–
28 October 2016 using two Rn-in-air detectors (RAD7-Durridge,
Co. Inc.) routed simultaneously through an air-water exchanger
in order to locate potential sites of terrestrial groundwater
discharge (Burnett and Dulaiova, 2003; Dulaiova et al., 2005;
Stieglitz et al., 2013; Cockenpot et al., 2015). Surface water was
pumped from 0.5m depth at a constant flow rate of 2.5 L min−1

and filtered through an 80µm cartridge while continuously
moving along the coastline. Data integration of the run was fixed
to 15min, and the system was equilibrated at least for 30min
before the start. We considered that one integrated measurement
corresponds to the activity of the water collected 15min earlier.
The distance between each point ranged between 200 and 400m.
The western transect was done from east to west (day 1), and
the eastern one from west to east (day 2). In both cases, this
direction affected the measurement due to the delay necessary for
the equilibration time from high to low activity (Stieglitz et al.,
2010). All activities were corrected from temperature, humidity
(using the Durridge software) and salinity.

Data from the airborne thermal infrared imagery and
continuous 222Rn survey were used to select nearshore and
offshore transect sampling stations (Figures 1, 2). Nearshore
surface water samples (∼20 L; within 5m of the shoreline) and
porewater samples (∼2–5 L) for Ra isotopes were collected using
either a submersible pump or a manual hand pump. These
samples were collected in the bay heading transect 1 (Laurons
Bay) and in the areas where thermal infrared temperature
anomalies exist (Figure 2). Three brackish karstic springs were
sampled in May 2017 in a small bay (Laurons bay) at transect
1 by scuba divers. Additional porewater samples were collected

from hand-dug bore holes which intersected the saturated zone
of the beach for areas where there was permeable sediment
(Figure 2). Seawater samples (∼100 L; from 100m to 8.5 km
offshore) were collected along offshore transects (Figure 1) using
a submersible pump on board the R/V Antedon II. Various
transects and coastal water samples were collected on April 28,
October 26–27, December 7–8 in 2016, and on March 20–22
in 2017. Seven shore-perpendicular transects were investigated
over these four campaigns (Figure 1); only transect T4 was
sampled during all four seasonal campaigns (chiefly due to
weather constraints). This includes transects conducted offshore
sites of known or potential karstic springs and sites where
no groundwater discharge exists. Salinity was recorded in situ
during the sampling operations using the shipboard CTD for
the seawater samples, and a handheld WTWTM probe (Xylem)
for the nearshore samples. Water samples for nutrients were
collected during each cruise using a submersible pump and
filtered in the field (0.45 µm).

Laboratory Methods
Water samples for Ra isotopes were passed through MnO2-
coated acrylic fibers (“Mn-fiber”) at a flow rate <1 L min−1 to
ensure a 100% yield of Ra extraction onto the fiber (Moore
and Reid, 1973). Once back in the laboratory, the fibers were
rinsed three times with Ra-free deionized water and dried with
compressed air until a water:fiber ratio of 1:1 was reached (Sun
and Torgersen, 1998). Short-lived 223Ra and 224Ra activities
were determined using a Radium Delayed Coincidence Counter
(RaDeCC; Moore and Arnold, 1996). Detector efficiencies and
error propagation calculations were calculated after Moore
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(2008) and Garcia-Solsona et al. (2008). A first counting session
was run after sample collection to determine the total 224Ra
and 223Ra activities. For high activity samples, another counting
session was run after 1 week to determine the total 223Ra
activity. The Mn-fibers were analyzed again 3 weeks after
sampling to determine the 224Ra activities supported by 228Th.
These supported activities were then subtracted to the total
224Ra activities to determine excess 224Ra (denoted 224Raex).
Select samples were counted at least 1 year after sampling to
determine 228Ra activities using RaDeCC via 228Th ingrowth,
followingMoore (2008). Select samples (T1 and T7 for all cruises)
were additionally analyzed for 228Ra using the low-background
gamma detectors at the LAFARA underground laboratory in
Ferrières, French Pyrénées (van Beek et al., 2010, 2013). Prior
to gamma analysis, the Mn-fibers were dried, pressed using a
hydraulic press at 20 metric tons, placed into plastic boxes and
vacuum sealed into bags to prevent from any Rn loss. A semi-
planar detector (ORTEC/AMETEK; van Beek et al., 2013) was
used to determine 228Ra activities from an average of the 228Ac
photo-peaks (338, 911, and 969 keV).

Nutrient samples were filtered at 0.45µm, immediately
poisoned with HgCl2 (10 µg L−1) and stored at 4◦C in the dark.
In the laboratory, nitrate (NO3

−), nitrite (NO2
−), phosphate

(PO3−
4 ) and dissolved silica (DSi) concentrations were measured

on a continuous flow autoanalyzer Technicon R© AutoAnalyzer II
at LOMIC, Banyuls-sur-Mer (Aminot and Kérouel, 2004). The
analytical precision of NO3

−, NO2
−, PO3−

4 , and DSi is ±0.02,
±0.01,±0.02, and±0.05µM, respectively.

Water and Solute Flux Estimations
Several methods based on the use of geochemical tracers (i.e.,
radium isotopes and radon) are used to quantify SGD fluxes
(Burnett et al., 2006), including isotope mass balances and
gradient flux calculations. The radium quartet (223Ra, t1/2 =

11.4 d; 224Ra, t1/2 = 3.66 d; 226Ra, t1/2 = 1,600 y; 228Ra, t1/2
= 5.75 y), as well as 222Rn (t1/2 = 3.83 d), have been widely
used to study SGD worldwide (Moore, 1996; Charette et al.,
2001; Paytan et al., 2006; Rodellas et al., 2015; Tamborski et al.,
2015). These radionuclides are produced within an aquifer by
the decay of their sediment-bound U/Th series parent nuclide.
Production near the mineral surface provides sufficient energy
to recoil the daughter isotope into the surrounding pore fluid
(Swarzenski, 2007). Ra isotopes tend to be adsorbed onto
sediments at low ionic strengths (i.e., freshwater); however, Ra
isotopes are desorbed and released into the surrounding pore
fluid under brackish conditions (Webster et al., 1995). Ra isotope
activities are typically 2–3 orders ofmagnitude greater in brackish
groundwaters than in surface waters; thus, Ra isotopes are
powerful tracers of SGD inputs to the sea. The range of half-
lives (from days to thousands of years) of these isotopes allows
for the quantification of SGD flow-paths which may occur over a
wide-range of time scales (Moore, 1996; Charette et al., 2001).

SGD fluxes of conservative chemical elements can be
quantified by combining horizontal eddy diffusivity coefficients
Kh (derived from short-lived Ra isotopes) and offshore gradients
of the elements under consideration (Moore, 2000a; Windom
et al., 2006). This method provides a direct estimate of the

chemical flux, and the knowledge of the SGD endmember is
not required, which is an advantage since the endmember is
not always easy to determine. However, the calculation is only
valid when the chemical element under consideration behaves
conservatively in seawater, that is, it is not significantly impacted
by biological or geochemical processes within the time-frame
of the coastal water residence time. Further, this assumes that
the chemical element gradient is derived solely from SGD.
Alternatively, Kh can be combined to the offshore gradient of
228Ra (or 226Ra) and the calculated 228Ra SGD flux can then be
converted into a chemical flux by multiplying the 228Ra flux by
the chemical element/228Ra ratio in the SGD endmember. Such a
calculation implies that the SGD endmember is well-constrained
for 228Ra and the chemical element of interest. Both methods
have been widely used to derive SGD fluxes (Charette et al., 2001;
Hancock et al., 2006; Niencheski et al., 2007; Knee et al., 2011; Li
and Cai, 2011).

The principal method used here to derive SGD-driven
nutrient fluxes combines horizontal eddy diffusivity coefficients
(Kh; determined by short-lived Ra surface water gradients)
with surface water nutrient gradients (section Nutrient
Mixing Model). As a comparison, SGD-driven nutrient
fluxes were determined by combining horizontal eddy diffusivity
coefficients with surface water 228Ra gradients and nutrient
endmember concentrations (when it was applicable; section
228Ra Mixing Model).

Nutrient Mixing Model
Surface water 223,224Ra activities are used to estimate the
exchange rate between the Côte Bleue coastline and the coastal
sea. If horizontal dispersion can be approximated by a diffusive
process, then a one-dimensional model can be applied, assuming
that advection is negligible and conditions are in steady-state
(Moore, 2000a):

dA

dt
= Kh

∂2A

∂d2
− λA (1)

where A is the radium isotope activity, Kh is the horizontal eddy
diffusivity coefficient (m2 s−1), d is the distance offshore and λ is
the decay constant of the Ra isotope used. Assuming steady state,
the solution of Equation (1) is:

Ad = A0 exp(−d

√

λ

Kh
) (2)

where Ad is the Ra isotope activity at the distance d from the
coast and A0 is the radium activity at the boundary (d = 0). The
horizontal eddy diffusivity coefficient (Kh) can thus be estimated
from a plot of ln(224Raex) as a function of offshore distance
(Moore, 2000a). Kh is then calculated from the estimate of the
slope of the linear regression (Kh = λ/m² where m is the slope
of the linear regression). Horizontal eddy diffusivity coefficients
(m2 s−1) were calculated for each campaign. The horizontal
eddy diffusivity coefficient uncertainty was determined from the
error associated with the slope of the ln(Ra) vs. offshore distance
relationship, which includes the analytical uncertainty of the Ra
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measurement (Garcia-Solsona et al., 2008). The uncertainty ofKh

is thus:

1(Kh) = 2Kh
1m

m
(3)

where 1(Kh) is the uncertainty associated with Kh,m is the slope
of the linear relationship ln(Ra) vs. offshore distance and 1m is
the error determined using Origin Software.

The horizontal eddy diffusivity coefficients obtained for each
campaign are then multiplied by the observed surface water
nutrient gradient to calculate the SGD-driven nutrient flux. The
offshore nutrient gradient (µmol L−1 km−1) is defined as the
slope of the plot of a nutrient concentration as a function of
offshore distance. A nutrient flux (µmol s−1 km−1) is calculated
by multiplying the horizontal eddy diffusivity coefficient with
the nutrient gradient by the depth of the water layer impacted
by SGD (i.e., terrestrial groundwater inputs and also potentially
circulation of seawater through the sediment). This thickness
was determined from the CTD vertical profiles acquired at each
sampling station and from several vertical profiles of Ra isotopes
(Table S1). A range of 5–10m depth was used in the calculations.
This calculation assumes that nutrient uptake and utilization is
negligible over the time-scale of offshore water transport, and
that the surface water Ra and nutrient gradients are solely derived
from SGD. Uncertainty in the nutrient flux was propagated as
the uncertainty of the horizontal eddy diffusivity coefficients
and the uncertainty of the slope of the nutrient concentration
surface water gradient. The assumptions used in the model are
the following: (i) we neglect advection; (ii) the source term for
Ra and nutrients is the coastline (d = 0); and (iii) nutrient
consumption is assumed to be negligible. These assumptions
are further discussed in section Mixing Model: Kh

∗ Nutrient
Offshore Gradient.

228Ra Mixing Model
SGD-driven nutrient fluxes were also calculated using the
observed surface water 228Ra gradient for each transect, as a
comparison to the above approach (Moore, 2000a; Charette et al.,
2007). The horizontal eddy diffusivity coefficient is multiplied by
the 228Ra surface water gradient and the layer depth impacted by
SGD to determine a 228Ra flux (dpm d−1 km−1), assuming that
the observed 228Ra is derived from SGD. The volumetric SGD
flux is estimated by dividing the 228Ra flux by the 228Ra activity of
the SGD endmember. The nutrient flux can finally be estimated
by multiplying this water flux with the nutrient concentration
of the endmember. We choose the average 228Ra activity and
nutrient concentrations of the three brackish springs sampled
in Laurons bay as the SGD endmember. The SGD endmember
must be well-characterized in this approach, which can introduce
additional uncertainty; this is further discussed in section 228Ra
Gradient Method.

SYMPHONIE Model
Simulations of oceanic circulation in the Gulf of Lions have been
conducted using the SYMPHONIE model (Marsaleix et al., 2008,
2019). Thismodel has beenwidely used to study the Rhône plume
in situations of realistic forcing by wind and river discharge

(Estournel et al., 2001; Reffray et al., 2004) and more broadly
the circulation over the entire Gulf of Lions (Estournel et al.,
2003; Petrenko et al., 2008). The model configuration is based on
a bipolar grid with a resolution of about 375m on the Gulf of
Lions shelf gradually increasing further offshore. This simulation
is embedded in a configuration of the whole Mediterranean. The
meteorological forcing is calculated with bulk formulas based on
the hourly outputs of the ECMWF weather forecast model. The
daily flow of the Rhône and the main rivers of the Gulf of Lions is
extracted from the HYDRO database (www.hydro.eaufrance.fr).
The simulation runs from July 2011 to April 2017. Daily averages
of salinity and current are stored and presented here.

RESULTS

Reconnaissance of SGD Sites
There are several cooler surface water temperature plumes
(∼14◦C) with respect to the warmer, ambient seawater (>15◦C)
identified by the previous airborne thermal infrared survey
(Figure 2). Locations of cooler surface water temperatures
may be influenced by groundwater inputs, as groundwater
temperatures reflect themean annual air temperature (Anderson,
2005). However, it cannot be excluded that other processes may
also impact the temperature of surface waters in such coastal
environments at this time of the day (e.g., cooling of shallow
nearshore waters during the night; impact of waves, etc.). There
are several small, low temperature plumes in bays in front of
transects 1, 2, and 3 (Figures 2a,b,e). Finally, several plumes
are visible at two locations where the coastline transitions to
a beach near transect 4 (Sausset-les-Pins and Carry-le-Rouet,
Figures 2c,d, respectively). For Sausset-les-Pins (Figure 2d),
several plumes are visible between jetties, while no temperature
differences are visible on other parts of the coastline. For Carry-
le-Rouet (Figure 2c), the plumes are located throughout the
coastline. These two locations were further investigated with
salinity and radium isotope measurements (see below) to validate
that the surface water temperature signatures were impacted
by SGD. It is important to note that the airborne TIR flight
(2012) was not conducted at the same time as the water sampling
campaigns (2016–2017).

Two zones of surface water enrichments (>1 km of shoreline
length) of 222Rn were observed (Figure 3). The local 222Rn
enrichments reach activities up to two orders of magnitude
higher (370–2,150 dpm 100 L−1) than other in situmeasurements
taken along the coast (<370 dpm 100L−1), indicating two
prominent locations of SGD that include the Laurons bay west
of Côte Bleue (T1) and Niolon bay (T7) east of Côte Bleue.
These two areas correspond to sites where springs are known to
discharge into the coastal seas and where large fractures exist, as
noted by geological maps (Figure 1). A slight increase in 222Rn
is also observed near transect 3, consistent with the previous
airborne temperature signatures (Figure 2).

223Ra and 224Raex activities were highest closest to the
shoreline and decreased in activity with increasing distance
offshore, with significant temporal variability (Figure 4; 223Ra
not shown). Transect 4 was sampled during all campaigns; the
sample collected closest to the shoreline shows large differences
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FIGURE 3 | Radon activities (dpm 100 L−1) acquired from a continuous shoreline survey on 27–28 October 2016. The dotted lines represent the location of the

offshore surface water transects. Note that the color scale is not linear.

FIGURE 4 | 224Raex activities (dpm 100 L−1) determined in surface waters along the transects off Côte Bleue in April 2016, October 2016, December 2016, and

March 2017. The same color scale is used for the four panels.

in activity, with a maximum value in October (4.8 dpm 100
L−1) and a minimum value in March (1.0 dpm 100 L−1).
During October 2016 and March 2017, the highest observed Ra
activities were observed for the western most and the eastern
most transects (Figure 4), which coincides with the shoreline
areas where the 222Rn signal was the highest (Figure 3). However,
T1 was not sampled in April and December 2016 and T7 was
not sampled in April 2016. The sampling stations farthest from
the coast (∼6–8 km) have 224Raex activities ranging from below
detection limit (i.e., no excess 224Ra) to 3.6 dpm 100 L−1, with

an average (±STD) value of 1.3 (±0.9) dpm 100 L−1 (n = 16;
Table 1). The 228Ra activities in the coastal seas (<8 km) range
between 1.7 and 24 dpm 100 L−1, with a mean value of 4.2 ±

2.3 dpm 100 L−1 (n = 98; Table 1), indicating that these coastal
waters are enriched in 228Ra with respect to open Mediterranean
seawaters (typically 1–2.5 dpm 100 L−1; Schmidt and Reyss, 1996;
van Beek et al., 2009; Rodellas et al., 2015).

Surface water samples collected in several locations of cooler
surface water temperatures within the first 5m of the shoreline, as
identified by the previous airborne TIR flight (Figure 2), display
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TABLE 1 | Average ± standard deviation of salinity and Ra isotopes in seawater (from 100m to 8 km offshore), nearshore water (within 5m offshore), karstic springs and

minimum—maximum values of salinity, and Ra isotopes for shallow porewater (0.5m depth) sampled from April 2016, October 2016, December 2016, and March 2017.

Sample type Sampling month n Salinity 223Ra 224Raex
228Ra

dpm 100 L−1 dpm 100 L−1 dpm 100 L−1

Seawater Apr-16 21 38.0 ± 0.3 0.3 ± 0.1 2.3 ± 1.3 4.0 ± 4.0

Oct-16 36 (32) 38.2 ± 0.1 0.4 ± 0.2 3.4 ± 1.9 3.3 ± 1.6

Dec-16 14 – 0.2 ± 0.1 1.5 ± 0.7 3.6 ± 0.8

Mar-17 46 (31) 38.1 ± 0.4 0.3 ± 0.3 2.9 ± 3.5 4.0 ± 1.2

Average 117 (98) 38.1 ± 0.3 0.3 ± 0.2 2.9 ± 2.5 4.2 ± 2.3

Coastal water Oct-16 9 37.1 ± 0.7 2.2 ± 1.7 31 ± 51 5.4 ± 2.6

Dec-16 14 21.8 ± 0.4 0.7 ± 0.5 8.1 ± 3.3 4.5 ± 0.8

Mar-17 18 (15) 37.7 ± 1.3 2.6 ± 3.4 45 ± 83 4.7 ± 0.9

Average 41 (38) 37.7 ± 0.9 1.1 ± 0.8 11 ± 5.0 4.8 ± 1.4

Porewater Oct-16 2 17.8–37.5 2.4–13.1 21–278 5.9–82

Dec-16 5 18.2–38.1 6–39 28–212 2.1–16

Mar-17 5 (3) 13.7–38.1 3.6–18.4 39–324 2.4–18

Average 13 (11) 13.7–38.1 2–39 21–324 2.1–82

Karstic spring Average (May-17) 3 (3) 27.0 ± 0.9 37 ± 25 1,485 ± 658 826 ± 45

Shallow porewater and coastal water sample locations are presented in Figure 2; seawater sample locations are presented in Figure 1. Numbers within brackets are the number of

samples analyzed for 228Ra.

a salinity of 37.7 ± 0.9, which is not significantly different from
offshore seawater (salinity = 38.1 ± 0.3; Table 1). The salinity
measurements conducted in nearshore waters, therefore, do not
confirm that the TIR plumes could be related to terrestrial
groundwater inputs. These samples display relatively higher
short-lived Ra activities (Table 1). 228Ra activities in nearshore
water samples (along the beach) and seawater samples (up
to 8.5 km) were similar, with activities of 4.8 (±1.4) and 4.2
(±2.3) dpm 100 L−1, respectively. Shallow porewater samples
(0.5m) taken along the coastline were reduced in salinity (29.3
± 9.7; minimum = 13.7) and higher in short-lived Ra activities,
reflecting influence of a terrestrial groundwater endmember
(Figure 5). 223Ra and 224Raex activities were between 2–39 and
21–324 dpm 100 L−1 in porewaters while 228Ra activities were
2.1–203 dpm 100 L−1 (Figure 5). Finally, three karstic springs
that discharge in Laurons bay at transect T1 showed average
223Ra, 224Raex, and 228Ra activities of 37 (±25), 1,485 (±658), and
826 (±45) dpm 100 L−1, respectively (n= 3; Table 1).

Taken together, these lines of evidence suggest that the
chemical enrichments observed along this 22 km coastline (223Ra,
224Raex, 228Ra, and 222Rn; Table 1) are driven by SGD. This
includes the discharge of terrestrial groundwater (e.g., via 222Rn)
and, although it is predominantly a rocky coast, a component of
seawater circulation through permeable sediment, as evidenced
by the porewaters collected in several beaches (Figure 5).

Nutrient Concentrations
Average (±STD) nutrient concentrations for nearshore waters
(<5m offshore) and seawater samples are reported in Table 2,
as well as minimum and maximum values of nutrient
concentrations for shallow porewaters. During October 2016,
nearshore waters (taken in areas of previously identified thermal
infrared anomalies) had an average (±STD) concentration of

0.1 (±0.1) µM PO3−
4 , 5.8 (±11.5) µM DSi, and 3.8 (±6.9) µM

NO2
− +NO3

− (sum of NO2
− and NO

−,
3 hereafter NO3

− as this
sum is >80% of NO3

− on average). Nearshore waters sampled
during December 2016 had lower nutrient concentrations than
the samples collected in October, with average values of 0.03
(±0.02), 1.1 (±0.4), and 0.8 (±0.3)µM for PO3−

4 , DSi andNO3
−,

respectively. In general, offshore seawater samples collected were
greatest for PO3−

4 , DSi, and NO3
− during April andMarch, while

average concentrations were lower in December and October.
In general, the concentrations of DSi and NO3

− decreased
with increasing salinity, and thus distance offshore, similar to
223Ra and 224Raex (Figures 4–6). Most PO3−

4 concentrations in
seawater were below the method detection limit (0.01 µM).

Porewater concentrations were approximately one order of
magnitude higher than coastal surface waters, with values
between 0.01 and 4.0µM for PO3−

4 , 1.9 and 133µM for DSi,
and 22 and 194µM for NO3

− over the sampled salinity gradient
(Figure 6). The variable average nutrient concentrations between
sampling months (Table 2) may reflect changes in porewater
salinity, rather than a seasonal endmember (Figure 6). The
average NO3

− and DSi concentrations of the springs sampled in
Laurons bay in front of transect T1 are 2.3 (±3.3) 113 (±40) µM,
respectively (n = 3; mean salinity of 27). PO3−

4 was not analyzed
for these springs.

DISCUSSION

Estimate of the SGD Fluxes
Determination of the Horizontal Eddy Diffusivity

Coefficients Kh

All of the surface water transects were used to estimate horizontal
eddy diffusivity coefficients, Kh (Figure 7). We do not observe
any significant difference between the 223Ra and 224Raex derived

Frontiers in Environmental Science | www.frontiersin.org 8 February 2020 | Volume 7 | Article 205116

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


Bejannin et al. SGD Nutrient Fluxes, Med Sea

FIGURE 5 | (A) 224Raex (dpm 100 L−1), (B) 223Ra (dpm 100 L−1), and (C) 228Ra (dpm 100 L−1) along Côte Bleue as a function of salinity, for all sampling dates.

Samples are categorized by water types (karstic spring, porewater, nearshore water within 5m from the shoreline and seawater from 100m to 8 km offshore).

Right-hand side panels are zooms between salinity 35 and 40.

Kh. Here, we choose to report the Kh values derived from
the 224Raex activities that display lower uncertainties (Figure 7).
The slopes (together with their associated uncertainty) of the
linear relationships between ln(224Ra) and offshore distance are
reported for each campaign on Figure 7, together with the
correlation coefficients r and p-values. For a given season, the
224Raex activities reported for the different transects are similar
and decrease with increasing offshore distance. Therefore, we
report a single Kh value for each season that is deduced from the
slope of the linear relationship (following Equation 2). In doing
so, the number of data points is increased and the significance
of the correlation coefficient is thus improved. We calculate the
error of the slope, which we use to determine the uncertainty
on the Kh estimate, unlike many studies that report Kh values
without considering any associated uncertainty (Moore, 2000a;
Tamborski et al., 2018). Note that in March 2017, two different
trends were observed (transects T1, T2, T7 showing higher Ra
activities than transects T4, T5, T6). In this latter case, two
Kh estimates were determined from the two trends (Figure 7).
However, the slopes obtained are the same (within error bars)

and therefore the Kh estimates are not significantly different. This
suggests that the two trends observed inMarch 2017 were not the
result of different offshore mixing characteristics but are rather
explained by differences in the absolute Ra activities at the coast
(i.e., higher 224Ra activities in March 2017 for T1 and T7 that are
located offshore of springs, but also for T2). The significance of
the correlation coefficients suggests that the offshore dispersion
of the Ra activities may indeed be approximated by a 1D diffusive
mixing model. However, we have no in situ information that
would support the assumption of negligible advection.

The mean Kh for the two transects sampled in April 2016 is
39 (±22) m2 s−1 (Table 3). In October 2016, 5 transects were
investigated and the mean Kh is 96 (±44) m2 s−1. The highest Kh

was estimated for December 2016, with a Kh of 184 (±112) m2

s−1, which could be related to the winter conditions (increased
mixing). In March 2017, the Kh values associated with the two
groups of transects were 56 (±42) and 52 (±35) m2 s−1, for
transects T1, T2, T7, and transects T4, T5, T6, respectively. The
Kh values do not exhibit a significant temporal variability when
considering their associated uncertainties.
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TABLE 2 | Average ± standard deviation of nutrient concentrations in seawater

(from 100m to 8 km offshore), nearshore water (within 5m offshore), karstic

springs and minimum—maximum values for shallow porewater (0.5m depth)

sampled from April 2016, October 2016, December 2016, and March 2017, and

karstic springs (Laurons bay).

Sample type Sampling n PO3
4
− Si(OH)4 NO2

−
+ NO3

−

month µM µM µM

Seawater Apr-16 21 0.04 ± 0.02 2.1 ± 0.5 1.3 ± 0.5

Oct-16 36 0.02 ± 0.02 1.4 ± 0.3 0.3 ± 0.2

Dec-16 14 0.02 ± 0.02 1.5 ± 0.4 0.7 ± 0.3

Mar-17 46 0.03 ± 0.02 1.6 ± 0.5 1.5 ± 0.5

Average 117 0.02 ± 0.02 1.6 ± 0.5 1.0 ± 0.7

Coastal water Oct-16 9 0.09 ± 0.10 5.8 ± 11.5 3.8 ± 6.9

Dec-16 14 0.03 ± 0.02 1.1 ± 0.4 0.8 ± 0.3

Mar-17 18 0.08 ± 0.13 7.0 ± 15.4 1.7 ± 2.5

Average 41 0.06 ± 0.09 4.2 ± 10.8 1.8 ± 3.8

Porewater Oct-16 2 1.1–2.0 87–109 44–194

Dec-16 5 0.01–4.0 2–58 2–56

Mar-17 5 0.3–1.2 6–133 22–41

Average 12 0.01–4.0 2–133 22–194

Karstic spring May-17 3 – 82–157 0.02–4.26

Average 3 – 113 ± 40

Mixing Model: Kh
∗ Nutrient Offshore Gradient

For numerous transects, there is no significant nutrient gradient
(for example, no DSi gradient for T5 in April 2016; Figure 8A);
in this case, a slope is not reported and the nutrient flux is not
estimated with this method. Statistically significant surface water
gradients (and gradient uncertainties) are reported in Figure 8

for DSi, and in Figure 9 for NO3
−. Surface water DSi and

NO3
− gradients, with estimated uncertainties, are summarized

by sampling season in Table 3. It bears mention that NO3
−

gradients may not capture the complete dissolved inorganic
nitrogen gradient, which may comprise a significant pool of
NH+

4 . We do not report PO3−
4 gradients, as the concentration

of PO3−
4 is very low and uniform in the Mediterranean seawater

samples (Table 2).
224Raex-derived horizontal eddy diffusivity coefficients (Kh;

Figure 7) were thus multiplied by (statistically significant)
surface water nutrient gradients (Figures 8, 9; Table 3) and the
water depth impacted by SGD (5–10m). Corresponding DSi
fluxes varied between 0.9 (±0.9)−1.7 (±1.8) ∗103 mol d−1

km−1 of shoreline and 6.3 (±4.5)−13 (±9.4) ∗103 mol d−1

km−1 of shoreline, estimated in April 2016 and December
2016, respectively (Figure 10). NO3

− fluxes were between 0.5
(±0.4)−1.1 (±0.7) ∗103 and 3.4 (±3.5)−6.9 (±6.9) ∗103 mol d−1

km−1 of shoreline for the same seasons (Figure 10).
April 2016 exhibited the lowest mean DSi flux, with only one

statistically significant seawater DSi transect (T4; Figure 10). In
comparison, the monthly average DSi fluxes were maximum in
October andDecember 2016.We do observe significant temporal
variability among individual transects that were repeatedly
sampled (transects 4 and 7). DSi fluxes were four times higher in
October than in April for transect 4, and up to 8 times higher in

December for that same transect. Temporal variability in nutrient
flux for these repeated transects may be driven by temporally
variable precipitation. The total precipitation registered (during
4 days) 12 days before the December sampling equaled 88mm
while 33mm of rainfall was registered (during 4 days) 11 days
prior to the October sampling. Monthly averaged NO3

− fluxes
are similar between the different sampling periods (Figure 10;
Table 3). NO3

− fluxes estimated for transect 4 were similar in
April and October. The average (±STD) DSi and NO3

− fluxes,
for all the transects in which a nutrient gradient was estimated,
equal to 6.2 (±5.0) ∗103 and 4.0 (±2.0) ∗103 mol d−1 km−1,
respectively (Figure 10; Table 3).

It remains to be seen if SGD is the sole source of the observed
nutrient gradients. Nutrient inputs from the Rhône River, the
largest river that enters the Mediterranean Sea and whose river
mouth is 15 km from the western shoreline of Côte Bleue, may
be deflected eastward toward Côte Bleue on rare occasions (Gatti
et al., 2006; Fraysse et al., 2014). Surface salinity maps have
been generated using the SYMPHONIE model to study the fate
of the Rhône river plume into the Gulf of Lions at the dates
of the sampling campaigns. The plume was usually deflected
toward the West (April 2016, October 2016, December 2016).
In contrast, intrusion of Rhône river water (eastward transport)
was observed on 15–16 March 2017 (that is, 1 week before
the March 2017 sampling campaign), with diluted river waters
reaching the entire Côte Bleue coastline (Figure 11). On 21
and 22 March, the impact of river waters was less important,
with the exception of the western Côte Bleue that was still
potentially impacted by these waters (Figure 11). The intrusion
of Rhône river waters may thus have impacted the nutrient and
Ra distributions offshore Côte Bleue during the March 2017
campaign. There are no other known nutrient sources along Côte
Bleue. On the other hand, interpretation of offshore nutrient
gradients (or lack thereof) is subject to a sound understanding
of the uptake rate of inorganic nutrients in the water column, in
addition to other known nutrient sources and sinks. As shown
in Monterey Bay, nutrient loads driven by SGD can be quickly
utilized by phytoplankton (Lecher et al., 2015). Along Côte Bleue,
the apparent surface water ages derived from 224Ra/228Ra activity
ratios (Moore, 2000b) range from several days (open coastline)
to ca. ten days in semi-enclosed bays like Laurons bay located
in front of T1. Nutrient uptake cannot be excluded over this
time scale and could impact the offshore nutrient gradient. Thus,
we rely on several different methods (e.g., Radon survey; 228Ra
offshore gradients), in addition to the nutrient gradient method,
to constrain SGD along Côte Bleue.

228Ra Gradient Method
The regional view of the entire dataset is that the 228Ra activities
do not decrease with increasing distance offshore (Figure 12).
Only two transects among the 16 transects investigated here
display statistically significant offshore 228Ra gradients (p< 0.01)
and we thus derived SGD fluxes from these data only. The 228Ra
gradient for T7 in December 2016 is −0.164 (±0.065) dpm
100 L−1 km−1 while the 228Ra gradient for T5 in March 2017
is −0.225 (±0.058) dpm 100 L−1 km−1. The 228Ra fluxes are
estimated by combining these gradients with the 224Ra-derived
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FIGURE 6 | (A) DSi (µM), (B) NO2
−+NO3

− (µM), and (C) PO3−
4 (µM) along Côte Bleue as a function of salinity, for all sampling dates. Samples are categorized by

water types (karstic spring, porewater, nearshore water within 5m from the shoreline, and seawater from 100m to 8 km offshore). Right-hand side panels are zooms

between salinity 35 and 40.

horizontal eddy diffusivity coefficient corresponding to the
appropriate month (section Determination of the Horizontal
Eddy Diffusivity Coefficients Kh). The

228Ra fluxes are thus 2.6
(±1.9) ∗108 and 1.8 (±0.8) ∗108 dpm d−1 km−1 for December
(T7) and March (T5), respectively.

This method requires the use of the SGD endmember to
determine the volumetric SGD flux (obtained by dividing the
228Ra fluxes by the 228Ra activity of the endmember). The
nutrient flux can finally be estimated by multiplying this water
flux with the nutrient concentration of the endmember. This
makes this method particularly sensitive to the endmember,
which is not easy to define in this region (spring at its outlet
vs. porewater; Figures 5, 6). Using the karstic springs as an
endmember (228Ra of 826± 45 dpm 100 L−1; n= 3), this yields a
volumetric SGD flux for T7 in December 2016 of 1.6 (±1.2)−3.2
(±2.3) ∗104 m3 d−1 km−1 using an impacted layer of 5 and
10m, respectively. The volumetric SGD fluxes for T5 in March
2017 are 0.7 (±0.5)−1.4 (±1.0) ∗104 m3 d−1 km−1, respectively.

Using the mean DSi concentration in the spring (113µM), the
DSi fluxes thus estimated are 1.8 (±1.4)−3.6 (±2.9) ∗103 mol
d−1 km−1 for T7 in December and 0.8 (±0.6)−1.6 (±1.2) ∗103

mol d−1 km−1 for T5 in March (for 5 and 10m impacted
depths, respectively). These estimations are on the same order
of magnitude as the estimations reported in section Mixing
Model: Kh

∗ Nutrient Offshore Gradient (Figure 10). Using the
NO3

− concentrations of the brackish springs (2.4± 2.6µM; two
springs considered out of the three), the NO3

− fluxes estimated
from the 228Ra gradient are 0.04 (±0.06)−0.08 (±0.10) ∗103

and 0.02 (±0.03)−0.03 (±0.04) ∗103 mol d−1 km−1 for T7 and
T5, respectively. The estimations of NO3

− fluxes are lower than
the estimations made in section Mixing Model: Kh

∗ Nutrient
Offshore Gradient. Note that the NO3

− concentrations of the
brackish springs are surprisingly low (2.4 ± 2.6µM) compared
to otherMediterranean karstic springs (e.g., Rodellas et al., 2015).
This pattern could explain the NO3

− fluxes being lower than
the estimations made in section Mixing Model: Kh

∗ Nutrient
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FIGURE 7 | Plot of ln 224Raex (dpm 100 L−1) as a function of distance offshore. The transects are arranged by sampling date (April 2016, October 2016, December

2016, and March 2017). Each transect is presented by a unique color. For each season, we report the correlation coefficient r, slope m (and associated uncertainty),

p-value, and the number of values (n) used to build the linear regression.

TABLE 3 | Monthly averaged horizontal eddy diffusivity coefficients (Kh; m
2 s−1), nutrient gradients (µmol L−1 km−1 ) and nutrient fluxes (mol d−1 km−1) along Côte Bleue.

Sampling time Kh (224Ra) DSi gradient NO2
−

+ NO3
− gradient DSi flux (NO2

−
+ NO3

−) flux

m2 s−1
µmol L−1 km−1 mol d−1 km−1

Apr-16 39 ± 22 −0.05 ± 0.04 −0.09 ± 0.04 1.7E+03 ± 1.8E+03 3.2E+03 ± 2.3E+03

Oct-16 96 ± 44 −0.08 ± 0.03 −0.04 ± 0.03 6.4E+03 ± 3.8E+03 3.7E+03 ± 2.7E+03

Dec-16 184 ± 112 −0.08 ± 0.03 −0.04 ± 0.03 1.3E+04 ± 9.0E+03 6.9E+03 ± 6.9E+03

Mar-17 54 ± 38 −0.07 ± 0.01 −0.05 ± 0.02 3.5E+03 ± 2.5E+03 2.2E+03 ± 1.8E+03

Average 6.2E+03 ± 5.0E+03 4.0E+03 ± 2.0E+03

The flux estimations reported here were made using 10m as the water depth impacted by SGD.

Offshore Gradient and questions the validity of the NO3
−

endmember used for this method. The spring endmember may
be dominated by NH+

4 , which we did not measure in this study.
Alternatively, considering the maximum NO3

−

concentrations of the porewater samples (83µM corresponding
to S = 21.1, with a 228Ra activity of 125 dpm 100 L−1; Table S1)
as the endmember leads to NO3

− fluxes of 8.7 (±6.4)−17
(±13) ∗103 and 3.8 (±2.8)−7.7 (±5.5) ∗103 mol d−1 km−1

for T7 and T5, respectively. These estimations are in better
agreement, but greater than the estimations of section Mixing

Model: Kh
∗ Nutrient Offshore Gradient (Figure 10). Using the

maximum DSi concentration of the porewater samples (133µM
corresponding to a salinity of 13.7; with a 228Ra activity of
18.2 dpm 100 L−1) as the endmember leads to DSi fluxes of 95
(±69)−190 (±150) ∗103 mol d−1 km−1 of shoreline and 42
(±30)−84 (±65) ∗103 mol d−1 km−1 for T7 and T5, respectively
(calculated for 5 and 10m layers). Considering this porewater
DSi endmember leads to estimates that are one to two orders
of magnitude higher than the estimate reported in section
Mixing Model: Kh

∗ Nutrient Offshore Gradient. This highlights
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FIGURE 8 | Plot of DSi (µM) as a function of distance offshore. The transects are arranged by sampling date [(A) April 2016, (B) October 2016, (C) December 2016,

and (D) March 2017]. Each transect is presented as a unique color. The dotted lines represent the linear regressions with significant p-values. The correlation

coefficient r, slope m (and associated uncertainty), and p-values are listed for each transect (same color code as the transect symbols).

the importance of properly selecting the SGD endmember in
determining nutrient fluxes from offshore 228Ra gradients.

We should be able to estimate an SGD-driven PO3−
4

flux using this method, whereas we could not from the
method used in section Mixing Model: Kh

∗ Nutrient Offshore
Gradient because there was no observable surface water PO3−

4

gradient. Considering the maximum PO3−
4 concentrations of

the porewater samples (4.04µM; Table 2), PO3−
4 fluxes are 0.8

(±0.7)−1.6 (±1.4) ∗102 and 0.4 (±0.3)−0.7 (±0.6) ∗102 mol d−1

km−1 for T7 and T5, respectively. PO3−
4 was not measured in the

karstic springs sampled in the bay at the head of transect 1. In
comparison, Tamborski et al. (2018) estimated an SGD-driven
DIP flux along the sandy, alluvial shoreline of La Palme lagoon
of 0.2 (±0.1) ∗102 mol d−1 km−1 of shoreline.

In the following, we prefer to rely on the flux estimates
determined by combining horizontal eddy diffusivity coefficients
with surface water nutrient gradients (section Mixing Model: Kh
∗ Nutrient Offshore Gradient), particularly because knowledge of
the SGD endmember is not requisite for this method. In addition,
the 228Ra distribution during the different campaigns did not
show a decreasing trend with increasing distance offshore, which
prevented us from using the 228Ra mixing model for the majority
of the sampling campaigns. The Rhône River mouth is located

15 km west of Côte Bleue and represents the largest freshwater
input into the Mediterranean Sea (mean flow of 1,700 m3

s−1; Pont et al., 2002). The river plume is usually deflected
westward (Estournel et al., 2001). However, Gatti et al. (2006)
and Fraysse et al. (2014) showed that intrusion of Rhône river
diluted waters could in some cases reach the Bay of Marseille, as
a consequence of different physical processes (e.g., wind stress;
presence of mesoscale eddy). In particular, the combination of
an intrusion event with southeastern winds is expected to impact
the Côte Bleue coastline (Fraysse et al., 2014). Such intrusion
was shown to impact the biogeochemical functioning of the
coastal waters by transporting large quantities of nutrients into
the bay. Because 228Ra displays a relatively long half-life (5.75
y), its distribution offshore of Côte Bleue may thus be impacted
by sporadic intrusions of Rhône River waters. In March 2017,
the 228Ra activities are especially high at T1 near the coastline
(∼25 dpm 100 L−1; Figure 12). During that same campaign,
the nutrient concentrations were also high in the coastal waters.
The transects located along the western half of the Côte Bleue
coastline showed elevated NO3

− concentrations during this
period (T1–T4; Figure 9). As discussed above (section Mixing
Model: Kh

∗ Nutrient Offshore Gradient), the surface salinity
maps generated using the SYMPHONIEmodel indicate intrusion
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FIGURE 9 | Plot of NO2
−+NO3

− (µM) as a function of distance offshore. The transects are arranged by sampling date [(A) April 2016, (B) October 2016, (C)

December 2016, and (D) March 2017]. Each transect is presented as a unique color. The dotted lines represent the linear regressions with significant p-values. The

regression coefficient r, slope m (and associated uncertainty), and p-values are listed for each transect (same color code as the transect symbols). Note that the plots

have different y-axes scale.

of Rhône river waters that reached the entire Côte Bleue coastline
on 15–16 March 2017 (Figure 11). One week later, on 21 and
22 March (March campaign), the western part of Côte Bleue is
still impacted by these waters (Figure 11), which likely explain
the observed nutrient and 228Ra patterns. The vertical profiles of
salinity (Figure S2) indicate waters with lower salinity (<38) at
T1, T2, and T4 during theMarch 2017 campaign that support this
hypothesis. 224Ra, with its shorter half-life (3.66 d), may be less
impacted by such intrusions that occur on average 7.6 times per
year (Fraysse et al., 2014), unless sampling is performed just after
an intrusion event. This is an additional argument to determine
SGD from the method that combines Kh with the gradient of the
chemical element of interest, rather than the method using the
228Ra gradient.

Significance of the SGD Fluxes
Tamborski et al. (2018) estimated DSi and DIN fluxes along
La Palme lagoon, a sandy alluvial stretch of the French
Mediterranean coastline, of (2.4 ± 1.4) ∗103 mol Si d−1 km−1

and (5.7 ± 3.2) ∗103 mol N d−1 km−1 of shoreline into
the Mediterranean Sea (Figure 13). These fluxes are similar in
magnitude to the DSi and DIN fluxes reported here (Figure 10)

despite the different lithology of the two areas (unconsolidated
sediment vs. karst systems). For the entire Mediterranean basin,
Rodellas et al. (2015) reported DSi and DIN fluxes of (0.1–27)
∗103 mol d−1 km−1 of shoreline and (0.1–64) ∗103 mol d−1

km−1 of shoreline, respectively, in relative agreement with the
fluxes estimated here (Figure 13). Our estimations are on the
same order ofmagnitude as other karst aquifer SGD studies in the
Mediterranean Sea. Weinstein et al. (2011) estimate a terrestrial
SGD flux discharging in Dor Bay, southeastern Mediterranean
Sea, of 1.5 ∗103 and 1.4 ∗103 mol d−1 km−1 of DSi and
DIN, respectively. In different coves along Majorca Island, SGD
supplies a DSi flux ranging from 22 to 13,000mol d−1 km−1 and
DIN fluxes of 21 to 6,500mol d−1 km−1 (Tovar-Sánchez et al.,
2014). These examples suggest that Côte Bleue is similar to other
Mediterranean karstic areas.

We estimated nutrient fluxes supplied by local rivers using
river gauging stations (hydro.eaufrance.fr) andmonthly chemical
elements analyses (sierm.eaurmc.fr), where the nutrient flux is
equivalent to the river discharge multiplied by the nutrient
concentration. Here, we first compared the nutrient flux driven
by SGD to the Huveaune River (flowing in Marseille; Figure 1)
using the gauging station (Y4424040) in Aubagne and the
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FIGURE 10 | Fluxes of DSi and NO3
− (mol d−1 km−1) estimated along Côte Bleue for each transect using Ra isotopes (Kh*nutrient gradient). The mean fluxes

(±standard deviation) are also reported for each season (April 2016, October 2016, December 2016, and March 2017) and are denoted AVG.

FIGURE 11 | Daily-averaged surface salinity and current simulated with the SYMPHONIE model for: (A) 27 October 2016, (B) 16 March 2017, (C) 22 March 2017.

Note the change in the isocontours spacing at 37. These figures illustrate two different patterns for the Rhône river plume that enters into the Gulf of Lions: in most

cases, the Rhône river waters are transported westward (October 2016 situation as an example) and in some rare cases, they are deflected eastward toward the Côte

Bleue coastline (March 2017 situation). The arrow locates the Rhône river and the open circle indicates the Côte Bleue coastline.

chemical analyses station (06198100) in Marseille. It is important
to note that the Huveaune River is over 15 km away from the
eastern section of our study site; these waters do not impact
our investigated shorelines. We then compared SGD fluxes
in Côte Bleue to the largest river discharging in the French
Mediterranean Sea: The Rhône River. We use the gauging station
in Tarascon (Station: V7200015) and the chemical analyses made
in Roquemaure, the most downstream sampling station (Station:
06121500). We compared these river fluxes to the SGD-driven
NO3

− and DSi fluxes estimated from the method described in
section Mixing Model: Kh

∗ Nutrient Offshore Gradient. The
SGD-driven nutrient fluxes are multiplied by the coastal length of
Côte Bleue impacted by terrestrial SGD; here we take a shoreline

length of 5 km, where the coastal 222Rn activities were the highest
(Figure 3). Note that these fluxes will represent upper limits,
as the mean SGD-driven nutrient fluxes are estimated only for
transects in which we observed significant offshore gradients.

SGD represents between 3 and 22 times the DSi and NO3
−

fluxes driven by the Huveaune River, with significant temporal
variability (Table 4). While the DSi flux driven by SGD is 4 times
greater than the DSi flux driven by the Huveaune River in March
2017, SGD is 22 times greater than the river fluxes in December
2016. NO3

− fluxes follow the same pattern, with SGD-driven
fluxes slightly higher than the Huveaune river flux in March
2017 and reaching 5 times the river flux in October 2016. In
comparison, the DSi fluxes driven by SGD is only between 0.1
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FIGURE 12 | Plot of 228Ra (dpm 100 L−1) as a function of distance offshore. The transects are arranged by sampling date [(A) April 2016, (B) October 2016, (C)

December 2016, and (D) March 2017]. Each transect is presented as a unique color. Note that the plots have different y-axes scale. The dotted lines represent the

linear regressions with significant p-values.

and 1.4% of the DSi fluxes driven by the Rhône River (Table 4).
TheNO3

− flux driven by SGD is only between 0.1 and 0.3% of the
Rhône River NO3

− inputs (Table 4). Nutrient inputs of SGDmay
still be significant compared to the Rhône River, as SGD is the
only terrestrial input of nutrients to Côte Bleue when the Rhône
River plume does not enter the Bay of Marseille and Côte Bleue.

CONCLUSION

Characterization of water and nutrient fluxes from coastal karst
aquifers remains a significant challenge (Montiel et al., 2018). We
used two different geochemical tracer methods to estimate SGD
fluxes along a karst coastline (Côte Bleue, French Mediterranean
Sea) where the presence of terrestrial groundwater discharge
was suspected from the thermal infrared signature of nearshore
waters and from a radon survey that was conducted along the
coastline. Horizontal eddy diffusivity coefficients (Kh), derived
from offshore 224Raex transects, combined with offshore nutrient
gradients provided the most consistent flux results, as we
could derive SGD nutrient fluxes for almost all the investigated
transects during all sampling periods. Knowledge of the SGD
endmember is not required for this method, which constitutes

a strong advantage in such an area where the endmember
is difficult to constrain. This method is only applicable when
the chemical element of interest behaves conservatively within
the timeframe of coastal mixing processes, and when there is
no significant external nutrient (or Ra) sources. In contrast,
offshore 228Ra gradients combined with Kh yielded significant
flux estimations for only 2 of the investigated transects (out of 16,
over 4 seasons). This approach is also disadvantageous for Côte
Bleue in that it requires a well-constrained SGD endmember,
which is difficult to determine in this specific region (karstic
spring vs. porewaters).

The 228Ra and nutrient distributions observed during March
2017 suggest that the coastal waters may have been impacted by
the intrusion of Rhône River diluted waters that were deflected
eastward, a phenomenon that only occurs ∼8 times a year
(Fraysse et al., 2014), further complicating the use of long-
lived 228Ra as a tracer for SGD along Côte Bleue. This is in
contrast with the dominant situation when the plume is deflected
westward and therefore does not impact the investigated region.
The Rhône River constitutes the largest nutrient source to the
Gulf of Lions and can support 23–69% of the primary production
(Ludwig et al., 2009). We estimate that SGD along Côte Bleue
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FIGURE 13 | DSi and NO3
− fluxes determined in this study along Côte Bleue. As a comparison, we report the (i) DSi fluxes determined by Tamborski et al. (2018)

offshore La Franqui coastline (western Gulf of Lions), (ii) the DSi and N fluxes determined by Rodellas et al. (2015) using a Ra mass balance applied to the entire

Mediterranean Sea (the fluxes reported on the figure have been normalized to the Mediterranean shore length −64,000 km—according to Rodellas et al., 2015), and

(iii) the DSi and N fluxes associated with the Rhône river.

TABLE 4 | Estimation of nutrient fluxes (mol d−1) driven by SGD, the Huveaune

River and the Rhône River in April, October, and December 2016, and March

2017.

SGD Huveaune river Rhône river

(*103 mol d−1) (*103 mol d−1) (*106 mol d−1)

DSi Apr-16 9 ± 9 1.7 13

Oct-16 32 ± 12 1.4 5.3

Dec-16 63 ± 45 2.9 4.4

Mar-17 17 ± 2 4.4 6.5

NO3
− +NO2

− Apr-16 16 ± 7 5.4 14

Oct-16 19 ± 11 3.9 9.4

Dec-16 34 ± 35 10.1 10

Mar-17 11 ± 9 13.3 14

DSi and NO3
− fluxes reported here were estimated using Ra isotopes (Kh * nutrient

gradients) considering 10m as the water depth impacted by SGD. Note than the Rhône

River fluxes are reported in 106 mol d−1.

supplies ≤1% of the DSi and NO3
− inputs of the Rhône

River. However, in the absence of eastward deflected Rhône
River diluted waters, SGD is the only known nutrient source
to the nearshore area of Côte Bleue. It is interesting to note
that the nutrient fluxes reported here are similar in magnitude
compared with the fluxes quantified along the sandy beach of La
Franqui, in the western Gulf of Lions (Tamborski et al., 2018),
despite the different lithology of the two areas (karst systems
vs. unconsolidated sediment). We recommend that multiple

methods be used in future studies investigating SGD and nutrient
cycling from coastal karst aquifers.
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Figure S1 | Daily precipitation recorded at Marseille-Marignane airport (data from

meteociel.fr). Periods when field work was conducted are indicated by vertical

gray lines.

Figure S2 | Vertical profiles of salinity (CTD data) obtained at all transects

investigated in March 2017.

Table S1 | 223Ra, 224Raex,
228Ra activities, and NO3

− + NO2
−, DSi

concentrations determined in water samples collected offshore Côte Bleue, in

nearshore waters, in porewaters and in springs (in April 2016, October 2016,

December 2016, and March 2017). Shallow porewater and coastal water sample

locations are presented in Figure 2; seawater sample locations are presented in

Figure 1. The vertical profiles built in March 2017 are in bold. Porewater samples

are underlined in gray.
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Estimation of submarine groundwater discharge (SGD) to semi-enclosed basins by
Ra isotope mass balance is herein assessed. We evaluate 224Ra, 226Ra, and 228Ra
distributions in surface and bottom waters of Long Island Sound (CT-NY, United States)
collected during spring 2009 and summer 2010. Surface water and bottom water Ra
activities display an apparent seasonality, with greater activities during the summer.
Long-lived Ra isotope mass balances are highly sensitive to boundary fluxes (water flux
and Ra activity). Variation (50%) in the 224Ra, 226Ra, and 228Ra offshore seawater activity
results in a 63–74% change in the basin-wide 226Ra SGD flux and a 58–60% change
in the 228Ra SGD flux, but only a 4–9% change in the 224Ra SGD flux. This highlights
the need to accurately constrain long-lived Ra activities in the inflowing and outflowing
water, as well as water fluxes across boundaries. Short-lived Ra isotope mass balances
are sensitive to internal Ra fluxes, including desorption from resuspended particles
and inputs from sediment diffusion and bioturbation. A 50% increase in the sediment
diffusive flux of 224Ra, 226Ra, and 228Ra results in a ∼30% decrease in the 224Ra SGD
flux, but only a ∼6–10% decrease in the 226Ra and 228Ra SGD flux. When boundary
mixing is uncertain, 224Ra is the preferred tracer of SGD if sediment contributions are
adequately constrained. When boundary mixing is well-constrained, 226Ra and 228Ra
are the preferred tracers of SGD, as sediment contributions become less important.
A three-dimensional numerical model is used to constrain boundary mixing in Long
Island Sound (LIS), with mean SGD fluxes of 1.2 ± 0.9 × 1013 L y−1 during spring
2009 and 3.3 ± 0.7 × 1013 L y−1 during summer 2010. The SGD flux to LIS during
summer 2010 was one order of magnitude greater than the freshwater inflow from the
Connecticut River. The maximum marine SGD-driven N flux is 14 ± 11 × 108 mol N y−1

and rivals the N load of the Connecticut River.

Keywords: radium isotopes, submarine groundwater discharge, porewater exchange, nitrogen, Long Island
Sound
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INTRODUCTION

Submarine groundwater discharge (SGD) is a component of the
hydrologic cycle and can act as an important vector for the
transport of nutrients, carbon, trace elements, and pollutants
to the coastal ocean (Moore, 2010; Knee and Paytan, 2011).
SGD includes both terrestrial, meteorically-derived groundwater
driven by a positive onshore hydraulic gradient and marine
(i.e., saline) groundwater, driven by a variety of physical forcing
mechanisms including density, tide, and wave driven flow
(Santos et al., 2012). Naturally occurring radium isotopes are
powerful tracers of SGD, as brackish groundwaters are typically
enriched in dissolved Ra isotopes by several orders of magnitude
over seawater (Swarzenski, 2007; Charette et al., 2008). The
Ra quartet spans a wide range of half-lives (223Ra = 11.4 d,
224Ra = 3.66 d, 226Ra = 1600 y, and 228Ra = 5.75 y) and
has thus been applied to trace and quantify inputs of SGD
to the ocean on a variety of scales (Moore, 2010). For a
given area, evaluation of the Ra source terms (e.g., rivers,
particle desorption, diffusion, and bioirrigation), and Ra sinks
(e.g., mixing, radioactive decay) can be used to quantify
SGD. A Ra flux supplied by SGD is typically invoked to
explain any imbalance between Ra sink and Ra source fluxes.
Consequently, a SGD-driven Ra flux can be converted to a
volumetric water flow with a proper characterization of the
SGD endmember Ra activity. Multiple Ra isotopes are often
used to quantify SGD; however, differences between short-
lived and long-lived Ra isotope mass balances are often poorly
constrained or not fully understood (Moore et al., 2006; Beck
et al., 2007, 2008; Garcia-Solsona et al., 2008; Knee et al., 2016;
Tamborski et al., 2017b).

Each Ra isotope is sensitive to different source and sink terms,
reflecting the time-scale of a particular process with respect
to the Ra isotope half-life. For example, short-lived 223Ra and
224Ra are more rapidly lost via radioactive decay, while long-
lived 226Ra and 228Ra are not. Thus, the water column inventory
of 223Ra and 224Ra must be well constrained to evaluate these
short half-life tracers. Furthermore, flow paths of varying time-
scales may have unique short-lived and long-lived Ra activities,
and thus these isotopes may trace different SGD and porewater
exchange flow paths (Rodellas et al., 2017). In addition, different
geological matrices can have unique ratios of uranium (223Ra,
226Ra), and thorium (224Ra, 228Ra) series isotopes, thus enabling
the identification of different geologic sources (Charette et al.,
2008; Swarzenski, 2007).

This article synthesizes sediment, surface water, bottom water
and groundwater Ra isotope data that has been previously
collected in the semi-enclosed tidal estuary of Long Island Sound
(LIS; Krishnaswami et al., 1982; Copenhaver et al., 1993; Turekian
et al., 1996; Garcia-Orellana et al., 2014; Bokuniewicz et al., 2015;
Tamborski et al., 2017a,b). In addition, we present new data on
long-lived 226Ra and 228Ra, previously collected during 2009 and
2010. Here, we use short-lived 224Ra and long-lived 226,228Ra to
quantify total SGD to LIS by mass balance. The main objective of
this article is to evaluate the sensitivity of SGD estimated from Ra
isotope mass balances. We evaluate Ra source and sink terms, and
provide general recommendations on best-practices for Ra mass

balances in semi-enclosed basins for future studies. We conclude
with a revised estimate of SGD-driven NO3

− loadings to LIS.

MATERIALS AND METHODS

Study Site
Long Island Sound is a tidal estuary bound by New York
City at its western end, the southern shore of Connecticut at
its northern boundary and the northern shore of Long Island
(NY) at its southern boundary (Figure 1). At the beginning
of the 20th century, urbanization, and pollution from the
Metropolitan New York area led LIS to be nicknamed the “urban
sea” (Koppelman et al., 1976; Latimer et al., 2013). Bottom-
water hypoxia and eutrophication have been linked to excess
nitrogen inputs from wastewater, sewage effluent, river inputs,
and groundwater (NYSDEC and CTDEP, 2000). Indeed, Long
Island’s coastal embayments are vulnerable to excess nitrogen
loading from submarine groundwater inputs (Bokuniewicz, 1980;
Capone and Bautista, 1985). However, the volume of total SGD
to LIS is not well known, despite increasing recognition of this
important pollutant pathway.

The volume of terrestrial SGD to LIS from both Connecticut
and New York shorelines is generally well constrained from
hydrogeologic models (Buxton and Modica, 1992; Scorca and
Monti, 2001; Suffolk County, 2015). Ra isotope mass balances
in LIS’ smaller embayment, Smithtown Bay (Bokuniewicz et al.,
2015; Tamborski et al., 2017b), and for the entire LIS (Garcia-
Orellana et al., 2014) all suggest that total SGD is dominated by
marine groundwater inputs. Tamborski et al. (2017b) found that
SGD within the first 200 m of the shoreline, determined from
short-lived radionuclide mass balances, was up to ∼55% greater
than SGD estimates determined from long-lived radionuclides
and physical seepage meter measurements. To explain this
difference, they suggested that wave and tidal circulation SGD
flow paths captured short-lived radionuclide fluxes due to their
faster regeneration rates within sediments, while these flow paths
would not capture 226Ra and 228Ra. Interestingly, the total SGD
flux to Smithtown Bay determined by Bokuniewicz et al. (2015)
from 224Ra, which includes inputs to the entire bay, was one to
three orders of magnitude greater than the total SGD flux within
the first 200 m of the shoreline. This led Tamborski et al. (2017b)
to hypothesize that there may be additional, deeper SGD flow
paths farther offshore in Smithtown Bay and LIS, from either the
deeper Magothy aquifer or seawater circulation through offshore
permeable sediments driven by density-forcing mechanisms, in
addition to short-scale circulation fluxes driven by bioturbation
and wave pumping.

Analytical Methods
Surface and deep-water samples from LIS were collected aboard
the R/V Seawolf during 24–30 April 2009, 29 July–04 August
2009, and 03–12 August 2010. These samples, along with
an analysis of the short-lived Ra isotopes, are described in
Garcia-Orellana et al. (2014). Separately, groundwaters were
collected from intertidal cluster wells from a coastal bluff
and a barrier beach subterranean estuary, during spring and
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FIGURE 1 | The study site of Long Island Sound, bound between Long Island (NY), and Connecticut. Surface and bottom sampling stations are indicated by white
circles. The mouth of the Connecticut River is indicated by a black star; Orient Point is indicated by an orange star. Long Island Sound is subdivided into the western
(light blue), central (green), and eastern (red) basins, after Garcia-Orellana et al. (2014). Purple numbers correspond to the cross-section numbers in Table 1. Mean
water exchange transports through cross-sections 18 113, 180, and 257 (N-S oriented dark blue lines) are derived from the three-dimensional model of Crowley
(2005); the two-dimensional grid used in the model calculations is shown for reference and overlaps the land-ocean boundary.

summer 2014 and 2015. Additional coastal stations were sampled
via drive-point piezometer at the low tide shoreline. These
groundwater samples, including an analysis of the Ra quartet, are
described in Tamborski et al. (2017a).

Briefly, water samples (seawater = 20–60 L; groundwater = 1–
4 L) were filtered through MnO2 impregnated acrylic fibers at
a flow rate of <1 L min−1 to quantitatively extract dissolved
Ra from solution onto the fiber. Short-lived 223Ra and 224Ra
were measured using a Radium Delayed Coincidence Counter
(RaDeCC; Moore and Arnold, 1996) immediately after sample
collection. An additional count was performed 1 month after
sample collection to measure 228Th, to determine the amount
of unsupported (excess) 224Ra. Subsequently, the Mn-fibers were
leached in a HCl and Hydroxylamine hydrochloride mixture and
Ra was co-precipitated with BaSO4. Precipitates were removed
from the leachate, stored in glass vials and sealed for >3 weeks.
Samples were counted on a Canberra Intrinsic Ge well detector,
where the activity of long-lived 226Ra and 228Ra was determined
from the 352 keV (214Pb) and 911 keV (228Ac) photopeaks,
respectively. Gamma counting efficiencies were determined from
NBS Standard Reference Material 4350B.

Estimates of Water Transport
LIS is made up of three basins (western, central, and eastern);
water flux between basins and within LIS’s boundaries were
estimated to evaluate Ra mixing. Crowley (2005) determined
that the transport through cross-sections to the west of Orient
Point had a long term mean of 2.05 × 1013 L y−1 throughout
the LIS basin (section 257; Figure 1), as determined from
three-dimensional numerical simulations of circulation with
meteorological and boundary sea-level forcing. The cross-
sectionally-averaged transport exhibited significant temporal

variability which was spatially coherent, with residence times
on the order of several weeks to 2 months (Crowley, 2005).
The differences in cross-sectionally-averaged transport can be
attributed to localized effects of river discharge and to storage of
water between sections. Water exchange fluxes were derived from
the model of Crowley (2005) at cross-sections that approximately
separate LIS into its three unique basins (western, central, and
eastern; Figure 1) over a period between 2009 and 2010. Long
term mean exchange transports through cross-sections exhibit
an east to west net transport (Table 1). Note that these mean
exchange transports have a standard error on the order of
10% because of the large temporal variability in the exchange.
The mean surface freshwater inflow to the entire basin is
on the order 1.34 × 1013 L y−1, of which the Connecticut
River at the far end of the Sound contributes approximately
1.19 × 1013 L y−1, depending upon the seasonal conditions. The
exchange transports at section 257 are corrected to accommodate
the surface freshwater inflow between sections 18 and 257
(Figure 1). It should be noted that section 257 is located
approximately at the longitudinal position of the Connecticut
River, and that recent dye simulations emphasize that much of the
Connecticut River waters exit to the east (Jia and Whitney, 2019).

RESULTS AND DISCUSSION

Ra Distribution
Long-lived 226Ra and 228Ra activities generally increased from
east to west in LIS (Table 2). Compared to surface waters,
deep-water Ra activities were greater on average for the western
basin and similar to surface waters for the central and eastern
basins (Table 2). Surface and deep-water Ra activities generally
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TABLE 1 | Cross-sectional mean water exchange transports and standard error of
the means, arranged by westerly flow (Qwest), and easterly flow (Qeast).

Cross-section # Qwest ± SE × 1014 L y−1 Qeast ± SE × 1014 L y−1

18 0.65 ± 0.13 0.46 ± 0.12

113 3.14 ± 0.28 2.86 ± 0.28

180 3.46 ± 0.43 3.30 ± 0.39

257 5.95 ± 0.56 5.70 ± 0.50

257 (Corrected) 5.86 ± 0.56 5.80 ± 0.56

Cross-section numbers correspond to the sections depicted on Figure 1.

increased with decreasing salinity (Figure 2) and displayed an
apparent seasonality, with greater activities during summer over
spring (Table 2 and Figure 2). During summer 2010, reduced
bottom water salinity and elevated Ra activities suggest SGD was
occurring several kilometers offshore.

Intertidal groundwater samples collected along the north-
shore of Long Island (Tamborski et al., 2017a) spanned a wide
salinity range (Table 3), with maximum Ra activities at a salinity
of ∼18.6 (226Ra = 106 dpm 100 L−1; 228Ra = 1650 dpm 100 L−1;
Figure 2). The mean (±standard deviation) 228Ra/226Ra activity
ratio of Long Island marine groundwater was 7.5 ± 3.3
(salinity = 26.6 ± 1.0; n = 44). Marine groundwaters from
the Connecticut shoreline had a 228Ra/226Ra activity ratio of
13.8 ± 4.1 (salinity = 28.4 ± 1.3; n = 5; Table 3). Connecticut
fresh groundwaters, sampled from inland wells, had 228Ra/226Ra
activity ratios between 0.2–1.4 (Krishnaswami et al., 1982;
Copenhaver et al., 1993). This is in marked contrast to the
228Ra/226Ra activity ratio of the Connecticut River (∼3; Dion,
1983) and East River (3.8–4.1; Turekian et al., 1996). 228Ra and
226Ra activities of surface and bottom water samples, and activity
ratios of possible sources, are presented in Figure 3.

Ra Mass Balance
Long-lived 226Ra and 228Ra mass balances for LIS were
constructed after the short-lived 224Ra mass balance developed
by Garcia-Orellana et al. (2014) for spring 2009 and summer
2010, for the entire LIS basin. We have further developed Ra mass
balances for each individual basin (western, central, and eastern;
Figure 1). The Ra mass balances have been updated to reflect
new terms, as described below. Briefly, a surface and deep box
Ra inventory (dpm) is calculated for the western, central, and
eastern basins of LIS (Table 4). The Ra inventory is calculated as
the product of the water volume within each basin and the mean
Ra activity of the basin. The Ra mass balance is written as:

Jout + Jdecay = Jin + Jriver + Jdesorp + Jdiffusion + JSGD (1)

Where the left-hand side represents Ra sinks and the right-hand
side represents Ra sources. The Ra mass balance includes loss
from mixing (Jout) and radioactive decay (Jdecay). Ra sources
include mixing (Jin), riverine input (Jriver), the desorption of
Ra from resuspended particles (Jdesorp), molecular diffusion
and bioturbation (Jdiffusion), and SGD (JSGD). Each term in
Eq. 1 is assessed for 224Ra, 226Ra, and 228Ra for the western,
central, eastern, and total basins during spring 2009 and summer
2010, thus resulting in 24 unique Ra mass balances. All Ra

mass balances are summarized in the Supplementary Material
(Supplementary Table S1). Each term in Eq. 1 is described
in further detail below, including a sensitivity analysis on
the final estimated Ra flux supplied by SGD (section “Mass
balance sensitivity”).

Boundary Fluxes
Boundary fluxes determined from a three-dimensional numerical
model (section “Estimates of water transport”) are used to
quantify the exchange of water and Ra isotopes between
New York Harbor and the East River with the western basin of
LIS (section 18), between the western basin and the central basin
of LIS (section 113), between the central basin and the eastern
basin of LIS (section 180), and between the eastern basin of LIS
and Block Island Sound (section 257; Table 1 and Figure 1). We
use the same boundary flux for spring 2009 and summer 2010,
although we acknowledge that there may be minor differences in
seasonal water volume and thus exchange. Ra mixing fluxes (Jin
and Jout) are calculated from the sectional mean water exchange
transports and the associated endmember Ra activity. Because
there is a net east to west water transport in LIS (Table 1), we
use the mean deep-water Ra activities (Table 2) to represent
Ra mixing from east to west. Mean Ra surface water activities
(Table 2) are used to represent Ra mixing from west to east, for
each respective basin under consideration. Boundary fluxes are
summarized in Figure 4.

The 224Ra, 226Ra, and 228Ra activities of the East River are,
respectively, taken as 9 dpm 100 L−1 (Garcia-Orellana et al.,
2014), 10.7 dpm 100 L−1 (Li et al., 1977), and 64 dpm 100 L−1

(Turekian et al., 1996) for both seasons. Block Island Sound
seawater was previously sampled for long-lived Ra at 5 m and
25 m depth during summer 1991 (St101; Turekian et al., 1996).
This same station was sampled during spring 2009 in this study.
We use a 224Ra, 226Ra, and 228Ra activity of 3.6, 5.3, and
29 dpm 100 L−1, respectively, for spring 2009 and activities of
3.6, 8.5, and 47 dpm 100 L−1, respectively, for summer 2010. It is
important to note that only one sample is used to characterize the
Ra endmember for each of these mixing input terms.

The Connecticut River is the largest river entering LIS.
Connecticut River discharge was estimated as the mean discharge
over the two-week period preceding each seasonal LIS survey,
based on the average residence time of the eastern basin
(Crowley, 2005). The Connecticut River discharge is taken as
2.52 × 1013 L y−1 during spring 2009 and 0.68 × 1013 L y−1

during summer 2010 from the USGS gaging station at Middle
Haddam (ID 01193050). Note that the spring 2009 and summer
2010 Connecticut River discharges were, respectively, above and
below the mean annual river discharge (∼1.2 × 1013 L y−1).
The Connecticut River is only considered in the eastern basin
and total basin Ra mass balances. Several other rivers enter
LIS from both Long Island (e.g., Nissequogue River) and
Connecticut (e.g., Housatonic River, Thames River) shorelines,
which together account for a cumulative discharge on the order
of ∼0.4 × 1013 L y−1 (Koppelman et al., 1976); here we assume
that one third of this water flux enters each of the three LIS
basins. The riverine Ra flux to LIS (Jriver) is calculated as the
product of the river discharge to each basin and the dissolved Ra
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TABLE 2 | Mean 226Ra and 228Ra activities in the three basins of Long Island Sound during spring 2009, summer 2009, and summer 2010, arranged by surface and
deep-water samples.

226Ra Surface 228Ra Surface n (surface) 226Ra Deep 228Ra Deep n (deep)

(dpm 100 L−1) (dpm 100 L−1)

Spring 2009

Western Basin 9.3 ± 1.4 61 ± 12 9 10.1 ± 1.3 71 ± 7 7

Central Basin 10.0 ± 0.8 58 ± 4 7 10.0 ± 0.9 52 ± 9 6

Eastern Basin 7.3 ± 1.9 39 ± 19 6 6.6 ± 1.3 33 ± 13 5

Mean 9.0 ± 1.8 54 ± 16 22 9.0 ± 2.0 54 ± 18 18

Summer 2009

Western Basin 12.9 ± 3.2 97 ± 21 4 14.1 ± 1.2 104 ± 7 4

Central Basin 9.8 ± 1.3 57 ± 19 3 9.8 ± 1.4 56 ± 11 3

Eastern Basin 9.2 ± 0.6 50 ± 4 4 9.6 ± 0.6 41 ± 9 4

Mean 10.7 ± 2.7 69 ± 26 11 11.3 ± 2.4 68 ± 29 11

Summer 2010

Western Basin 11.5 ± 2.6 80 ± 22 7 14.1 ± 0.6 98 ± 12 6

Central Basin 11.1 ± 0.7 73 ± 9 6 11.9 ± 1.4 72 ± 11 6

Eastern Basin 10.0 ± 1.3 69 ± 12 5 9.8 ± 0.9 48 ± 6 5

Mean 10.9 ± 1.9 75 ± 17 18 12.1 ± 2.0 74 ± 23 17

activity of the Connecticut River mouth (Figure 1). Surface water
salinity at the station sampled near the mouth of the Connecticut
River was ∼28; therefore, the Ra flux estimated here intrinsically
includes the desorption of Ra from suspended riverine particles.
This calculation assumes that the Ra endmember at the mouth of
the Connecticut River is representative of all rivers entering LIS,
as done by Turekian et al. (1996); riverine fluxes are summarized
in Figure 4.

Internal Fluxes
The desorption of long-lived 226Ra and 228Ra from resuspended
particles (Jdesorp) throughout LIS is negligible due to the
slow regeneration time of 226Ra and 228Ra in sediments.
The desorption of 224Ra is estimated from suspended particle
concentrations for spring 2009 (1.5 ± 1.3 mg L−1) and summer
2010 (4.0 ± 2.5 mg L−1), and a surface-exchangeable 224Ra
activity of 0.75 dpm g−1. Desorption of 224Ra from tidally
resuspended particles is 1.6± 1.4× 104 dpm m−2 y−1 for spring
2009 and 4.4 ± 2.7 × 104 dpm m−2 y−1 for summer 2010
(Garcia-Orellana et al., 2014; Figure 4).

Sediment diffusion and bioturbation have been shown to be
an important source of short-lived Ra isotopes to LIS, due to
their relatively rapid regeneration rates within sediments (Garcia-
Orellana et al., 2014). This source term should be relatively
less important for the long-lived Ra isotopes, due to their
slower regeneration rates in sediments. Tamborski et al. (2017b)
conducted sediment core incubation experiments (at 20◦C and
3◦C; oxic, and hypoxic conditions) to determine the sediment
flux of long-lived Ra isotopes for a sandy (intertidal) core and
a silty (offshore) core from LIS. 228Ra sediment fluxes in LIS
were previously determined from the disequilibrium between
solid-phase 228Ra and its parent 232Th (Cochran, 1979; Turekian
et al., 1996), which integrates over several half-lives of 228Ra
and thus represents a mean-annual 228Ra flux. Each of these

methods includes a Ra flux from both molecular diffusion and
bioirrigation. These various flux estimates were averaged together
for coarse-grained sediments and fine-grained sediments. Fluxes
were further separated by temperature (warm = summer;
cold = early spring) and oxygen content (hypoxic = summer;
oxic = early spring) to differentiate between spring and summer
conditions (Table 5). Sediment-mediated 228Ra and 226Ra inputs
were calculated using a LIS bottom surface area of 0.90× 109 m2,
1.08 × 109 m2, and 0.96 × 109 m2 for the western, central and
eastern basins. Further, we assume a fine-grained and coarse-
grained surficial sediment distribution for the western (70% fine,
30% coarse), central (50% fine, 50% coarse), and eastern (0% fine,
100% coarse) basins following Poppe et al. (2000). Sediment Ra
fluxes are summarized in Figure 4.

Assuming steady-state, the radioactive decay of 224Ra and
228Ra is calculated as the product of the respective Ra inventory
for each basin and the Ra isotope decay constant (0.189 d−1

for 224Ra and 0.121 y−1 for 228Ra). Decay of 226Ra is negligible
due to its long half-life (Figure 4). The excess Ra inventory in
each basin (6 Ra sinks – 6 Ra sources; Eq. 1) is presumed
to be balanced by SGD (JSGD). A negative SGD flux implies
either that Ra sources approximately balance Ra sinks (within
the propagated uncertainties), or that one (or more) known
Ra flux is improperly characterized. SGD-derived Ra fluxes are
converted into volumetric water flows by dividing the Ra flux by
the Ra activity of the SGD endmember, sampled from intertidal
wells and shoreline piezometer stations along both NY and CT
shorelines (Garcia-Orellana et al., 2014; Tamborski et al., 2017a).
Selection of the SGD Ra endmember is discussed below (section
“SGD volumetric water flow to Long Island Sound”).

Mass Balance Sensitivity
Analysis of Ra sources and sinks reveals that boundary
fluxes dominate the long-lived Ra isotopes while sediment
contributions (diffusion and desorption) and radioactive decay
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FIGURE 2 | Dissolved Ra vs salinity for Long Island Sound surface waters, bottom waters, and groundwaters. Surface and bottom water samples are presented in
the right-hand panels for improved visualization and are arranged by season, from Garcia-Orellana et al. (2014). Groundwater samples are from intertidal cluster wells
and shoreline piezometer stations on Long Island (Tamborski et al., 2017a) and Connecticut (Garcia-Orellana et al., 2014).

TABLE 3 | Summary of groundwater Ra endmembers from Long Island (LI) and Connecticut (CT) shorelines.

Groundwater source Salinity 224Ra 226Ra 228Ra 228Ra/226Ra n

dpm 100 L−1 dpm 100 L−1 dpm 100 L−1

LI fresh groundwater* 0.1 ± 0.0 8 ± 6 25 ± 18 104 ± 45 6.2 ± 5.0 17

LI brackish groundwater* 15.5 ± 8.4 346 ± 340 36 ± 26 359 ± 390 9.0 ± 5.1 27

LI marine groundwater* 26.6 ± 1.0 523 ± 260 47 ± 21 344 ± 177 7.5 ± 3.3 44

CT fresh groundwaterˆ <1 n/a 44 ± 36 27 ± 17 0.8 ± 0.5 7

CT marine groundwaterˆˆ 28.4 ± 1.3 356 ± 45 28 ± 8 381 ± 123 13.8 ± 4.1 5

Groundwater samples are classified by salinity: fresh groundwater = 0–1; brackish groundwater = 4–24; and marine groundwater = 25–28. Error bars indicate ± 1
standard deviation from the mean. Note that brackish groundwaters from Connecticut are not included in this analysis. *Groundwaters from Tamborski et al. (2017a).
ˆGroundwaters from Copenhaver et al. (1993) and Krishnaswami et al. (1982). ˆˆGroundwaters from Garcia-Orellana et al. (2014) and analyzed in this study.

dominate the short-lived Ra isotopes (Figure 4). Ra mass balance
sensitivity to each of these terms is discussed below.

Sediment diffusion, bioirrigation, and desorption support
∼50% of the 224Ra inventory for LIS but only ∼6% of the 226Ra
inventory and ∼10–20% of the 228Ra inventory (Figure 4). The
224Ra sediment flux is constrained from sediment incubation
experiments from five different locations (Garcia-Orellana et al.,

2014); the 228Ra sediment flux is constrained from four sediment
incubations and two estimates from 228Ra:232Th disequilibrium
(Cochran, 1979; Turekian et al., 1996). Is this representative of
the entirety of LIS? Few Ra-based SGD studies capture sediment-
mediated Ra inputs from more than a few measurements
(Beck et al., 2007, 2008; Garcia-Solsona et al., 2008; Rodellas
et al., 2012, 2015; Cai et al., 2014; Tamborski et al., 2017b).
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The molecular diffusive flux of Ra from shallow porewater to
overlying seawater is governed by the Ra concentration gradient
between porewater and seawater (Fick’s first law). Bioturbation
and bioirrigation can further facilitate Ra transport by enhancing
the effective sediment surface-area, thus complicating diffusive
flux estimates. Due to its short half-life, 224Ra regenerates rapidly
in sediments from the decay of its particle-reactive parent
228Th. The activity of 230Th and 232Th (the parents of 226Ra

FIGURE 3 | Cross-plot of 228Ra and 226Ra activities in shallow and deep
waters collected from Long Island Sound, arranged by sampling season. Note
that error bars are generally smaller than the symbol size. Dashed lines
indicate the 228Ra/226Ra activity ratio of possible Ra sources. Data sources:
Connecticut River (AR = 3; Dion, 1983); Connecticut marine groundwater
(AR = 14 ± 4; this study); and Long Island marine groundwater (AR = 8 ± 3;
Tamborski et al., 2017a).

and 228Ra) are similar in LIS sediments, resulting in similar
production rates in muddy and sandy sediments (Cochran, 1979).
Therefore, seasonal redox changes may affect the diffusive flux
of short-lived and long-lived Ra isotopes differently, as the
redox interface migrates between bottom waters and the shallow
subsurface (Garcia-Orellana et al., 2014). This seasonal control
impacts Ra diffusion and more importantly, the influence of
the benthic fauna, which are presumed to be less active during
colder periods. We have attempted to capture this variability
by using different sediment incubations for spring and summer
conditions (Table 5).

Are the incubations used to quantify diffusion and
bioirrigation from sediments accurate? 228Ra fluxes for
muddy LIS sediments, determined from the deficit of solid-
phase 228Ra relative to its parent 232Th (Cochran, 1979;
Turekian et al., 1996), are in general agreement with 228Ra
fluxes determined from sediment chamber incubations (33–
82 dpm m−2 d−1 vs 12–207 dpm m−2 d−1). The solid-phase
228Ra:232Th approach integrates over the half-life of 228Ra,
therein representing a mean-annual 228Ra flux; therefore,
these estimates seem reasonable at the seasonal time-scale
considered here. A recent study found the traditional sediment
incubation approach for 224Ra flux determination to be similar
to 224Ra fluxes determined from 224Ra:228Th disequilibrium
(Shi et al., 2018). Thus, it seems that the incubations used
to quantify the Ra flux from diffusion and bioirrigation are
accurate, although it remains to be seen how representative
these several cores are for the entirety of LIS. A 50% increase
in the diffusive flux of 224Ra, 226Ra, and 228Ra, while keeping
all other parameters equal (Eq. 1), results in a ∼30% decrease

TABLE 4 | 226Ra (top) and 228Ra (bottom) inventories in western, central and eastern LIS in spring 2009 and summer 2010.

Basin Water volume (×1012 L) Spring 2009 Summer 2010

Mean 226Ra activity 226Ra inventory Mean 226Ra activity 226Ra inventory

(dpm 100 L−1) (×1011 dpm) (dpm 100 L−1) (×1011 dpm)

Surface Eastern basin 3.40 7.3 ± 1.9 2.5 ± 0.7 10.0 ± 1.3 3.4 ± 0.5

Central basin 2.90 10.0 ± 0.8 2.9 ± 0.2 11.1 ± 0.7 3.2 ± 0.2

Western basin 1.87 9.3 ± 1.4 1.8 ± 0.3 11.5 ± 2.6 2.1 ± 0.5

Deep Eastern basin 18.8 6.6 ± 1.3 12.3 ± 2.4 9.8 ± 0.9 18.5 ± 1.7

Central basin 17.6 10.0 ± 0.9 17.7 ± 1.5 11.9 ± 1.4 20.9 ± 2.4

Western basin 7.42 10.1 ± 1.3 7.5 ± 1.0 14.1 ± 0.6 10.5 ± 0.5

Total 52.0 45 ± 3 59 ± 3

Spring 2009 Summer 2010

Mean 228Ra activity 228Ra inventory Mean 228Ra activity 228Ra inventory

(dpm 100 L−1) (×1012 dpm) (dpm 100 L−1) (×1012 dpm)

Surface Eastern basin 3.40 39.2 ± 18.6 1.3 ± 0.6 68.9 ± 11.9 2.3 ± 0.4

Central basin 2.90 58.5 ± 4.2 1.7 ± 0.1 73.2 ± 9.0 2.1 ± 0.3

Western basin 1.87 61.4 ± 12.5 1.2 ± 0.2 80.1 ± 22.4 1.5 ± 0.4

Deep Eastern basin 18.8 33.3 ± 12.7 6.3 ± 2.4 47.7 ± 6.0 9.0 ± 1.1

Central basin 17.6 52.4 ± 9.0 9.2 ± 1.6 71.7 ± 11.1 12.6 ± 2.0

Western basin 7.42 70.8 ± 7.2 5.3 ± 0.3 97.7 ± 11.8 7.3 ± 0.9

Total 52.0 25 ± 3 35 ± 3
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TABLE 5 | Summary of 226Ra and 228Ra sediment fluxes in Long Island Sound.

Season Sediment conditions 226Ra (dpm m−2 d−1) 228Ra (dpm m−2 d−1)

Spring Fine-grained Oxic 28 ± 14 207 ± 104

Coarse-grained Cold 3 ± 2 16 ± 8

Summer Fine-grained Hypoxic 1 ± 1 42 ± 26*

Coarse-grained Warm 8 ± 4 39 ± 20

224Ra fluxes were determined for each LIS basin and are summarized in Garcia-
Orellana et al. (2014). Data Sources: Tamborski et al. (2017b); *Average of Cochran
(1979); Turekian et al. (1996), and Tamborski et al. (2017b).

in the 224Ra SGD flux to LIS, but only a ∼6% and ∼10%
decrease in the 226Ra and 228Ra SGD flux, respectively
(total-basin mass balances). More realistic is a decrease in
the 226Ra and 228Ra sediment diffusive flux. Many studies
neglect diffusion of long-lived Ra isotopes altogether (Rama
and Moore, 1996; Beck et al., 2007, 2008). Indeed, exclusion
of this term would result in a 6–7% increase in the 226Ra
SGD flux and a 10–18% increase in the 228Ra SGD flux
(total-basin mass balances).

Desorption of 226Ra and 228Ra from resuspended sediments
is assumed negligible. Desorption of 224Ra from resuspended
sediments is estimated to account for 14–19% of the total
224Ra inventory for the total-basin mass balance. Rodellas et al.
(2015) note that it is difficult to accurately constrain the Ra
flux from resuspended sediments, which can be a significant
Ra source in embayments with fine-grained sediments. The
surface-exchangeable 224Ra estimated for LIS (0.75 dpm g−1) is
based on shallow porewater (0–2 cm) 224Ra activities from two
sediment cores (Garcia-Orellana et al., 2014) and a mean Kd
for Ra of 50 L kg−1 (Cochran, 1979; Sun and Torgersen, 2001).
Even more difficult to constrain is the rate at which sediments
are resuspended to release 224Ra into the water column. Here,
sediments are assumed to be resuspended on tidal time-scales.
This term represents the second largest source of uncertainty in
the 224Ra mass balance (Figure 4). A 50% increase in the 224Ra
desorption flux, while keeping all other parameters equal (Eq. 1),
results in a ∼14–19% decrease in the 224Ra SGD flux to LIS
(total-basin mass balances).

With respect to the loss by radioactive decay, the basin-
wide 224Ra inventory is more sensitive to this term than are
the long-lived Ra inventories. Indeed, decay of 224Ra dominates
over mixing losses, regardless of the basin or season (Figure 4).
This implies that a large number of water column samples are
necessary to accurately capture the (near) instantaneous 224Ra
inventory. The 224Ra inventory integrates over the half-life of
224Ra, such that this inventory will accurately reflect the times of
the year when the sampling was conducted, but this inventory
may not be representative of a seasonal or annual 224Ra flux.
Importantly, this suggests that multiple sampling campaigns
are necessary to capture any seasonality in the 224Ra inventory
for SGD flux determination. Fortunately, 224Ra decay is the
simplest flux term to constrain, as it is only dependent upon
measuring 224Ra concentration. This is the opposite case for
long-lived 226Ra and 228Ra, where a lower number of water
column samples may be adequate to capture the long-lived

Ra water column inventory, while mixing terms must be well-
constrained. Seasonality in long-lived Ra sources and sinks may
be difficult to resolve with these isotopes because they integrate
over long temporal scales.

Multiple water column Ra samples are required at the
boundaries (East River and Block Island Sound in this case) to
accurately constrain the boundary mixing Ra flux (Figure 4). The
boundary water flux may be difficult to quantify in environments
where numerical models or instrument deployment (e.g., ADCP)
are unavailable. The 224Ra inventory will be less sensitive to
boundary mixing when the time-scale of mixing is sufficiently
large with respect to the half-life of 224Ra (Figure 4). Western
and eastern basin long-lived Ra isotope mass balances for spring
2009 reveal that Ra sources approximately balance Ra sinks,
without the need to invoke SGD. However, the uncertainties on
these mass balances are quite large, owing to the uncertainty
of the mixing endmember activity (East River for the western
basin and Block Island Sound for the eastern basin). The Ra
flux into LIS from mixing with the East River (Jriver) and Block
Island Sound (Jin) were each determined from one sampling
station (Li et al., 1977; Turekian et al., 1996). A 50% change in
the East River 224Ra, 226Ra, and 228Ra activity, while keeping
all other parameters equal (Eq. 1), results in only a 1–2%
change in the 224Ra SGD flux, and a 6–10% change in both the
226Ra and 228Ra SGD fluxes (total-basin mass balances). This is
minor in comparison to the Ra flux exchanged between Block
Island Sound. A 50% change in the Block Island Sound 224Ra,
226Ra, and 228Ra activity, while keeping all other parameters
equal (Eq. 1), results in only a 4–9% change in the 224Ra
SGD flux, but a 63–74% change in the 226Ra SGD flux and
a 58–60% change in the 228Ra SGD flux. This highlights the
critical importance of accurately determining boundary water
fluxes and endmember activities, especially for the long-lived Ra
isotopes (Table 1).

The western and eastern basin Ra activities are properly
characterized (Table 2); thus, the central basin Ra mass balances
are more adequately constrained for mixing compared to the
total-basin mass balances. We emphasize that, by capturing
mixing gains and losses, the central basin Ra mass balances
adequately characterize the Ra-derived SGD flux, regardless of
the Ra isotope used (Figure 4). We note that the real water
exchange uncertainties may be higher than what is determined
from the numerical model (Table 1); uncertainty in determining
boundary mixing will produce large uncertainties in the long-
lived Ra SGD fluxes.

The Magnitude and Significance of
Submarine Groundwater Discharge to
Long Island Sound
Endmember Mixing Model: An Alternative Approach
to Estimate SGD
Results from the Ra mass balance in LIS reveal that SGD estimates
derived from long-lived Ra isotopes are highly sensitive to
boundary exchange processes (Figure 4). Potential uncertainties
on the estimation of these boundary exchange fluxes might thus
compromise the SGD estimates. An endmember mixing model
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is an alternative approach to estimate the importance of SGD
as a source of 226Ra and 228Ra to LIS, as proposed by Moore
(2003). In order to simplify the system, and considering that
other sources such as rivers, desorption, diffusion and decay
are less important (Figure 4), we assume that long-lived Ra
isotopes in LIS are exclusively supplied by SGD and open ocean
water through boundary exchange. This approach is therefore
qualitative and serves to constrain the relative magnitude of SGD
only as a comparison to the mass balance. Coastal groundwater
endmembers from Long Island and Connecticut shorelines have
relatively distinct 228Ra/226Ra ratios (Table 3 and Figure 3)
and are thus treated as separate sources of Ra. We may thus
approximate the relative contribution of Ra measured in LIS
from Long Island groundwater (fLI), Connecticut groundwater
(fCT), and seawater (fsea) using a three-endmember mixing model
(Moore, 2003):

fsea + fLI + fCT = 1 (2)

228Rasea ∗ fsea +
228RaLI ∗ fLI +

228RaCT ∗ fCT =
228Rameasured

(3)

226Rasea ∗ fsea +
226RaLI ∗ fLI +

226RaCT ∗ fCT =
226Rameasured

(4)
where Rameasured is the measured 226,228Ra activity of LIS. The
three-endmember mixing model is only applied to bottom water
samples from the western and eastern basins, in order to reduce
riverine contributions and uncertainty in selecting a proper
seawater (i.e., boundary) endmember. For the eastern basin,
the seawater endmember is taken as the seasonal deep-water
Ra activity of Block Island Sound. For the western basin, the
seawater endmember is taken as the seasonal deep-water Ra
activity of the central basin (Table 2). We note that the relatively
large standard deviation of the endmember 228Ra/226Ra ratios
(Table 3) reflects natural variability in endmember composition
and thus produces considerable uncertainties in the endmember
mixing models (∼30%), such that these results should be
interpreted as qualitative only.

On average, Long Island groundwater contributed to
5% (spring 2009), and 6% (summer 2010) of the measured
eastern basin Ra activities, with negligible contributions
from Connecticut groundwater. In contrast, Long Island and
Connecticut groundwaters contributed approximately equal
Ra proportions to the western basin during summer 2010 (4
and 5%, respectively), while Connecticut dominated western
inputs during spring 2009 (10%) with negligible inputs from
Long Island. Multiplying these percentages by the volume
of water in LIS (5.20 × 1013 L; Table 4) and dividing by a
residence time of 60 days (Crowley, 2005) results in an SGD
flux on the order of ∼1–3 × 1013 L y−1. While this is a clear
simplification of the system and thus the results can only be
used in a qualitative manner, this independent approach helps
constrain the relative magnitude of SGD to LIS and further helps
to constrain the groundwater Ra endmember. These qualitative
results demonstrate that ≥90% of the long-lived Ra isotopes in
LIS are derived from boundary exchange, highlighting the critical

importance of properly characterizing boundary endmembers
and water exchange transports. Therefore, when boundary
exchange mixing is not well constrained, it is not recommended
to use 226Ra and 228Ra to quantify SGD in semi-enclosed basins.

SGD Volumetric Water Flow to Long Island Sound
The Ra mass balances indicate a significant amount of 224Ra,
226Ra, and 228Ra unaccounted for, that must be balanced by
inputs from SGD (Figure 4). The SGD Ra flux to each basin
is converted into a water flow by dividing by the SGD Ra
endmember activity. Results from the three-endmember mixing
analysis (section “Endmember mixing model: An alternative
approach to estimate SGD”) reveals SGD from Connecticut is
insignificant in the eastern basin and is dominated by Long
Island marine groundwater; thus, Long Island groundwater is
used as the Ra endmember for the eastern basin (Table 3). The
western basin was impacted by Connecticut groundwater during
spring 2009, and therefore we use the mean Connecticut marine
groundwater Ra activity as an endmember during spring. In
contrast, the western basin was impacted by approximately equal
proportions of Long Island and Connecticut groundwater during
summer 2010, and therefore an average of each endmember
is used. For the central basin, we simply use an average
of the Long Island and Connecticut marine groundwater Ra
activities (salinity 25–28) for SGD flux determination (Table 3).
SGD determination is highly sensitive to the selection of
the groundwater endmember (Cook et al., 2018); endmember
sensitivity is not evaluated in this study. Ra activities in the SGD
endmembers are assumed to be constant throughout the year
and therefore we only consider seasonal differences in SGD flux
(Luek and Beck, 2014). Marine groundwater 224Ra activities from
LIS are not seasonal (Tamborski et al., 2017a), as 224Ra will be
quickly regenerated within shallow marine sediments, integrating
all SGD flow paths. Seasonality in marine SGD to LIS may be
driven, in part, by seasonal differences in density-dependent
dispersive mixing within permeable sediments (Tamborski et al.,
2017a), and movement of the freshwater-saltwater interface
in response to regional precipitation (Michael et al., 2005;
Tamborski et al., 2017b).

Volumetric SGD flows are summarized in Figure 5.
Averaging all three Ra isotope mass balances for the total
LIS basin (±standard deviation) results in an SGD flux
of 1.2 ± 0.9 × 1013 L y−1 during spring 2009 and
3.8 ± 0.7 × 1013 L y−1 during summer 2010. These estimates
are within the range of estimates qualitatively determined from
the three-endmember mixing model and slightly lower than the
224Ra-derived SGD flux of 3.2–7.4 × 1013 L y−1, previously
estimated by Garcia-Orellana et al. (2014). As noted above, the
long-lived Ra isotope mass balances are significantly impacted
by boundary mixing (section “Mass balance sensitivity”). The
central basin Ra mass balances accurately constrain the 226Ra
and 228Ra endmember activities of the western and eastern
basins (Table 2), which account for the 226,228Ra mixing
sources and sinks, assuming that the water flow estimations
are accurate (Table 1). The average SGD flux to the central
basin of LIS is 1.1 ± 0.8 × 1013 L y−1 during spring
2009 and 1.9 ± 0.9 × 1013 L y−1 during summer 2010,
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FIGURE 4 | Summary of 224Ra (top), 226Ra (middle), and 228Ra (bottom) sources and sinks to Long Island Sound, arranged by basin and season. A negative SGD
flux implies either that Ra sources approximately balance Ra sinks (within the propagated uncertainties), or that one (or more) known Ra flux is improperly
characterized.

FIGURE 5 | Summary of Ra-derived SGD estimates to Long Island Sound, arranged by basin and season. The average spring and summer values (black) represent
an average (±standard deviation) of all three Ra isotopes. A negative SGD flux implies either that Ra sources approximately balance Ra sinks (within the propagated
uncertainties), or that one (or more) known Ra flux is improperly characterized.

or ∼50% of the SGD flux determined from the basin-wide
mass balances during summer 2010. For just the central basin,
the total SGD flux during spring 2009 and summer 2010
was equivalent to 45% and 280% of the freshwater inflow
from the Connecticut River (2.52 and 0.68 × 1013 L y−1

during April 2009 and August 2010, respectively). Given the
number of variables (Eq. 1), it is remarkable that the three
different Ra isotopes converge on similar SGD values to
LIS, despite relatively large uncertainties over two different
seasons (Figure 5).
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Nitrogen Loads
Excess nitrogen loading stimulates phytoplankton growth and
can lead to adverse ecological conditions in LIS. Nitrogen loads
from wastewater effluent and the Connecticut River are typically
assumed to be the dominant sources of N to LIS (NYSDEC
and CTDEP, 2000; Suffolk County, 2015). However, recent work
suggests that SGD may rival the N load of wastewater effluent
and rivers to LIS (Tamborski et al., 2017b). The mixing zone
between groundwater and seawater in the coastal aquifer, i.e.,
the subterranean estuary, is critically important for controlling a
variety of chemical reactions, which can add or remove chemical
elements from the system (Moore, 1999). In the subterranean
estuary, nitrogen in groundwater can be removed by biological
processes including denitrification, or groundwater nitrogen may
merely be diluted by mixing with seawater (Kroeger and Charette,
2008). Conversely, nitrate can be generated as a product of
organic matter remineralization, when seawater rich in organic
matter infiltrates into permeable sediments from waves and tidal
forcing mechanisms. Below, we provide a revised estimate of the
SGD-driven N load to LIS during spring and summer conditions,
using our revised Ra isotope mass balances (Figure 5).

Marine SGD includes circulating seawater flow paths driven
by physical forcing mechanisms, including density-driven flow
and tidal pumping (Santos et al., 2012); importantly, marine SGD
is separate from terrestrial (i.e., meteoric, fresh) groundwater
in the ensuing analysis. Tamborski et al. (2017b) estimated
a marine SGD NO3

− endmember of 23 ± 13 µM during
spring and 37 ± 29 µM during summer. This endmember
is a non-conservative N enrichment, corrected for binary
mixing between seawater and terrestrial groundwaters. Stable
isotope analyses of 15N-NO3

− and 18O-NO3
− suggest that the

marine SGD NO3
− is derived from the remineralization of

organic matter within the subterranean estuary, rather than
from an atmospheric or anthropogenic source. The marine
SGD flux to LIS is estimated as the total SGD flux (total-
basin = 1.2 ± 0.9 × 1013 L y−1 during spring 2009 and
3.8 ± 0.7 × 1013 L y−1 during summer 2010) corrected for fresh
groundwater contributions, estimated from numerical models
(Scorca and Monti, 2001). As a first-order approximation, the
marine SGD-driven NO3

− flux is 2.8 ± 2.7 × 108 mol N y−1

for spring 2009 and 14 ± 11 × 108 mol N y−1 for summer
2010. Just considering the central basin of LIS, where SGD
estimates are the most accurate (Figure 5), the marine SGD-
driven NO3

− flux is 2.6 ± 2.3 × 108 mol N y−1 for spring
2009 and 7.1 ± 6.4 × 108 mol N y−1 for summer 2010. We
note that more work is required to fully constrain the spatial
and temporal variability of the marine SGD NO3

− endmember
for the entire LIS basin. This first-order marine SGD NO3

−

flux is approximately two orders of magnitude greater than the
N flux determined within the first 200 m of the Smithtown
Bay shoreline by Tamborski et al. (2017b). Importantly, this
suggests that SGD supplies a N load nearly equivalent to that
of the Connecticut River and wastewater effluent, such that N
loss via burial or denitrification may be greater than currently
estimated (Vlahos et al., 2020). The mean annual NO3

−
+NO2

−

load of the Connecticut River, measured at Middle Haddam
(approximately 97% of the Connecticut River drainage area) is

4.5–4.7 × 108 mol N y−1, and comprises 42–49% of the total
N flux of the Connecticut River (Mullaney et al., 2018). The N
load from wastewater treatment plants to LIS is approximately
5.6 × 108 mol N y−1 (NYSDEC and CTDEP, 2000), although
this load is in decline due to improving wastewater treatment
conditions (Suffolk County, 2015). Importantly, these lines of
evidence suggest that far more attention should be paid to
monitoring SGD-driven N loads to LIS.

CONCLUSION

Physical measurements and hydrologic models often fail to
capture total SGD (Burnett et al., 2006). Ra isotopes integrate
over a larger spatial area, making their use to quantify SGD a
popular tool among scientists. In certain large-scale embayments
like LIS, the monitoring of SGD and its associated chemical load
to the sea is equally as important as monitoring riverine fluxes.
However, long-term SGD monitoring is seldom performed, due
to the unforeseen nature of SGD and its broad difficulty in
quantification. A sensitivity analysis of Ra isotope mass balances
to the semi-enclosed LIS basin reveals:

1. The selection and interpretation of the Ra isotope used
will ultimately depend on the target process and flow path
of interest. The different ingrowth rates of the Ra quartet
enable tracing different time-scale processes. Short-lived
Ra isotopes may trace short-scale length processes (Santos
et al., 2012), such as wave-pumping, that are not fully
captured by long-lived Ra isotopes (Rodellas et al., 2017).

2. Short-lived Ra mass balances are highly sensitive to
sediment (diffusion and desorption) fluxes, but are
less significantly impacted by boundary mixing (scale-
dependent). When mixing is uncertain, 224Ra is the
preferred tracer of SGD. Studies using short-lived Ra mass
balances should direct their attention toward accurately
constraining sediment Ra contributions. The advantage
of short-lived Ra isotopes is that their major sink is
radioactive decay (scale-dependent); thus, an adequate
sampling strategy can reasonably constrain the short-
lived Ra inventory with minor uncertainty. Short-lived
Ra mass balances can provide a reasonable first-order
approximation of SGD if the Ra inventory is well-
constrained and sediment contributions are minor.

3. A large number of water column samples are necessary
to accurately capture the (near) instantaneous short-lived
Ra inventory. The 224Ra inventory integrates over the
half-life of 224Ra, such that this inventory will accurately
reflect the times of the year when the sampling was
conducted. The 224Ra inventory may not be representative
of a seasonal or annual 224Ra flux associated with SGD,
suggesting that multiple sampling campaigns are necessary
to capture any seasonality in the 224Ra inventory for SGD
flux determination. A lower number of water column
samples may be adequate to capture the long-lived Ra
water column inventory; however, a greater number of
samples are required to evaluate spatial variability.
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4. Long-lived Ra mass balances are highly sensitive to
fluxes represented by exchange at the boundaries of the
system. Studies using long-lived Ra mass balances in
semi-enclosed environments should direct their attention
toward accurately constraining mixing gains and losses.
This requires characterization of long-lived Ra activities in
the inflowing and outflowing water, as well as flows of water
across the boundaries. Water exchange across boundaries
must be well-constrained in order to minimize the final
uncertainty of the Ra SGD flux.

5. Long-term SGD monitoring using short-lived Ra isotopes
will require frequent water column surveys to accurately
constrain the short-lived Ra inventory. Long-term SGD
monitoring using long-lived Ra isotopes should focus
sampling efforts on accurately constraining mixing gains
and losses.

SGD to the central basin of LIS is estimated as
1.1 ± 0.8 × 1013 L y−1 during spring 2009 and
1.9± 0.9× 1013 L y−1 during summer 2010, equivalent to 45 and
280% of the freshwater inflow of the Connecticut River during the
same time period. This SGD flux supplies a bioavailable N load of
2.6–7.1× 108 mol N y−1, similar to that of the Connecticut River
(Mullaney et al., 2018). Long-term SGD monitoring is required
to fully understand the magnitude and temporal variability of
SGD-driven N loads to LIS.
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Stable isotopes of oxygen, nitrogen, and boron were used to identify the sources of
nitrate (NO3

−) in submarine groundwater discharge (SGD) into a large tidal estuary
(Long Island Sound, NY, United States). Potential contaminants such as manure, septic
waste and fertilizer overlap in δ15N and δ18O but have been shown to have distinctive
δ11B in non-coastal settings. Two distinct subterranean estuaries were studied with
different land-use up gradient, representative of (1) mixed medium-density residential
housing and (2) agriculture. These sites have overlapping δ15N and δ18O measurements
in NO3

− and are unable to discriminate between different N sources. Boron isotopes and
concentrations are measurably different between the two sites, with little overlap. The
subterranean estuary impacted by mixed medium-density residential housing shows
little correlation between δ11B and [B] or between δ11B and salinity, demonstrating
that direct mixing relationships between fresh groundwater and seawater were unlikely
to account for the variability. No two sources could adequately characterize the δ11B
of this subterranean estuary. Groundwater N at this location should be derived from
individual homeowner cesspools, although measured septic waste has much lower δ11B
compared to the coastal groundwaters. This observation, with no trend in δ11B with
[B] indicates multiple sources supply B to the coastal groundwaters. The agricultural
subterranean estuary displayed a positive correlation between δ11B and [B] without any
relationship with salinity. Binary mixing between sea spray and fertilizer can reasonably
explain the distribution of B in the agricultural subterranean estuary. Results from this
study demonstrate that δ11B can be used in combination with δ15N to trace sources of
NO3

− to the subterranean estuary if source endmember isotopic signatures are well-
constrained, and if the influence of seawater on δ11B signatures can be minimized or
easily quantified.

Keywords: submarine groundwater discharge, boron, nitrogen, nitrate, fertilizer, wastewater, septic waste
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INTRODUCTION

Submarine groundwater discharge (SGD) is an important
vector for the delivery of nutrients to the coastal ocean
(e.g., Taniguchi et al., 2019). While once thought to be a
relatively minor component of the overall coastal nitrogen
budget, studies have shown that non-point-sources of diffuse
SGD can supply as much nitrogen into coastal waters as
rivers (Slomp and Van Cappellen, 2004; Kroeger and Charette,
2008; Rodellas et al., 2015). The extent of SGD’s effect on
coastal water quality has been difficult to establish because
SGD consists of a fresh groundwater component and a
seawater component that mix in a biogeochemically reactive
subterranean estuary (STE; Moore, 1999; Burnett et al.,
2003; Slomp and Van Cappellen, 2004). The terrestrial, fresh
component of SGD (FSGD) represents a source of new N
to coastal waters and, if significant, can help sustain primary
production and even coastal algal blooms (Gobler and Sanudo-
Wilhelm, 2001), thus fueling coastal eutrophication (Paerl, 1995;
Howarth and Marino, 2006).

Isotopes of N and O in nitrate (NO3
−) have a proven utility

in sorting out the sources of nitrogen delivered to groundwaters
(Aravena et al., 1993; Bateman and Kelly, 2007; Bannon and
Roman, 2008; Kendall et al., 2008). In particular, δ15N-NO3

−

and δ18O-NO3
− can distinguish between NO3

− fertilizers,
atmospheric NO3

−, manure and sewage-derived NO3
− (Kendall,

1998; Kendall et al., 2008). However, the overlapping δ15N
signatures of soil N, animal and human waste, and nitrification
of NH4

+ in fertilizer and precipitation, as well as the biological
modification of nitrogen and oxygen isotopes, can limit their
utility in fully identifying anthropogenic sources of nitrogen.
In addition, the speciation and attenuation of nitrogen may be
modified in the STE before it reaches the coastal ocean (Kroeger
and Charette, 2008; Erler et al., 2014). For example, changes in
dissolved oxygen (DO) in groundwater may cause changes in
N and O isotopic composition by nitrifying NH4

+ to NO3
−

or denitrifying NO3
− to N2. NH4

+ volatilization and nitrogen
remineralization may also alter N speciation (Charbonnier et al.,
2013) and isotopic composition. Therefore, the groundwater
isotopic signatures of N and O of an inland groundwater
source may differ from that delivered to the coastal ocean,
making it difficult to track anthropogenic sources of NO3

−

through the STE (Anschutz et al., 2016). The addition of other
tracers may be useful in resolving these problems, including
boron (B) isotopes.

Boron is added to groundwater both naturally and with
contaminants such as NO3

− in association with borate minerals
used in fertilizers and detergents through septic systems or
sewage (Barth, 1998; Vengosh, 1998; Vengosh et al., 1999).
B is added to groundwater naturally via precipitation and
water-rock interactions that include sorption reactions with
clay minerals and iron hydroxides (Demetriou and Pashalidis,
2012). Anthropogenic sources of B to groundwaters include
fertilizers and septic systems or sewage (Vengosh et al., 1999).
Plants require B as an essential micronutrient for growth and
therefore borate minerals are commonly added to commercial
fertilizers (Shireen et al., 2018). Detergents and household

cleaning products contain elevated [B] that is subsequently
transported to septic systems.

Boron is highly soluble in groundwater and is therefore
a co-migrant of groundwater NO3

−, including fertilizer and
septic sources. B is not removed by wastewater treatment nor
is it affected by processes that alter N concentration, such
as nitrification and denitrification; however, B speciation is
controlled by pH. At low pH boric acid (BOH3) is the dominant
species, while at high pH borate (BOH4

−) dominates, with
a pKa of 9.2 in fresh water (McPhail et al., 1972). There
is an isotope fractionation between these species that makes
borate isotopically enriched in 10B. Boric acid is conservative,
but borate has a strong affinity for positively charged particle
surfaces (e.g., clays) because of its negative charge (Palmer
et al., 1987). This can result in changes in the isotope ratio
as B can be fractionated by processes such as adsorption and
desorption of borate onto iron oxides and clay minerals (McPhail
et al., 1972; Goldberg and Glaubig, 1985; Glavee et al., 1995;
Lemarchand et al., 2007; Demetriou and Pashalidis, 2012).
However, these processes are pH dependent, where adsorption
is greatest at pH 9 and decreases to less than 10% adsorption
at pH 5 and lower (Bloesch et al., 1987; De La Fuente and
Camacho, 2009; Demetriou and Pashalidis, 2012). The large
relative mass differences between 11B and 10B means that isotope
fractionation leads to a wide range of isotopic values in nature.
The combined use of δ11B and δ15N to trace NO3

− sources has
been successfully applied in terrestrial and aquatic environments
(Komor, 1997; Widory et al., 2004, 2005, 2013; Seiler, 2005;
Bronders et al., 2012; Lindenbaum, 2012; Briand et al., 2013,
2017; Eppich et al., 2013; Saccon et al., 2013; Ransom et al.,
2016; Guinoiseau et al., 2018; Kruk et al., 2020); however, the
use of δ11B and δ15N has yet to be tested in the STE of
coastal systems.

Site Description
Long Island Sound (LIS) is a coastal estuary that lies between
the south shore of Connecticut and the north shore of Long
Island, NY, United States (Figure 1). The southern shoreline
of LIS is cut into an unconfined, unconsolidated, sole-source
aquifer (the Upper Glacial Aquifer) of glacial deposits with a
hydraulic conductivity between 7 and 70 m d−1 (Buxton and
Modica, 1992). The hydraulic gradient has been estimated to be
0.001 (McClymonds and Franke, 1972) with a vertical hydraulic
gradient between 0.02 and 0.08 in the upper meter of sediment
at the shoreline. Under these conditions, significant SGD has
been documented along the shores of LIS (Durand, 2014; Garcia-
Orellana et al., 2014; Bokuniewicz et al., 2015; Young et al., 2015;
Tamborski et al., 2017a,b). FSGD-driven N loads to Smithtown
Bay (1–13∗106 mol N y−1), an embayment of LIS, rivals that
of the local Nissequogue River (4–10∗106 mol N y−1) and
has been implicated as the primary new N source to LIS
(Tamborski et al., 2017a).

This study focuses on two distinct STE’s along the north
shore of Long Island at Callahans Beach (adjacent to Smithtown
Bay) and at Iron Pier Beach (on the North Fork of Long
Island; Figure 1). Anthropogenic contaminant sources including
cesspools, septic systems and fertilizers are implicated in
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FIGURE 1 | Long Island, NY, United States (A) and the subterranean estuary (STE) study sites of Callahans Beach (B) and Iron Pier Beach (C), indicated by yellow
stars. A survey of water samples from groundwater wells, spring-fed creeks (Mill Ponds) and precipitation-fed ponds (Kettle Ponds) are shown in panel (A).

producing elevated NO3
− levels seen in Long Island’s unconfined

Upper Glacial Aquifer (Bellone, 2015). Land cover within the
watershed of Callahans Beach is composed of medium-density
residential housing (2770 people km−2; town of Fort Salonga);
the beach itself is directly down-gradient from a golf course
(Figure 1). This site has been well studied (Tamborski et al.,
2015, 2017a,b) and was chosen to represent a shoreline impacted
by mixed anthropogenic N sources (fertilizer, manure and/or
septic); there was no evidence of groundwater denitrification
or nitrogen attenuation in the STE (Tamborski et al., 2017a).
At Callahans Beach, SGD rates vary tidally and can reach
50 cm d−1 near low tide (Tamborski et al., 2015). Land cover
within the watershed of Iron Pier Beach is predominantly used
for agriculture and this lower population density site (470 people
km−2; town of Northville) was chosen to represent a shoreline
impacted by a fertilizer N source. At Iron Pier Beach, SGD
was measured at rates up to 75 cm d−1 via manual seepage
meter measurements (Brown, 2018). Identifying the sources of
nitrogen in groundwater is of particular importance to managers
here because an effort to reduce nitrogen in Suffolk County,
NY, United States, called “Reclaim our Water Initiative,” is
predicated on nitrogen pollution from septic systems (Suffolk
County Government, 2019).

MATERIALS AND METHODS

Field Methods
Multi-level cluster wells were installed above the spring high
tide elevation at Callahans Beach in 2014 at depths of 3.0 m,
5.0 m, 6.0 m, and 7.0 m below surface, and at Iron Pier
Beach at 1.5 m, 3.0 m, and 4.5 m depths in 2017 using a
track-mounted Geoprobe. Multi-level cluster-well installation
at Callahans Beach is described in Tamborski et al. (2017b).
Groundwater was collected from cluster wells monthly at both
sites using a peristaltic pump, from June to December 2017,
for nutrient analyses. Temperature, conductivity, salinity, DO,
ORP and pH were measured in the field using a YSI-566 multi-
probe. Groundwater samples for N, O, and B isotopic analysis
were collected from June through October. Water samples for
nutrient concentrations and N and O isotopes were filtered in the
field (0.2 µm), collected in 15 mL falcon tubes and kept on ice.
Samples were frozen upon returning to the lab and kept frozen
until analyzed. The water samples for B isotope analysis were
filtered in the field (0.2 µm), collected in 50 mL polypropylene
centrifuge tubes and were kept refrigerated until analyzed.

A variety of possible endmembers were sampled to further
constrain potential B sources. To estimate the contribution
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of B from seawater, we analyzed coastal seawater samples
(n = 10) from Port Jefferson Harbor (Figure 1). Precipitation
was collected from acid cleaned rain gauges on four separate
occasions (at Stony Brook University). Surface waters were
collected from protected precipitation-fed lakes (i.e., kettle
ponds; Pine Barrens region; n = 3) and spring-fed ponds (Mill
Pond and Setauket Pond; n = 8). Private wells (n = 5) in
Smithtown and Old Field were sampled at the houses before the
filter (which was disconnected). Septic waste (n = 3) was collected
from private residences on Long Island with a peristaltic pump
from a pump chamber (immediately downfield from the septic
tank prior to the drain-field) and stored in 1 L plastic containers
with no processing (e.g., no filtering, pH adjustment). All surface
and groundwater samples were collected in acid cleaned 50 mL
polypropylene bottles. The bottles were rinsed with the water
that was being collected and then collected to avoid air space.
Temperature, DO, and salinity were measured at the time of
collection. Samples were prepared for B analyses in the same way
that SGD samples described above were prepared.

Analytical Methods & Endmember
Experiments
In order to obtain δ11B and to estimate how much [B] could be
expected from commercial products, tap water was used to leach
five commonly applied fertilizers, one manure sample purchased
locally and one locally collected Canada goose dropping. The
tap water represents water that would be used for irrigation of
lawns, making the leach a more realistic value for what might be
delivered to groundwater. The fertilizers and manure were put
in 50 mL centrifuge tubes up to the 5 mL mark, filled to the
50 mL mark with tap water and placed on a shaker table at room
temperature for several hours.

Boron concentrations were measured with an Agilent 7500cx
Quadrupole ICP-MS using a standard bracketing routine with
background subtraction. After concentrations were established,
approximately 250 ng of B was separated from the matrix using
Amberlite IRA 743, a B-specific resin. Samples were adjusted
to a pH of ∼9 before adding to the columns, washed with pH
9 adjusted DI water, and eluted with 2% nitric acid following
a modified procedure from Lemarchand et al. (2002). Boron
isotope ratios were measured using a Nu Instruments Plasma
II multi-collector ICP-MS using a standard bracketing routine
that included a background between each sample and standard.
These background measurements were averaged and subtracted
from the sample and standards before using the average of
bracketing standards (NBS 951, which is taken as 0h) to
calculate δ11B. Measurement precision is between 0.5 and 1.0h.
Archived groundwater samples from Callahans Beach, collected
during July 2014 and May 2015, were additionally analyzed
for [B] and δ11B.

Coastal groundwater samples for nitrate concentration
analysis were prepared using a modified vanadium (III)
reduction procedure (Miranda et al., 2001; Doane and Howarth,
2003). Samples for the analysis of ammonium were prepared
and analyzed using a mixed-reagent method (Presley and
Claypool, 1971). Nutrient (NO3

− and NH4
+) concentrations

were measured spectrophotometrically on a BPPBABTECH
Omega series microplate reader. δ15N-NO3

− and δ18O-NO3
−

were measured at the stable isotope facility at the University
of California, Davis by bacterial denitrification assay. Isotope
ratios were measured on a ThermoFinnigan GasBench+ PreCon
trace-gas concentration system interfaced to a ThermoScientific
Delta V Plus isotope-ratio mass spectrometer with measurement
precision of 0.4h for δ15N-NO3

− and 0.5h for δ18O-NO3
−.

Nitrogen isotopes are referenced to air while oxygen isotopes are
referenced to Vienna Standard Mean Ocean Water (VSMOW).
Nitrite was removed prior to analysis (Granger and Sigman,
2009). November and December groundwater samples were not
analyzed for δ15N-NO3

− and δ18O-NO3
−.

RESULTS

Possible Sources – Boron
Natural Sources
The survey of local water sources reveals a range in [B] and
large variability in δ11B (Table 1). Rainwater varied from 6 to
13 ppb with a δ 11B between 12.7 and 33.4h (Table 1). Kettle
ponds in the Pine Barrens region, which is a protected part
of the Long Island watershed without farming and residences
(Figure 1), demonstrated similar [B] as the rainwater samples
(6–8 ppb) and somewhat higher δ11B values (27.5 to 32.7h;
Table 1). These protected ponds are fed by precipitation and
should therefore represent the average annual precipitation δ11B
and [B] endmember.

Private wells to depths of 30 and 90 m in the Upper Glacial
aquifer (town of Old Field; Figure 1) give a range of [B] of 18–
47 ppb and a range of δ11B of 19.6 to 36.6h (Table 1). In contrast,
one well from the town of Smithtown (Metcalf) was higher in
[B] (67 ppb) and lower in δ11B (11h; Table 1). Water collected
along two spring-fed creeks (Setauket Mill Pond and Stony Brook
Mill Pond) were enriched in [B] (17–25 ppb) and isotopically low
(δ11B = 9.0–15.8h; Setauket Pond 2E; Table 1) as compared to
inland groundwaters. A total of 10 coastal seawater samples were
collected along the shoreline of Port Jefferson Harbor; the mean
(± standard deviation) δ11B is 39.4± 0.2h for a [B] of 3580 ppb
and a salinity of 27 psu.

Anthropogenic and Animal Sources
The public water supply is used for agricultural and homeowner
irrigation; therefore, tap water was used to leach a variety of
fertilizers and manure samples. The tap water has relatively
low [B] (11 ppb) and elevated δ11B (34.9h; Table 1). Leaching
with tap water produced a range of [B] and while it is
understood that farming and lawn practices are not mimicked
by our leaching experiments and attenuation is expected, the
δ11B values are used in ensuing mixing models (see section
“Identifying Potential Sources of Groundwater Nitrate Using
Boron Stable Isotopes”). The differences in [B] availability
through these qualitative leaching experiments provides order
of magnitude concentrations and shows differences among the
various potential B sources. The δ11B values for five commonly
applied commercial fertilizers (Scotts Thick’R Lawn, Holly Tone,
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TABLE 1 | Summary of B concentration and δ11B isotopic values for natural
waters, including precipitation, protected precipitation-fed lakes, spring-fed
ponds, groundwater wells, public tap water, and seawater.

Sample type δ11B (hhh) B (ppb) Lat Lon

Precipitation

SBU Rain 1 12.7 13 40.9570 −73.1251

SBU Rain 2 33.4 6 40.9570 −73.1251

SBU Rain 3 21.3 9 40.9570 −73.1251

SBU Rain 4 15.6 7 40.9570 −73.1251

Precipitation-fed lakes (protected)

Lake Panamoka 27.5 7 40.9217 −72.8543

Ridge Lake 30.9 8 40.9169 −72.8568

Tarkill Pond 32.7 6 40.9167 −72.8551

Spring-fed ponds

Stony Brook Mill Pond 1 15.8 24 40.9149 −73.1468

Stony Brook Mill Pond 2 14.2 25 40.9145 −73.1461

Setauket Pond 2A 10.9 24 40.9464 −73.1152

Setauket Pond 2C 9.5 28 40.9441 73.1158

Setauket Pond 2D 10.8 25 40.9452 −73.1152

Setauket Pond 2E 9.0 17 40.9452 −73.1152

Groundwater wells

Metcalf (Smithtown) 11.0 67 40.9589 −73.0069

29B Fuller (Old Field) 19.6 47 40.9560 −73.1289

21A Johnson (Old Field) 36.6 18 40.9568 −73.1288

Johnson #2 (Old Field) 36.6 20 40.9570 −73.1283

33B Wooton (Old Field) 36.0 26 40.9570 −73.1283

Public (tap) water 34.9 11

Seawater

Port Jefferson Harbor (n = 10) 39.4 3580 40.9664 −73.0781

TABLE 2 | Summary of potential contaminant endmember δ11B isotopic values
analyzed, including fertilizers, animals waste and septic waste.

Sample type δ11B (hhh) B (ppb)

Fertilizers

Scotts Thick’R LawnTM 12.6 349

Holly ToneTM 7.4 4000

10–10–10 11.9 1310

5–10–5 4.9 2500

MilorganiteTM
−4.4 405

Animal waste

Commercial manure 25.9 92

Goose droppings 25.8 75

Septic waste

59R Sewage −0.2 1275

9B Sewage 2.5 250

CSH Sewage 2.1 105

10–10–10, 5–10–5, and MilorganiteTM) analyzed ranged from
−4.4 to 12.6h (Table 2). In contrast, commercial manure
(animal source unknown) was higher in δ11B (25.9h), and
similar to that of Canada goose manure collected from Stony
Brook University’s campus (25.8h; Table 2). The δ11B of
three septic samples ranged between −0.2 and 2.5h (Table 2).
MilorganiteTM is the heat-treated residue from microbes that

were used to break up solids in the public wastewater treatment
for the city of Milwaukee, likely accounting for its similar
composition (−4.4h) to the septic samples. These analyses were
conducted to better understand potential B endmembers, and N
isotope values were not measured.

Subterranean Estuary Groundwaters –
Concentrations
Callahans Beach
Groundwater salinity remained constant at depth (≤0.3 psu)
and waters were well-oxygenated (with dissolved oxygen,
[DO] > 5 mg L−1) at Callahans Beach (Table 3). DO was variable
with depth and was generally lower in August and September
than it was in the other 4 months. Groundwater pH generally
increased with depth but showed some variability being lower
in July (4.77–4.98) than at other times (4.80–5.89). [B] did not
show a statistically significant correlation with salinity (R2 = 0.22,
excluding a high outlier from 6 m depth in July) or with NO3

−

concentrations (Table 3 and Figure 2). B concentrations were
variable with depth for each month, ranging from 14 to 47 ppb,
with one elevated salinity sample at 73 ppb (Table 3). NO3

−

concentrations in groundwater from Callahans Beach ranged
from 3.7 to 19.3 mg L−1 (as NO3

−) with a mean (± standard
deviation) of 12.7 ± 4.6 mg L−1 (Table 3 and Figure 2B). NO3

−

concentrations were elevated during June through September
and decreased from October through December 2017. NH4

+ was
present at trace levels through the summer and increased slightly
in November and December. These differences may have been
driven by changes in regional precipitation. October 2017 had
about 150 mm of total rainfall, while November and December
2017 had about 50 mm of total rainfall. Tamborski et al. (2017a)
monitored these same wells over a 12-month period (2014–2015),
during which NH4

+ concentrations were negligible and NO3
−

was the dominant form of inorganic N.

Iron Pier Beach
At Iron Pier Beach, groundwater salinity was relatively constant
with depth (<0.5 psu), with slightly elevated salinities in July
(<2 psu; Table 4). DO generally decreased with depth but all
samples were well-oxygenated (>5 mg L−1); DO was slightly
higher in summer than in winter. There was variability in pH
with depth and pH was lower in June (4.98–5.07) than at other
times of the year (5.10–5.92). On average, B concentrations at
Iron Pier Beach were higher than those at Callahans Beach (16–
98 ppb), variable with depth and were not correlated with salinity
(Table 4 and Figure 2A). NO3

− concentrations were consistently
higher at Iron Pier Beach than those at Callahans Beach. The
mean (± standard deviation) groundwater NO3

− concentration
was 28.2± 9.3 mg L−1 with a range of 9.3 to 52.6 mg L−1. NO3

−

concentrations showed no seasonal differences and generally
increased with depth, with minor amounts of NH4

+ (Table 4).

Subterranean Estuary Groundwaters –
Stable Isotopes
Groundwater samples from Callahans Beach collected in
2017 gave δ15N-NO3 values that ranged from 1.9h to
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TABLE 3 | Callahans Beach coastal groundwater samples collected in 2017.

Well Date Depth T Salinity DO pH ORP NOx NH4
+ B δ15N δ18O δ11B

m ◦◦◦C mg L−1 mV mg L−1 mg L−1 ppb hhh - air hhh - VSMOW hhh

CH2 Jun-17 −3 na na na 4.98 83 19.3 0.0 27 3.6 2.2 33.0

CH3 Jun-17 −5 na na na 5.22 73 18.0 0.0 27 3.8 0.0 29.0

CH4 Jun-17 −6 na na na 5.38 48 18.0 0.0 26 3.8 −0.1 23.7

CH5 Jun-17 −7 na na na 5.34 61 9.1 0.0 26 3.8 −0.1 37.1

CH2 Jun-17 −3 17.1 0.28 9.4 4.80 216 16.1 0.0 24 3.2 −0.4 31.1

CH3 Jul-17 −5 16.4 0.27 10.0 4.77 209 14.6 0.0 24 3.6 0.6 25.9

CH4 Jul-17 −6 17.3 9.36 8.8 4.80 197 16.7 0.0 73 3.6 1.1 42.2

CH5 Jul-17 −7 16.4 0.29 9.5 4.79 202 6.4 0.0 24 4.2 0.6 36.5

CH2 Aug-17 −3 25.6 0.28 5.7 5.29 256 10.7 0.0 26 4.0 1.3 32.0

CH3 Aug-17 −5 23.9 0.24 6.8 5.59 253 15.8 8.3 28 3.9 0.3 32.0

CH4 Aug-17 −6 23.1 0.26 6.5 5.66 272 17.1 0.0 27 3.1 1.0 27.8

CH5 Aug-17 −7 na 0.24 6.4 5.55 257 7.9 0.0 27 4.6 0.5 39.6

CH2 Sep-17 −3 14.4 0.22 8.3 5.45 293 13.5 0.0 47 4.1 1.2 39.6

CH3 Sep-17 −5 14.4 0.22 8.0 5.53 308 15.1 0.0 27 4.2 1.3 35.9

CH4 Sep-17 −6 14.1 0.21 7.6 5.87 346 16.0 0.0 27 2.8 1.3 41.9

CH5 Sep-17 −7 14.1 0.22 8.0 5.68 336 3.9 0.0 26 4.7 0.9 29.6

CH2 Oct-17 −3 19.0 0.21 7.7 5.46 253 15.0 0.0 25 4.1 0.2 37.6

CH3 Oct-17 −5 21.2 0.22 6.5 5.42 264 14.0 0.0 19 4.0 1.0 31.4

CH4 Oct-17 −6 20.0 0.22 7.8 5.60 238 17.3 0.0 16 1.9 1.5 40.2

CH5 Oct-17 −7 18.7 0.23 6.7 5.56 250 4.8 0.0 22 4.6 1.1 27.6

CH2 Nov-17 −3 7.4 0.25 9.5 5.40 341 12.0 0.0 19 na na 39.7

CH3 Nov-17 −5 6.2 0.26 9.0 5.68 289 12.6 3.2 16 na na 34.4

CH4 Nov-17 −6 5.8 0.27 9.2 5.70 308 3.7 2.4 15 na na 42.5

CH5 Nov-17 −7 6.1 0.27 9.9 5.89 325 12.3 0.7 17 na na 29.2

CH2 Dec-17 −3 4.8 0.29 10.0 5.87 266 13.8 0.2 17 na na 36.3

CH3 Dec-17 −5 5.0 0.29 9.2 5.67 291 12.4 0.5 18 na na 30.7

CH4 Dec-17 −6 4.3 0.31 9.8 5.86 238 3.5 0.7 14 na na 27.0

CH5 Dec-17 −7 4.5 0.29 9.3 5.72 308 15.0 0.8 18 na na 39.1

na, not analyzed.
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FIGURE 2 | (A) Coastal groundwater salinity vs. δ11B with point size reflecting B concentration (A); B concentration vs. δ11B with point size reflecting NO3
−

concentration (B) and NO3/B vs. δ11B with point size reflecting NO3
− concentration (C). The range of seawater (∼0.5 mg N L−1) and precipitation (∼1 mg N L−1) in

panel (C) are represented by dashed black and blue rectangles, respectively.

4.7h and δ18O-NO3 values that ranged from −0.4h to
2.2h (Figure 3A). δ15N-NO3 was slightly lower at 6 m
depth (sample ID = CH4) than at other depths during
August, September, and October (Table 3). δ18O-NO3 values
were generally variable at depth without an obvious trend.
The δ11B of groundwater at Callahans Beach ranged from
23.7h to 42.5h with a concurrent change at 6 m depth
(Table 3). δ11B was significantly higher from July to October,
but lower during June, and showed no trend with NO3

−

concentrations (Figure 2B).
Iron Pier Beach groundwaters had a similar range of δ15N-

NO3 values (0.5h to 5.0h) as Callahans Beach (Figure 3A).
δ15N-NO3 values at Iron Pier Beach generally increased with
depth (Table 4), while δ18O-NO3 values were highest at a depth
of 3 m. δ11B values were generally lower at Iron Pier Beach
than groundwater samples from Callahans Beach and ranged
from −2.1h to 35.7h (Table 4 and Figure 2) and displayed a
significant positive correlation with B concentration (R2 = 0.56;
Figure 2B). Groundwater NO3/B ratios were significantly greater
than seawater and precipitation endmembers for both sites
(Figure 2C), demonstrating a significant input of anthropogenic
NO3

− to the STE.

DISCUSSION

Subsurface Processes and Variability
Groundwater pH was low at both sites (Tables 3, 4) and
was not correlated with [B] or δ11B. Therefore, B isotopic
signatures are unlikely to be affected by sorption and should only
reflect nitrogen source compositions or mixing processes. Coastal
groundwaters at both sites were well oxygenated (Tables 3, 4);
despite this, denitrification may occur in sedimentary anoxic
micro-sites (Brandes and Devol, 1997). There was no evidence
of denitrification in the STE (Figure 3A), assuming that
denitrification results in a δ18O to δ15N ratio of 2:1 (Kendall
et al., 2008). This is further supported by comparing δ15N with
ln[NO3

−] and 1/[NO3
−] (Figure 4). Denitrification should result

in trends distinctive from that induced by binary mixing. The
narrow range of δ15N for the coastal groundwaters coupled
with overlapping signatures of δ15N in potential endmembers

(Figure 3A) precludes using N alone to untangle mixing
sources (Figure 4).

There were no seasonal changes in δ15N-NO3
− and δ18O-

NO3
− at Iron Pier Beach, but there were differences with

depth (Table 4). The groundwater at 1.5 m depth had a
lower δ15 N value relative to the other groundwater samples
at Iron Pier Beach. Lower isotope values for samples at
1.5 m depth may be explained by nitrification processes within
the STE where oxic conditions are persistent (Kroeger and
Charette, 2008), especially at this shallow depth. Alternatively,
differences may be related to geologic heterogeneity. At Callahans
Beach, fresh groundwaters at 6 m depth were lower in δ15N-
NO3

− with variable δ11B, compared to shallower and deeper
groundwaters (Table 3). This depth horizon is geologically
distinct from neighboring sediments. Indeed, Tamborski et al.
(2017b) observed significant radon, radium, and dissolved Mn2+

enrichments at this depth horizon. Geologic heterogeneity
can act to both modify groundwater flow paths and enhance
biogeochemical transformations within the STE (Heiss et al.,
2020). However, denitrification cannot explain the differences in
δ15N-NO3

− and δ18O-NO3
− compositions (Figures 3A, 4). In

the ensuing analysis, we thus interpret changes in stable isotopes
to reflect changes in groundwater N (and B) sources, rather than
from a biogeochemical process or cycle, unless explicitly stated.

Potential Sources of Groundwater
Nitrate Using Nitrate Stable Isotopes
The nitrogen and oxygen isotope values of NO3

− in groundwater
from Callahans Beach show no seasonal trends (Table 3). The
samples from this study are similar in δ15N-NO3

− to previously
measured values at that site from 2014 and 2015 (Tamborski et al.,
2017a); however, the 2017 samples span a much narrower range
in δ18O-NO3 (Figure 3A). Samples from both Callahans Beach
and Iron Pier Beach plot in the overlapping fields of nitrification
of NH4

+ in fertilizer and precipitation, soil NH4
+, manure and

septic waste (Figure 3A). Previous studies at Callahans Beach
attributed the δ15N and δ18O of groundwater NO3

− to either
nitrification of septic waste, or to mineral fertilizer (Tamborski
et al., 2017a). Studies of drinking supply well samples collected in
Northport, a sewered community to the southwest of Callahans
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TABLE 4 | Iron Pier Beach coastal groundwater samples collected in 2017.

Well Date Depth T Salinity DO pH ORP NOx NH4
+ B δ15N δ18O δ11B

m ◦◦◦C mg L−1 mV mg L−1 mg L−1 ppb hhh - air hhh -VSMOW hhh

IP1 Jun-17 1.5 18.4 0.23 12.9 4.98 54 29.9 0.0 31 0.5 1.9 11.4

IP2 Jun-17 3 19.4 0.20 9.4 5.41 77 28.6 0.0 37 3.8 6.7 −1.6

IP3 Jun-17 4.5 18.4 0.31 10.3 5.07 105 52.6 0.1 43 4.7 −0.2 16.1

IP1 Jul-17 1.5 18.6 1.29 9.8 5.87 170 12.4 0.0 92 0.6 1.9 31.9

IP2 Jul-17 3 16.8 1.58 10.1 5.57 147 26.6 0.0 63 3.6 6.5 28.3

IP3 Jul-17 4.5 16.5 0.37 10.2 5.35 123 26.8 0.0 47 4.4 1.1 14.9

IP2 Aug-17 3 19.1 0.28 6.9 5.64 288 27.1 0.0 16 3.7 7.0 −2.1

IP3 Aug-17 4.5 18.0 0.28 7.6 5.68 319 27.0 0.1 41 4.0 3.7 6.6

IP1 Oct-17 1.5 15.6 0.25 8.4 5.82 184 25.2 0.0 23 0.8 2.7 3.9

IP2 Oct-17 3 12.5 0.23 8.4 5.59 230 25.8 0.0 59 3.2 6.2 8.3

IP3 Oct-17 4.5 12.6 0.34 7.8 5.72 120 37.7 0.0 98 5.0 0.9 35.7

IP1 Nov-17 1.5 8.2 0.25 9.3 5.10 250 9.3 0.8 20 na na 22.7

IP2 Nov-17 3 7.8 0.27 8.7 5.72 302 30.1 0.0 40 na na 2.5

IP3 Nov-17 4.5 7.4 0.38 8.6 5.92 321 25.7 0.0 75 na na 17.6

IP1 Dec-17 1.5 7.4 0.30 9.6 5.72 262 25.2 0.0 60 na na 11.8

IP2 Dec-17 3 7.1 0.39 8.9 5.84 3 30.2 0.2 20 na na −1.1

IP3 Dec-17 4.5 7.1 0.42 9.0 5.90 260 39.9 0.5 42 na na 15.9

na, not analyzed.
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FIGURE 3 | (A) δ15N-NO3 vs. δ18O-NO3 of coastal groundwater samples. Callahans 2014/2015 data from Tamborski et al. (2017a). Northport data from Bleifuss
et al. (2000). Source fields modified from Kendall et al. (2008). (B) δ15N-NO3 vs. δ11B. The δ15N-NO3 source fields are from Kendall et al. (2008) and the δ11B ranges
are based on a survey of possible sources on Long Island as well as the ranges reported by Vengosh et al. (1994, 1999), Bassett et al. (1995); Komor (1997), Seiler
(2005), Widory et al. (2005), Tirez et al. (2010), and Eppich et al. (2013). Only select samples from Callahans 2014/2015 are included (salinity ≤ 0.3).

Beach, have NO3
− concentrations less than 10 mg L−1 (Bleifuss

et al., 2000). These sewered community groundwaters have
higher δ15N-NO3

− values compared with those from Iron Pier
and Callahans Beach (hollow black circles; Figure 3A). The δ15N-
NO3

− and δ18O-NO3
− values from the Northport supply wells

were attributed to nitrification of NH4
+ in fertilizer, with small

inputs from septic waste (Bleifuss et al., 2000); we note that the
soil NH4

+ and manure/septic waste source fields also overlap in
δ15N-NO3

− for these supply well samples (Figure 3A).
Residences in the watershed of Callahans Beach are unsewered

and use individual, homeowner septic systems for wastewater
disposal (i.e., cesspools); thus, a septic waste N signature
is expected for Callahans Beach. Callahans Beach is located
immediately down-gradient of a golf course, and in the vicinity
of communities that fertilize their lawns (Figure 1), and so a
N and B source from fertilizers is also expected. Based on the
δ15N-NO3

− and δ18O-NO3
− data and the endmember source

fields identified in Kendall et al. (2008), it is unclear what
the dominant source of NO3

− is to the groundwaters of the
Callahans Beach STE (Figure 3A). Iron Pier Beach is located
down-gradient from agricultural fields, so a fertilizer source for
the NO3

− was expected. Based on δ15N-NO3
− and δ18O-NO3

− is
unclear, however, if the Iron Pier Beach samples are sourced from
nitrification of NH4

+ in fertilizer and precipitation, soil NH4
+,

manure or septic waste.

Identifying Potential Sources of
Groundwater Nitrate Using Boron Stable
Isotopes
Stable isotope measurements of δ15N-NO3

− and δ18O-
NO3

− are unable to discriminate NO3
− sources in the STE,

despite local knowledge of each study site’s primary NO3
−

sources. Comparison of δ15N and δ11B values has allowed
the discrimination of anthropogenic NO3

− sources in other
terrestrial and aquatic-based studies (Komor, 1997; Widory et al.,
2004, 2005, 2013; Seiler, 2005; Bronders et al., 2012; Lindenbaum,
2012; Briand et al., 2013, 2017; Eppich et al., 2013; Saccon et al.,
2013; Guinoiseau et al., 2018; Kruk et al., 2020). Callahans Beach
and Iron Pier Beach have distinct land-use patterns within their
respective coastal watersheds (Figure 1). A posteriori knowledge
of each site, and of the Long Island region (Bellone, 2015),
provides a unique opportunity to compare “known” nitrogen
sources to those estimated from δ11B and δ15N-NO3

− versus
δ18O-NO3

−.

Endmember Mixing and N Sources
Comparison between δ11B and δ15N provides qualitative
information on potential groundwater N sources (Figure 3B).
Endmember source fields of δ11B from this study (Tables 1,
2), with additional constraints as summarized by Eppich et al.
(2013), suggests that groundwater NO3

− for Iron Pier Beach is
derived from either nitrification of NH4

+ in fertilizer or septic
waste. In contrast, groundwater NO3

− at Callahans Beach is
interpreted to reflect either nitrification of NH4

+ in precipitation
or an animal manure source. Precipitation can supply, at most,
1 mg L−1 of NO3

− to the groundwater system of Long Island;
therefore, precipitation is not the primary source of the observed
N concentrations (Table 3) or δ11B (Figures 2C, 5). Binary
mixing models were used to investigate theoretical mixing
between different sources of B in the STE. Assuming that B
is not attenuated by in situ biogeochemical processes, then
mixing between two different endmembers may be quantitatively
approximated as:

[B] = C∗1X + C∗2(1 − X) (1)
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δ11B = ((δ11B∗1C∗1X) + (δ11B∗2C∗2(1 − X)))

/(C∗1X + C∗2(1 − X)) (2)

where X is the fraction of endmember 1 in the coastal
groundwater, C1 and δ11B1 are the concentration and isotope

FIGURE 4 | Natural logarithm of NO3
− vs. δ15N (A) and 1/[NO3

−] vs. δ15N
(B) of coastal groundwater samples.

composition of endmember 1 and C2 and δ11B2 are the
concentration and isotope composition of endmember 2.
Estimated endmembers (Figure 5) were used to investigate
potential mixing relationships between natural sources
(precipitation or seawater) with contaminant sources B (fertilizer,
septic waste or animal waste). We note that endmember mixing
models may be improved with a Bayesian statistical analysis,
which accounts for the degree of overlap and uncertainty
of different sources (Ransom et al., 2016); however, a more
comprehensive analysis of potential endmembers is required
here. The two different subterranean estuaries studied have
relatively distinct ranges of δ11B (Figure 2) and therefore we
treat each site as a separate system in the ensuing discussion.

Iron Pier Beach
Agriculture dominates the lower population density (470 people
km−2) watershed of Iron Pier Beach. Groundwater NO3

− at this
site should be derived from mineral fertilizers. Fresh groundwater
samples from Iron Pier Beach are systematically lower in δ11B
compared to Callahans Beach (Figure 2). Iron Pier groundwater
δ11B increases nearly linearly with increasing B concentration
(Figure 2B), suggesting that binary mixing occurred between
an isotopically enriched B source and an isotopically depleted,
lower [B] source. Precipitation has isotopically high δ11B but
is too low in [B] to explain the higher δ11B values of the Iron
Pier groundwater (Figure 5). Animal manure is an alternative
endmember; however, three coastal groundwater samples are
higher in δ11B than the two measured manure samples (Figure 5).
Either two samples are insufficient to adequately characterize the
δ11B of animal manure (Eppich et al., 2013), or this is not an
appropriate endmember for this site.

Seawater has elevated δ11B and [B] and may therefore
constitute one endmember for Iron Pier Beach (Figure 5).
Groundwater salinities are on the order of 0.3 psu (Table 4);
direct mixing between a contaminant endmember and seawater
(25–28 psu) would mean that seawater contributes between 1 and
2% of the observed salinity. This amount of seawater [B] could be

FIGURE 5 | Log of 1/B vs. δ11B of coastal groundwater samples and different endmembers analyzed in this study.

Frontiers in Environmental Science | www.frontiersin.org 10 August 2020 | Volume 8 | Article 126151

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/environmental-science#articles


fenvs-08-00126 August 9, 2020 Time: 12:2 # 11

Tamborski et al. Boron Tracing N Sources in FSGD

FIGURE 6 | Log of 1/B vs. δ11B of coastal groundwater samples from Iron Pier Beach (A) and Callahans Beach (B). In panel (A), theoretical mixing between sea
spray and fertilizer (orange curves) assumes that sea spray constitutes 5% of the B concentration of seawater, and that B retention from plants is between 85 and
95% of the applied fertilizer load. The horizontal orange dashed lines indicate the range of fertilizer δ11B (MilorganiteTM [–4.4h] to Scotts Thick’R LawnTM [12.6h])
over a B concentration range of 20–60 ppb. In panel (B), the dashed curves show mixing between coastal precipitation with possible contaminant endmembers,
and solid curves show mixing between sea spray and possible contaminant endmembers, including fertilizer (9h), septic waste (1.5h) and animal manure (26h).
Coastal precipitation is set as the highest observed δ11B signature for Callahans Beach (15 ppb, 42.5h). Manure B concentrations are 20% of the laboratory
leached concentration. Fertilizer δ11B is the average of analyzed fertilizer leaches, excluding MilorganiteTM; septic waste δ11B is the average of the analyzed septic
waste samples (Table 2).

delivered via sea spray that is diluted by rainfall. Septic waste and
fertilizer endmembers (Table 2) are isotopically light enough to
serve as the second endmember for Iron Pier Beach. However,
B concentrations of the leaches are 1–3 orders of magnitude
higher (lower 1/B; Figure 5) than the isotopically lowest δ11B
groundwater sample (16 ppb; −2.1h; Table 4). The [B] of the
fertilizers determined from the leaching experiments are not
representative of a natural system. Borate minerals are added to
commercial fertilizers because B is an essential micro-nutrient for
plant growth (Shireen et al., 2018); therefore, a significant fraction
of the B from a fertilizer application should be retained by the
plant-root system. Further, the leaching experiment used a small

amount of water so the leach is much more concentrated than
what would be found in irrigation water even if the plant roots
were inefficient at utilizing the B.

Theoretical mixing between highly diluted sea spray and
fertilizers reasonably explains the coastal groundwater B data of
Iron Pier Beach (Figure 6A). These mixing curves represent an
isotopically light fertilizer (Table 2) assuming that 5, 10 or 15%
of the applied B is lost to the groundwater system. Note that a
higher δ11B signature for fertilizer (12.6h) would simply shift
these mixing curves upward toward higher δ11B values, assuming
that B concentration ranges remain the same (Figure 6A). Given
these assumptions, groundwater N at Iron Pier Beach must be
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FIGURE 7 | Summary of δ11B (left) and δ15N (right) endmember isotope ratios of coastal groundwaters. Dotted boxes reflect natural sources or processes. Dashed
boxes reflect anthropogenic contaminant sources. δ11B ratios constrained from Tables 1, 2. δ15N ratios from Kendall et al. (2008).

predominantly sourced from nitrification of NH4
+ in fertilizer

(Figures 3B, 6A), consistent with our working knowledge of this
agricultural coastal system. Notably though, there is no trend
in NO3

− with [B] (Figure 2B), and therefore a simple two-
component mix cannot explain the source of NO3

− at Iron Pier
Beach using N alone (Figure 4).

Callahans Beach
Callahans Beach is directly down-gradient from medium-density
residential housing (2770 people km−2) and a public golf course.
Groundwater NO3

− at this site should be derived from septic
(i.e., cesspool) waste, with minor contributions from fertilizers.
The coastal groundwater δ11B of Callahans Beach reflects a much
heavier δ11B source compared to measured septic waste (−0.2 –
2.5h) and fertilizer (Table 2). Anthropogenic B compounds
used in detergents and cleaning products have a δ11B signature
between −5 and 1h (Vengosh et al., 1999), such that the δ11B
signature of the measured septic waste may be dominated by
detergents, rather than human waste.

The highest δ11B signatures (>39h) suggest a contribution
of B from seawater, although coastal groundwater salinities
are low (<0.3) and do not show a trend with [B] or δ11B
(Figure 2A). Sea spray was invoked as the isotopically high
δ11B endmember for Iron Pier Beach (Figure 6A). At Callahans
Beach, B concentrations are systematically lower than Iron
Pier Beach, and so despite appreciably high δ11B signatures,
[B] cannot be explained by sea spray alone. δ11B signatures
higher than seawater isotope values may be derived from
boric acid volatilization of seawater (Chetelat et al., 2005). The
highest δ11B we measured for rainwater is 33.4h (Table 1),
but coastal precipitation can be much heavier (Chetelat et al.,
2005). Therefore, we suggest that the high δ11B endmember of
Callahans Beach results from boric acid volatilization of seawater,

resulting in a higher δ11B coastal precipitation endmember
(Figure 6B). The highest δ11B value for Callahans Beach,
42.5h (CH4, November 2017; Table 3) has relatively low
NO3

− concentrations (3.7 mg NO3
− L−1 or 0.84 mg N

L−1), similar to the N concentration of regional precipitation
(Suffolk County Government, 2019). In the ensuing analysis, this
sample is assumed to represent the B endmember of regional
coastal precipitation.

Mixing relationships between sea spray and coastal
precipitation were examined with respect to septic waste
(1.5h), animal manure (26h) and fertilizer (9h; Figure 6B).
Sea spray B concentrations were assumed to represent 5% of
measured seawater concentrations. Notably, because there is little
change in [B] for a large range in δ11B, no single mixing curve
will fit all of the Callahans Beach data. Therefore, it is not possible
to demonstrate with certainty using B whether the N source is
derived from fertilizer or septic waste (via individual homeowner
cesspools). However, the range of values demonstrates that there
is not one single endmember, consistent with our knowledge
that groundwater NO3

− within this watershed is derived from
multiple non-point sources.

Coastal groundwaters collected during 2014 and 2015
are distinct in δ18O-NO3

− and δ11B compared to samples
from the same wells collected during 2017 (Figure 3). The
B signatures of several 2015 samples match precipitation
endmember B signatures, suggesting that recently recharged
groundwaters obtain B and N from precipitation (Figure 6A).
Importantly, this data demonstrates annual variability in
groundwater flow and contaminant transport to LIS. While
coastal groundwaters collected throughout 2017 showed
relatively higher values of δ11B, it remains to be seen how
contaminant delivery varies over longer time periods for this
sole-source, unconfined aquifer.
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Synthesis and Conceptual Model
In the coastal systems studied here, B and NO3

− are added
to the groundwater system in different ways, and are impacted
by precipitation and seawater (sea spray versus boric acid
volatilization) differently (Figure 7). Precipitation and seawater
both have relatively low N concentrations (<1 mg L−1). Seawater
is a distinct endmember, due to its high [B] and its isotopically
high δ11B signature (Figure 7). Boric acid volatilization of
seawater produces isotopically high B, and thus gives a
very distinctive low B concentration endmember for coastal
precipitation. It is interesting that two subterranean estuaries
from similar settings have distinct sources of ‘uncontaminated’
waters. One has to consider differences in pathways for B from
both fertilizer and septic waste. In the case of fertilizer, plants
use B as a micro-nutrient, and so the concentration of B that
is added to the groundwater system will be lower than what
was applied to the land surface. In contrast, [B] in septic waste
does not change. Therefore, homeowner cesspools likely reflect
different sources of B and NO3

− to the groundwater system
(Figure 7). Septic waste δ11B integrates multiple contaminant
sources, including detergents, commercial cleaning products and
human waste. Given the low δ11B signature of septic waters
(Table 2), B in detergents must dominate the B signature of
septic waste. In contrast, human waste is the primary N source
in septic waste and therefore B and N are decoupled in septic
systems (Figure 7). Importantly, there is no relationship between
B and NO3

− concentrations in either of the studied subterranean
estuaries (Figure 2).

CONCLUSION

Application of boron isotopes in coastal settings is vulnerable
to the influence of seawater (via sea spray), which has
orders of magnitude higher boron concentrations compared to
various contaminant sources. Identification and discrimination
of NO3

− and B sources in coastal settings thus requires
(1) adequate characterization of local sources (both natural
waters and contaminants) and (2) an understanding of
biogeochemical processes within the STE. Coastal groundwaters
are collected from beaches in SGD studies to integrate terrestrial

groundwater flow paths over the entirety of the coastal
watershed and to account for any biogeochemical processes (i.e.,
denitrification) in the STE that would influence N concentration
and speciation prior to discharge. The advantage of collecting
coastal groundwater to account for N transformation may thus
hinder the utility of B as an auxiliary N source tracer if seawater
significantly modifies subsurface geochemical signatures. The
results from this study demonstrate the utility of multi-isotope
tracing techniques to identify N sources in polluted coastal
aquifers. Future studies should explicitly measure isotopic values
of different possible endmembers in order to constrain local
variability in N and B sources.
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