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Abstract

Fluxes and behavios of groundwater-borne

nutrients in the ocean

Hyung-Mi Cho
School of Earth and Efronmental Sciences
The Graduate School

Seoul National University

Submarine groundwater discharge (SGIDto coastal waters is an
important pathway for trapsrting nutrients to the ocean. Although the fluxes of
SGD and associated nutrient dischargdaéodcean at local and regional sedlave
been well studiedjetailed estimates anthodek of SGD-related nutent inputs to
coastal waters amglobal scalare few in numberfTherefore, in this study, the global
magnitude of SGD ands associated nuent fluxes into the global ocean were
estimatedisingaradium isotope?®Ra). The reestimatednagnitude ofjlobalSGD
flux was approximatelyill.5 timesthe river discharge an8GD-derived nutrient
fluxes wee comparable to the rivariven fluxes to th global ocean. These results
imply that SGD isa critical source of nutrients to the ocean and therefore plays a

critical role in marine productivity.



Nutrient fluxes through SGD can be calculated by multiplying the
endmembeconcentrationsf nutriens in groundwateiby the SGD fluxHowever,
groundwater nutrient concentratioas alteredhroughbiogeahemical reactionis
the subterranean estuary (STE), where mixing betvgeeundwaterand aquifer
solids occursprior to entering the ocealRurthermoe, the adsorptioanddesorption
behaviors of silion (Si)and phosphorus () the STE havenot been investigated
although tlese processs influence Si and Pfluxes through SGD.Based on
laboratory experimentgapid desorption oP (512 0 & mockutrdd)from the
sediment columns whedi was40i 90%removed in the initial stage within the first
24 hours These resultsuggest thatSi adsorption can result in significaft

desorption from sedimeniis the STEnto seeping groundwater.

Nutrient inputs via SGD play a significant role in nutrient cycling and
primary productivity in the coastal ocedrhis studybased on seasonal sampling
campaignshows thaBGD plays aritical but different role in nutrient budgets and
stoichiometry incoastal waters off a volcanic island depending on -@oean
nutrient conditionsWhenbay seavaterwasinfluenced by the Nimited Tsushima
Current, SGD was the major source of DIN ifiiited bay waters. SGD was also
the absolute source of DIP indepkted bay waters that were influenced by P
limited Changjiang River diluted wateCPW). In addition, excessive inputs of
nutrients from SGD resulted analmost complete transfer of SGI2rived nutrients

to the open ocean durinige seasom which alarge flux of SGD occurs.



Keywords: submarine groundwater discharg&GD), nutrients, subterranean
estuary nutrient luxes coastalocean global ocean
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1. Introduction

1.1.Submarine groundwater discharge

River dischargéas been known to lzemajor pathway fowvaterdischage
from land to ocearRivers ae highly visible open channels and their contributions
to the oceans are easily quantifiafl@niguchi et al., 2002)Recently, lowever,
submarine groundwater discharge (SGD) has beaid attention from
oceanographic community recent deca@esiguchi et al, 2002) SGD occurs as
springs andliffusive flow on continental margins, usually at or below the water
surface(Taniguchi et al., 2002; Kim et al., 2003 compilation of observed SGD
on a worldwide scalshows that groundwateeepage fronthe land to the ocean
occurs in many environments &GDisbgh t he wor
volumetrically and chemically important to ctalsvater and chemical budgets since
the length of coastline where SGD occurs is great, and will occur erhetiot

rivers are present (Taniguchi et al., 2002).

The term SGD has been used in different ways over the yeamstding
to Zekster et al. (19835GD wasdefinedasthe net groundwater discharge to the
ocean, which comes from aquifer rechar@m the other hand, Rurch (1996)
def i ned #iedgrdundwaiee outflow across the océamd interface into
t h e owhiehamoudd include recirculated seawatlue to he ambiguity of the

definition of SGD with or without recirculated seawateisuncerstandings could
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occur when comparing SGD with other freshwater dischargemlly, SGD is
defined asany and all flow of water on continental margins from the seabed to the
coastal ocean, regardless of flammposition or driving forcéBurnett et al.2003)
Therefore, lhe total SGD consists of submarine fresh groundwater discharge (SFGD)

and recirculated saline groundwater discharge (RSGigyre 1.1)



Land Surface SGD = meteoric waters + connate waters + recirculated seawater
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Figure 1.1. Schematic overview cdn idealized SGEnfluenced hydrogeological

land-ocean inteidice(from Kim and Swarzenski, 2010)



1.2. Behavios of nutrients in the subterranean estuary

Mixing between meteoric water and seawater produces brackish to saline
water in many coastal aquifers. In this mixing zone, chemical reactions of the salty
waterwith aquifer solids modify theomposition of the water. To emphasize the
importance of mixing and chemical reaction in these coastal aquifers, Moore (1999)

defined thamixing zoneassubterranean estya(STE)

In contrast to surface estuari&lEsareusually characterized by longer
residence times|ower dissolved oxygen contengnd strorger particlewater
interactionsand biogeochemical reaction{§antos et al.2008. Although the
biogeochemical processes regulating the input, recydind,removhin surface
estuaries and their transfer to the oceans are relatively well known, biogeochemical

behaviorsof nutrientsin STEs have begun to be studied recent decades.

The biogeochemistrgf nutrients (e.g. N®, NHs*, and PQ*) in STEs and
the graundwater nuient fluxes to coastal wateasestrongly affected by the redox
conditions of the freshwater and seawateg.(Slomp and Van Cappeaile2004;
Spiteri et al., 2008 Nitrate (NOz) can bereducedo nitrite (NO) under anaerobic
conditions ad ultimately formed molecular nitrogen @N through a series of
intermediate gseousitrogen oxide produc{tNO andN.O) under anoxic conditions.
The anaerobic oxidation of ammonium (anammaox) is a relatively recent discovery,

whi ch i s a imteehitoogen \)aycle begauge dhas can be formed



without complete oxidation cimmonium NH4") to NO; (Santoro, 2010)On the
other hand, under oxic conditions, Nhb effectivelyremoved through nitrification
while phosphorus (P) is attenuated thgb sorption onto iron and aluminum oxides.
As a result of P adsorption onto ircemd aluminum oxides in aquifers acodastal

sands, P loading through SGD is typically well attenuated.

The major source of dissolved inorganic silicon (DSi) to groundvisitbe
rocks, sediments, and soils making up the aquifer substitaeconcentrations of
DSi in groundwater are less variable than those of nitrate, phosphate, or other
dissolved constituents (Davik964), but varying somewhat based on rock type.
groundwater silica concentrations are mainly determined by the mineral
characteristics of the aquifer substrdbavis, 1964)and how long the water has
been in contact with thaquifer substrate Hlaines and Lloyd, 1995 while the
concentrations of nitratend phosphate are influenced by anthropogenic sources and

by groundwater chemistry.



1.3. Nutrient fluxes via submarine groundwater discharge and

biological effects in thecoastalocean

Surface runoff through rivers has been considered the most important
terrestrial nutrient pathway supporting primapyoduction in coastal oceans.
However, recent local and regional studies suggested that SGD is even more
important than river discharge with respect to the delivergutfients to coastal
waters (Table 1.1} or exampleJohannes (1980hay be the first who showeldat
SGD-derivedN flux is severalfold higher than that through rivélischarges in the
Perth, Australia. In some locations where rivars present, groundwater nutrient
loads are comparable tor, greater than, rivare fluxes (e.g., Garrison et al., 2003

Burnett et al., 2007).

Over a basin scale, Kim et al. (2005) showed that Si flux through SGD in
the Yellow Sea is 201100% of tracantly r i ver i n
showed thanutrient inputs througlsGD is comparable to, or higher than those

through rivers irthe Medterranean Sea.

The groundwatetborne nutrientloads are relatively more important at
some sites with little or no surface flamdSGD is the only pathwafpr terrestrial
nutrients transport to the sekhese sites includeolcanic islands such as Hawaii
USA (Kay et al., 1977; Oki, 19991he island of MajorcaSpain(Rodellas et al.,

2014), Mauritius Island (Povinec et al., 20120d Jeju Island, Korea (Kim et al.,



2003) and karst environments such as the Yucatan Peninsula of Mexico (Young et

al., 2008, Florida (Corbett et al., 1999), and etc.

Nutrients delivered to estuaries, bays, and coastal waters by&Giave
important ecological effect$hus,SGD-derived nutrients to coastal oceans enhance
primary production I(uo et al., 201% and benthic mduction (Waska and Kim,
201]1. Moreover, goundwatetborne nutrients may have significant effects on
phytoplankon community composition (Lapoint&997; Lee and Kim2007) and
water quality in coastal oceans (Reay et al., 1989ce nutrient concentians in
groundwater correlate with land use and population density (Cole et al., 2006),
excessiutrients from SGD can lead to significant eutrophication problems inatoast
region (Hwang et al., 2005 SGD-related eutrophication has occurred in enclosed
or semienclosed nature, which restricts circulation and exchange with Jower
nutrient offshore seawatdrdwang et al. (2005b) reported that SGD provideel
majority of nutrients and was determined to be the cause of benthic eutrophication
in Bangdu Bay orthe volcanic Jeju Island. Discharge of higiitrient groundwater
was also implicated in eutrophication in the Florida Keys (Lapointe and Clark, 1992)

and in Tolo Harbor, Hong Kong (Tse and Jiao, 2008).

Another potential negative consequence of SéBtal nutrient subsidies
are red tidesnd brown tide$Gobler and Saudo-Wilhelmy, 2001; Hu et al., 2006;

Lee et al., 2010 known as harmful algal bloonfslABs). Hu et al. (2006) observed



that nutrient loads from rivers were insufficient to support a HABoastal waters

off westcentral Florida, and suggested that SGD was the most likely source of the
additional nutrients. SGD was identified as the most likely source of nutrients
supporting recurrent HABalsoin many sites in Korea (e.g. Yeoja Bay, Hwang e

al., 2005a; Masan Bay, Lee et al., 2009).

Finally, SGbbor ne nutrients can damage to c
from coraldominated to macroalgaminated reef areafaytan et al. (2006)
evaluated nutrient input via SGD to six coral reigés inthe Indian, Atlantic and
PacificOceans, and Gulf of Agaba and confirmed that SGDamamportant source
of new nutrients to these coral reef ecosystéinsvever, enhanced nutrient loading

by human activity via SGD can lead to reef degradation (Paytdn 2006).



Table 1.1.A comparison of SGRlerived nutrient fluxes and riverine fluxes into the

Ratio of SGD
. . nutrient fluxes
Site Geology Nutrient to riverine Reference
inputs
Perth Region, DIN 3:
West Australia DIP 5:1 Johannes, 980
Kahana Bay, Alluvium TDN 2:1 Garrison et al.,
Oahu, Hawaii TDP 5:1 2003
Tampa Bay, Permeable TDN 04:1 Kroeger et al.,
Florida sand TDP 1:1 2007
i Swarzenski et
Lynch Cove, WA DIN (1-2):1 al., 2007
Gulf of Mexico Limestone . Santos et al.,
STE & dolomite TDN 1:1 2008
e DIN (0.21.7):1
Masan Bay, Koree Silt & clay DIP, DSi 23):1 Lee et al., 2008
. DIN 05:1 Burnett et al.,
Gulf of Thailand DIP 071 2007
Yeongil Bay, Sand & [I;Ilﬁ 950_:11 Kim et al,
Korea gravel . ) 2008
DSi 52:1
DIN 955:1
Tlglg)nHellz(t;ﬂur, Alluvium DIP 25:1 Lee et al., 2012
g Kong DSi 93:1
Total South Ir:ellri]r?ed DIN 1:1 Krest et al.,
Carolina Marshes gsan g DIP 12:1 2000

coastal ocean

DIN: Dissolved inorganic nitrogen
DIP: Dissolved inorganic phosphorus
TDN: Total dissolved nitrogen

DSi: Dissolved inorganic silicon



1.4. Aims and the scope of study

The aim of this study is to investigate thieix, behavior and role of
groundwatetborne nutrients in the ocedRigure 1.2) The simplest approach to
estimatingSGD-associated nutrient fluxes to coastateva ismultiplying the SGD
flux by the endmember value of nutrients concentrations of the discharging
groundwater However, the total SGD (fresh and saline) and associated nutrients
fluxes into the coastal ocesona global scale have not yet been studied well due to
the lack of the global dataset. Thus, in this study, the global magnitude of total SGD
is reevaluated using radium isotope data from global ocean and groundwater in
coastal aquifers. In additionhe SGDderived net nutrient fluxes into the global

ocean are estimated and compared with riverine fluxes.

However,the endmember concentratfoaf Ra isotopes and nutrients are
greatly dependent on groundwater salinitheTSGDderived chemical spess
usually undergaransformation by geochemical reacisoin theSTE, which can
significantly alter nutrient concentrations that are discharged into the ocean via SGD
While the biogeochemical behaviors oftidve been studied well, the behaviors of
P and Sim the STEs are relatively unknownTherefore, the biogeochemical

behavios (adsorption/desorptiorgf P and Sin STEs are investigated in this study.

The SGDderived nutrients are importaint coastal primary production.

Especially, SGD-derived nutrientfluxes from highly permeable volcanic islands

-10-



standing in oligotrophic oceans could be very important for feeding nutrients to
coastal organismd.herefore, the temporal changes in groundwatene nutrient
contributions to coastal waters are investigabeda volanic Jeju $land, where
nutrient conditions of opeacean waters passing alongside the iskmdlifferent

for different seasons.

Overall, he objectives this study are:
(1) to estimatehe flux of SGDto the global ocean
(2) to estimate the miients input fluxes to the global ocean via total SGD
(3) to investigate the behaviors of silicate and phosphate in the STE
(4) to investigate the different roles of groundwdierne nutrients to coastal waters

off a volcanic Jejusland for different sesons.

Thus, these studies are composed of a serigiobél fluxes, behaviors,

and roles o65GD andSGD-derived nutrients in the marine environments.

-11-



Temporal changes in
groundwater-borne nutrient
contributions to coastal ocean

n,

[ Global SGD flux in the ocean ]

Global SGD-derived nutrient
fluxes in the ocean

Behavior of nutrients in the ‘
subterranean estuaries

Figure 1.2.Schematic overview of the goals of this study.
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2. Estimation of global magnitude ofsubmarine groundwater

discharge

2.1 Introduction

SGD is the flow of water from coastal aquifers into oceans that takes place
at continental margins. The total SGD comprises meteoric water combined with
seawater that has infiltrated coastal aquifers (whitbsequently flows back into the
ocean after mixing with meteoric water). The direct estimation of SGD is almost
impossible over a large scale since it is unseen and very variable over different
temporal and spatial scales. Taniguchi et al. (2002) cdadlthat fresh SGD can
span a range of approximately three orders of magnitude, dr30@ilof the total
river discharge, based on water balance or hydrogeological considerations. However,
Moore (1996) documented that SGD contributes at least 40% ofvtrefltix into
the South Atlantic Bight using®Ra (halflife: 1600 years) as a tracer. As such,
Moore et al. (2008) showed that the SGD i1
river discharge using?®Ra (halflife: 5.75 years) tracer. More recgntkwon et al.
(2014) showed that the SGD into the global ocean (faldfic Ocean and Atlantic
Ocean) is estimated to be (12 + 3) *¥31@*yrl, whi ch is 3174 ti mes
freshwater flux, using®®Ra tracer modeling. This difference is, in partedo the
difference in the definition of SGD (i.e., fresh vs. saline groundwater). In terms of

the transport of chemical constituents (i.e., nutrients, trace elements, carbon,
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radionuclides, etc.), saline groundwater fluxes are known to be, in genemgria
important than fresh groundwater fluxes (Li et al., 1999; Kim and Hwang, 2002;

Burnett et al., 2003; Kim et al., 2003).

Geochemical tracer methods are powerful tools in to the estimation of the
total SGD (fresh plus saline groundwater) over a laogée, since SGD tracers (i.e.,
Rn and Ra isotopes) are 112 orders of
soluble in seawater, and decay on the same scale as oceanic turnover. In particular,
222Ra has been used successfully for tracing SGD througheuétlantic Ocean
(Moore et al., 2008) and the global ocean (Kwon et al., 2014). Moore et al. (2008)
estimated the magnitude of total SGD across the entire Atlantic Ocean using the
endmember value éf°Ra in coastal groundwater and S@Brived??®Ra fluxinto
the ocean. In this estimation, the S@&rived **®Ra flux into the ocean was
calculated by subtracting riverine, atmospheric, and sedimentary diffusive fluxes
from the totaP?%Ra flux into the ocean, which were derived from the decay of the
228Ra inventory in the entire Atlantic Ocean. Using a simA#Ra mass balance
model, Kwon et al. (2014) estimated the SGD magnitude in the global ocean. They
obtained the coastdFRa fluxes using inverse modeling of tFéRa in surface
waters. This inverse odel used?®Ra decay (after subtracting the atmospheric input
of 22Ra) and an ocean circulation field, which was constrained by observed
temperature, salinity, sea surface heightsaa exchange of heat and freshwater,

radiocarbon, and chlorofluorocant»11.
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In a manner similar t8°%Ra, longlived ?*Ra has also been successfully
used to trace SGD at coastal and regional scales (Kim et al., 2005; Moore, 1996). In
addition, the sho#ived ??“Ra (halflife: 3.4 days) and®Ra (halflife: 11.3 days)
have been successfully used at coastal scales (Hwang et al., 2005a; 2005b). The mass
balance models 3f%Ra,?**Ra, and**Ra for SGD estimation use information on the
SGD-derived flux of these isotopes and their coastal groundwater endmembers. The
SGDderived fluxes are estimated by subtracting the other fluxes, such as
atmospheric, benthic diffusive, and riverine fluxes, from the total fluxes, which are
determined by the inventory of excess concentrations of Ra isotopes and the

residence time of the waterasses.

These geochemical SGD tracing methods have the greatest uncertainty with
respect to constraining the tracer endmember concentration in groundwater. Most of
the previous methods calculate Ra endmembers by averaging tracer values in the
groundwatefBeck et al., 200& Moore et al., 2008; Rapaglia et al., 2010; Lee et al.,
2012; Kwon et al., 2014). However, Moore (1996) and Stewart et al. (2015) used the
maximum 2%*Ra concentration for the groundwater endmember to avoid

overestimations.

The concenations of tracers can be affected greatly by the complex

interactions among hydrogeological, oceanic, and geochemical processes that occur
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in STEs, such as the redox conditions of groundwater, biogeochemical and
geochemical conditions, and the residenees of water in the aquifer. Thus, in this
study, the characteristics &fRa and®®®Ra in coastal groundwater were examined
and then the influence of the endmember characteristics and the geographical

heterogeneity of data density on determining the &@Dnitude were revaluated.
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2.2 Data compilations

Data werecompiled for*?®Ra (n = 552) anéf’Ra (n = 708) in global coastal
groundwater (Figure 2.1), which have been updated from Kwon et al. (2014) and
Moore et al. (2008), in order to calculate theib&cale endmembers of Ra isotopes

in groundwater.
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Figure 2.1.The global distributions of data collection sites féiRa (n = 552) and
226Ra (n = 708) concentrations in groundwater from coastal aquifers. The compiled
data, which have been updateohfrKwon et al. (2014) and Moore et al. (2008), are

shown in Appendix TablA.
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2.3.Results and discussion

2.3.1. Effects of geographical gridding methods

The endmember of Ra isotopes has been traditiocaltplated using the
lognormal average of all t& obtained from the area of interest, regardless of
hydrogeological conditions and heterogeneity of data (Moore et al., 2008; Kwon et
al., 2014). However, sampling locations are heavily biased towards the western coast
of the Pacific and Atlantic Oceared data are particularly rare in South America,
Africa, and Europe (Figure 2.1). Thus, in this study, the endmember values were
calculated using two different methods (with and without gridding), since the
endmember values could potentially be affectgghiicantly by the geographical
heterogeneity of the data density. The method without gridding estimates the
globally averaged Ra endmember of the SGD using the mean of a lognormal
distribution of all the collected data (Figu2e2). The method with griddg uses
three steps to estimate the endmember value of Ra: (1) the entire area is divided into
the horizontal resolution of a 2°x 2°grid in order to split all the data into grid squares
before averaging; (2) the average value for each grid square igatadf; (3) the
averaged Ra value of the SGD of the global ocean is calculated using the averaged
values in each grid square. For both methods, lognormal distributions of all data were

assumed to account for the skewness.

The lognormal averages of th&Ra endmember (without gridding), as

calculated previously by Moore et al. (2008) and Kwon et al. (2014), were estimated
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to be 1109 + 94 and 920 + 64 dpmimthe Atlantic and global oceans, respectively.
These values agree well, within uncertaintieshwi®97 + 300 and 934 + 208 dpm

m3 as calculated by the 2° x 2° gridding method in the Atlantic and global oceans,
respectively (Figur@.3a). These endmember valuesdRa in the Atlantic Ocean

and the global ocean agreed with those obtained by Moate(2008) (12781592

dpm m?®) and Kwon et al. (2014) (98&147 dpm i), respectively, after the data
were updated. The lognormal averages of’tfika endmember (without gridding)
were estimated to be 1113 + 104 and 643 + 42 dprfonthe Atlantic andylobal
oceans, respectively. The¥éRa endmember values agree with the results (1050 +
338 and 594 + 132 dpnriobtained by the gridding method (Fig:8b). Overall,

the results from the gridding method agree well with those obtained without the
gridding method for botf*®Ra and*®Ra, suggesting that the geographical skewness
of data distributions does not significantly affect the endmember values. Therefore,
it can possible to use either method, or the average of both methods, to determine a

representative value for each element.
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2.3.2. Effects of groundwater salinity

Becawse the SGDfluxes obtainedusing Ra tracers are for the total
groundwater, which includes saline and fresh groundwater, the effect of salinity on
Ra endmember values can bias the magnitude of SGD. Therefore, the average Ra
concentrations in groundwater fdifferent ranges of salinity were calculated, and
then the effect of sample salinity on SGD estimations was examined. For this
purpose, the datd?fRa, n = 3602?°Ra, n = 516) that had salinity information were
only used. The salinity of groundwater filre compiled?®®Ra and??®Ra samples
ranged from 0 to 59. For a simple comparison, the concentratiéfiRafanc?’Ra

were sorted into four different salinity |

The endmember concentrations?6Ra for the salinf r anges of 0711
101 20, 201 30, and >30 were 433 N 69 (n =
(n = 81), and 2821 + 501 dpni®rtn = 71), respectively, in the Atlantic Ocean and
492 + 70 (n = 149), 1727 + 340 (n = 47), 2403 + 360 (n = 85), and 2506cpABR0
m?3 (n = 79), respectively, in the global ocean (Figure 2.4a). The datathe

Atlantic Ocean dominatie global data set for high salinity groundwater. In general,

the endmember concentrations®Ra are higher for higher salinity waters.

The endmember concentrations¥Ra f or the salinity ra

10120, 207130, and >30, were 394 N 57 (n =

(n =83), and 1351 + 198 dpnr(n = 72), respectively, in the Atlantic Ocean, and
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336 + 36 (n = 191), 646 + 131 (n = 82), 891 + 144 (8%),land 870 + 108 dpm'm

3 (n = 114), respectively, in the global ocean (Figure 2.4b). The endmétfRer
concentrations for salinity values >10 were consistently approximately-fificee
greater than those for fresh groundwater in the Atlantic Ocean.evtwthe
endmember concentrations increase as salinity increases if the data from Yucatan,

which show unusually high concentrationg%Ra, are omitted.

Overall, in the global ocean, the concentratiorf$®fa and?®Ra are higher
in higher salinity anges, with much lower activities in fresh groundwater relative to
saline groundwater (salinity >10) (Figure 2.4). The increases in Ra observed in
higher salinity water seem to be associated with higher ionic strength, showing lower
particle reactivity dudo competition with other ions for the adsorption sites of
sediments. This concept is well supported by various laboratory studies and estuarine
studies (Gonneea et al., 2008; Webster et al., 1995). For general estuaries, Ra
isotopes are preferentially slerbed relative to their parents as fluvial sediments
encounter seawater, resulting in maximtiifRa concentrations in water with a mid
salinity range between 10 and 25 (Li et al., 1977; Moore, 1981, Elsinger and Moore,
1984; Burnett et al., 1990; Moore at, 1995; Gonneea et al., 2008). The decrease
of Ra in estuaries with a salinity higher than 25 seems to be due to dilution by the
openocean water following the maximum desorption (Figure 2.5). However, Ra
concentrations increase as salinity increaseSTEs (Figure 2.5), since seawater

directly invades fresh rocks and sediments.
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2.3.3.Revisiting basinscale SGD magnitude estimations

Since ?®Ra endmember values are greatly dependent on salinity, R
endmemberaluesof SGD for three different salinity ranges (>10, >20, and >30;
Table2.1) were calculated and compared. The endmember valuié®Rafin the
Atlantic Ocean were similar among the higher salinity ranges (2415 + 239, 2612 +
297, and 2821 501 dpm ¥ for salinity >10, >20, and >30, respectively) but
approximately siXold higher than the endmember value in the lower salinity range
(salinity <10). For the compiled global data, the endmember valu&&Raf were
similar among the higher saify ranges (2268 + 216, 2452 + 271, and 2506 * 430
dpm m?2 for salinity >10, >20, and >30, respectively), but they were approximately

five-fold higher than those in the lower salinity range (salinity <10).

Thus, the salinity effect may bias tfRa and??®Ra endmember values
given that the previous studies did not consider salinity in the endmember
calculations. In fact, previously compiled data (Kwon et al., 2014) show that fresh
groundwater data account for almost half of the entire dataset. Althibuigh
impossible to separate fresh and saline groundwater in SGD, the salinity of the
majority of groundwater is likely to be greater than 10 based on seepage experiments
conducted throughout the world (Lewis, 1987; Cable et al., 1997; Kim et al., 2003;
Stieglitz et al., 2007; Taniguchi et al., 2007; Rapaglia and Bokuniewicz, 2009;
Taniguchi et al., 2009) and the fact that about 10% of SGD is composed of fresh

groundwater throughout the world (Burnett et al., 2003; Kim et al., 2003; Taniguchi
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et al., 2006Kwon et al., 2014). Taniguchi et al. (2009) reported that the magnitude
of total SGD is generally dependent on the distance from shore, with higher
discharges and higher fresh water proportions in shallow waters. This trend is
associated with decreasingdngulic connectivity between terrestrial groundwater
and seawater with increasing distance from shore. The proportions of fresh
groundwater in SGD are ~40% and ~5% at 100 and 1000 m offshore, respectively
(Taniguchi et al., 2009). Thus, it is reasonablage the data for salinity >10 rather
than determining more narrow salinity range since the magnitudes of SGD are

similar within 15% for different higher salinity ranges (>10, >20, and >30).

Thus, | compared the calculated SGD results of the total détedeg the
traditional methods without consideration of salinity effects) with the higher salinity
data set (salinity >10) for the entire Atlantic Ocean and the global ocean. If the Ra
endmember value in saline groundwater (salinity >10) are used, S@hé&e¢l.7
+ 0.4) x 18 m3yr?, which is approximately 50% of the value determined using the
full dataset, in the Atlantic Ocean. For the global ocean, if the low salinity
groundwater (sality <10) data were exclude, theagnitude ofglobal SGD is
estimaed to be (5.6 + 1.5) x T0m?® yr?, which is approximately 40% of the value
determined using the full dataset. The results are similar for different higher salinity
ranges (>10, >20, and >30) for groundwater Ra endmember values in the Atlantic

and globabceans (Table 2.1).
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The basirscale SGD fluxes in the literature that use different methods for
calculating groundwater Ra endmember values are compared with the calculated
SGD fluxes that use lognormal Ra average in higher salinity (>10) groundwater
(Table 2.2). Various approaches have been used to obtain groundwater Ra
endmember values in previous studies (Moore, 1996; Kim et al., 2005; Moore et al.
2008; Kwon et al., 2014; Rodellas et al., 2015). The SGD fluxes (Table 2.2) in the
Yellow Sea (Kim et a).2005) and the Mediterranean Sea (Rodellas et al., 2015) were
calculated using a range of groundwater Ra data, which allowed large uncertainties.
In the South Atlantic Bight, the highest average of groundwater Ra data was used
(Moore, 1996), resulting iapproximately twefold lower SGD rates compared to
the results from the method used in this study. For the entire Atlantic Ocean, Moore
et al. (2008) suggested t h@amiyrt Wechimagni t ud
8071 160% of t he aAtlantOceanibasedoa thggeoundveatert Ria
endmember calculated using the mean value of a lognormal distribution for the
complete??®Ra dataset. If higher salinity data (salinity >10) are used, the SGD
becomes (1.3 + 0.6) x ¥@n® yr, which is approxnately 50% of the river flux. For
the global ocean, Kwon et al. (2014) suggested that the magnitude of SGD, based on
the total’?®Ra dataset, is (12 + 3) x¥on*yr!, whi ch is approxi mate
the river discharge. However, if the low salinity groundwater (salinity <10) data were
exclude, the magnitude gfobal SGD is estimated to be (4.4 + 1.2) »31@° yr?,
which is approximately 60% lower and thereforaip pr oxi mat el y 171 1.5

river discharge.
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During the last few decades, through the use of Ra tracers, SGD has been
emphasized as the main pathway for the input of nutrients, dissolved organic matter,
and trace elements in the neaast ocean (Burneét al., 2003; Kim et al., 2005;
Moore, 2006; Kim et al., 2012; Rodellas et al., 2014). Usingb&aed SGD
estimation, nutrient inputs via SGD are found to be comparable with inputs via rivers
in the Mediterranean Sea (Rodellas et al., 2015) and thewr&8&a (Kim et al.,

2005). At small scales (i.e., bays, harbors, and islands), nutrient inputs through SGD,
determined using Ra isotopes, are often an order of magnitude higher than those
through surface runff (Lee et al., 2012; Wang et al.,, 2014). Thuasyreful

consideration of the groundwater Ra endmember is necessary in order to estimate

more accurate SGD and associated fluxes of chemical species into the ocean.
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Table 2.1. Comparison betweeff®Ra endmembers and SGD fluxes for different

22Ra endmember (dpm¥h SGD flux (133 m3 yr?Y)
Atlantic Global Atlantic Global
Total 1103 + 197 927 + 136 3.8+11 14+ 4
Salinity >10 2415+ 239 2268 £ 216 1.7+04 5615
Salinity >20 2612 £ 297 2452 + 271 16+£04 52+14
Salinity >30 2821 £501 2506 + 430 15+04 51+£15

salinity rangs in the Atlantic Ocean and the global ocean
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Table 2.2.Comparison of SGD fluxes from the literature calculated using different methods for defining groundwater Ra endmember values

with the revised SGD fluxesatculated using this method.

Region . SGD qu.x .(m3 yrt) SGD qu>'((m3 y.r'l)
in the original report calculated using this methdd
Yellow Sea (11 6.7) x 10" (Kim et al., 2005) (3.5+ 0.5)x 10"
Mediterranean Sea (0.314.8) x 10" (Rodellas et al., 2015) na.
South Atlantic Bight 1.1x 10* (Moore, 1996 1.9x10%
Atlantic Ocean (27 4) x 10" (Moore et al., 2008) (1.3 £ 0.6)x 10
Global ocean (12 + 3)x 10" (Kwon et al., 2014)e 4.4+ 1.2)x 10%3

n.a.:Salinity data are not available

2The mean vaie of lognormal distribution for saline groundwater (salinity >i$Qsed for gpundwater Ra endmember.
® The range of all the groundwater datdsetsed for gpundwater Ra endmember.

¢ The range between the first and third quartiles of the groundwatesals used for gpundwater Ra endmember

4 The highest mean value in brackish groundwistesed for goundwater Ra endmember.

€ Themean value of a lognormal distribution for all detaised for goundwater Ra endmember.
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2.4. Conclusions

The effet of the geographical bias of datstributions on determining the
endmember values of Ra in groundwater is found to be insignificant for SGD
estimation using Ra mass balance methods. However, groundwater Ra endmember
values are dependent on salinity, wivgy higher values at higher salinities. Based
on these analyset,is concludel that Ra data obtained from coastal groundwater
with salinity less than 10 should be excluded from the Ra endmember values for
SGD estimation. Using the newly calculated Rareember for coastal groundwater
(salinity >10),it could besuggestdthat the previous estimation of the magnitudes
of SGD in the Atlantic Ocean and global ocean (without considering the salinity
effect) are overestimated approximately
happen in local studies when using Ra isotopesaBse previously used methods
can also misrepresent the S@prived fluxes of chemical constituents into the ocean,
which have a great impact on coastal biogeochemistry, more extensive studies are
necessary to accurately determine the endmember valudRaofn coastal

groundwater.

-33-

-



3. Nutrients fluxes via submarine groundwater dischargeto

the global ocean

3.1. Introduction

In the coastal oceanutrients could be suppliday advective inputs from
aquifers and pore waten addition to atmospheric amiderine inputs(Figure 3.1).
The advective fluxes may include the nutrients from terrestrial sources and the
remineralization of organic matter within the sediments (Figure 3.1). In this study,
SGD is defined as any upward water advection through the asuiemocean
boundaries, which includes the discharge of fresh and saline groundwater as well as

pore water advection.

While global estimates are now available on the fluxes of nutrients to the
global ocean via rivers and atmosphere deposition, no estigr@eavailable for the
SGD contribution to nutrient cycles in the global ocean. However, recently, the total
water flux of SGD has been revealed to be comparable to the river discharge to the
Atlantic (Moore et al., 2008) and global oceans (Kwon et 8142 Cho and Kim,
2016) using®?®®Ra (half life: 5.75 years) as a tracer. Several local studies have
suggested that saline groundwater often delivers larger fluxes of solutes to the ocean
than fresh groundwater (Li et al., 1999; Burnett et al., 2007; Snskiret al., 200&

Anschutz et al., 2016). For a basin scale, nutrient inputs through total SGD were
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found to be comparable to those via rivers in the Mediterranean Sea (Rodellas et al.,
2015) and Yellow Sea (Kim et al.,, 2005). Over the global oceang vdailine
groundwater is the dominant component of the total SGD (Li et al., 1999; Burnett et
al., 2003), estimates only exist for the
(Beusen et al., 2013) and DSi (Frings et al., 2016; Tréguer and De La ROtBj, 2

fluxes.

It is hypothesized that SGD is a major global source of nutrients to the
oceans. The main challenge to assess this hypothesis is to determine a-globally
significant groundwater endmember concentration for estimating -&®Bn
nutrient fluxes In this study, a global compilation of nutrient data is combined with
the observationally constrainédRa flux estimate through SGD (Kwon et al., 2014)

and compare the estimated fluxes witariver sources.
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3.2. Materials and methods
3.2.1. Daa compilations and the SGRdriven net nutrient

fluxes

Datafor DIN (n = 943), DIP (n = 980), DSi (n = 762), aftfRa (n = 552;
Cho and Kim, 2016) for global coastal groundwater (Figure 3.2) and seawater

(Figure 3.3)are compiled.

In order to calculaténe net nutrient fluxes from continental margins to the
coastal ocean through SGIbnsider a lan@cean domain consisting of two boxes:
The 6égwbdé box represents <coast al aqui fers
represents the shelf shallower than 200 myFige 3. 4) . The 6swbd box
grid points adjacent to the lands and islands in horizontal resolution of 2°x2° for

228Ra and 1°x1°for nutrients, shallower than 200 m.

The volumes of the boxes argwand \sw (Figure 3.4). There are two
tracers, R ath N, representing®Ra and nutrients of interest, respectively, with units
of mol n3. The concentrations of the tracers in each box can be denotgdawR
Rsw, and Nw and Nw. The exchange rate of waters between the two boxes is f in a
unit of n? yr. The negative f represents the SGD recharge (from sw to gw) and the
positive f represents the SGD discharge (from gw to sw). The fresh groundwater
fluxes from the gw to sw boxes are neglected in this box model as it accounts for

only ~4% of the total SGD
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Then, the net fluxes of R and N from the gw to sw boxes become:

0 Q¥ 0a 6 QY Y (1)

0 Qo "0t 6 60 0 (2

Combining equations (S1) and (S2), the net N flux can be obtained by

0 QO 00 6 d Q¥ 04 6 @—— (©))
The net R Flux from the gw box to the sw box can be approximated by the SGD
driven??®Ra fluxes to the global ocean obtained by Kwon et al. (2014), resulting in
equation (4)

VOOl QBB o1 QQE o
Y @ Y @

YQa 6 d Qoo o1 WAD G (4)

whereNutrient,, and?*Ray, (dpm m®) are the concentrations (mot3jrof
DIN, DIP, and DSi and the endmember value?@Ra in coastal groundwater
aquifers, respectively?*Ray, (dpm md) is obtained from Cho and Kim (2016).
Nutrientw and ?®Ra,, are the concentrations of nutrients &/tRa in the coastal
seawater. The World Ocean Atlas 2013 (Garcia et al., 2014) is used to estimate the
globally averaged concentrations of DIN, DIPddDSi in coastal seawater. From
the globally gridded 1°x1° nutrient data (Figure 3.3), the coastal grids adjacent to
the lands and islands between200 m 60°Si 70°N) are only takenThe volume
weighted mean concentrations are then obtained from the coastal grid points. The
nutrient and®®Ra concentrations for coastal seawater are averaged from grid points

adjacent to lands and islands and henceesgmt the values resulting from terrestrial
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sources, chemical and biological decays within the coastal regions, and oceanic
mixing and advection. The seawater components of nutrienté®Radare important

to the net fluxsince it isassumd that the SGDluxes are dominated by saline rather
than fresh SGD (Li et al., 1999; Burnett et al., 206%8Ra flux(dpm yr?) is the flux

of 228Ra into the global ocean through SGD, which was estimated to be (1.3 + 0.3) x
10 dpm yr! using a numerical model conmigid with a global compilation é#Ra

observations (Kwon et al., 2014).
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3.2.2 Geographical gridding method and the effects of salinity

Approximately800 sampling sites for groundwater nutrieNu{rient)
data cluster along the east coasts of Asid ldorth America, including also the
Mediterranean Sea, with scarce data elsewhere (Figure 3.2). This clustering can
affect the endmember concentrations of nutrients in groundwater. Therefore, a
gridding method is used to examine the effect of the heteeitgenf geographical
data distributions on determining the nutrient endmember values in groundwater.
This method divides the globe into 2°x2° grid points, as examined previously by
chapter 2.3.1 in this study a@ho and Kim (2016) fof?®Ra. All of the d&a within
each grid point are averaged to represent the mean value at each grid point, assuming
lognormal distributions of the tracerd-urthermore, the sensitivity of the
groundwater endmember values of nutrients to salinity is examined. The endmember

vaues are calcul ated for di fferent sal i
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Figure 3.2.The distributions of data collection sites and concentrations for DIN (n
= 943), DIP (n = 980), and DSi (n = 762), respectively, in weside coastal
groundwater. A lisof data sources for DIN, DIP, and DSi is shown in Appendix

Table B.
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