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Recognition has emerged that nutrient inputs from the submarine discharge of fresh, brackish, and marine ground-
waters into the coastal ocean are comparable to the inputs via river discharge. The coastal areas of the Korea peninsula
and adjacent seas exhibit particular importance in the role of submarine groundwater discharge (SGD), in terms of
the magnitude of SGD and associated continental material fluxes. For example, in the southern sea of Korea, SGD
transports excess nutrients into the coastal regions and thus appears to influence ecosystem changes such as the out-
break of red tides. Around volcanic island, Jeju, which is composed of high permeability rocks, the amount of SGD
is higher by orders of magnitude relative to the eastern coast of North America where extensive SGD studies have
been conducted. In particular, nutrient discharge through SGD exerts a significant control on coastal ecosystem
changes and results in benthic eutrophication in semi-enclosed Bang-du bay, Jeju. In the entire area of the Yellow Sea,
the submarine discharge of brackish groundwater and associated nutrients are found to rival the river discharges into
the Yellow Sea, including those through Yangtze River, Han River, etc. In the eastern coast of the Korea peninsula,
SGD is significantly higher during summer than winter due to high hydraulic gradients and due to wide distribution
of high permeability sandy zones, faults, and fractures. On the other hand, in the estuarine water, downstream con-
struction of the dam in the Nakdong River, SGD was highest when the river discharge was lowest (but water level
of the dam was highest). This suggests that even though there is no visible freshwater discharge into this estuary, the
discharge of chemical species is significant through SGD. On the basis of the results obtained from the coastal areas
of the Korea peninsula, SGD is considered to be an important pathway of continental contaminants influencing tidal-
flat ecosystems, red tides, and coral ecology. Thus, future costal management should pay great attention to the impact
of SGD on coastal pollution and eutrophication.
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S48 gre AEFE, 3 St AsrY HEE ke
2 F29% A Nskre 32N Ao Ay FEE
© BAEE Bik o, gt A HAER ATt o
Al #Fe 2 FU=EE A AT (recirculated seawateryd ¥
Zetch(Burnett er al., 2003). GRSk &2 BRS¢ Hot
SHEEE YR sl O 838 88 BEETHBurnett
et al., 2003). AA G5t slde R SEHE ke R ok
5-6% Brell t=A Tk, A sleg 2eEl FE] oF 48%
o] o]&r B UTH(Zektser and Loaiciga, 1993). Moore(1996)
= uF 59 dSE € UF AMeA AeEeE ses X3
s A 2l fEFo| AEY F 40%0) & B3l
ok A FElY] A Askr {22 AAlY B AR
AMFNA ZRA A7 53U 2™ (Kohout, 1966; Zekizer ef al.,
1973; Swarzenski et al., 2001; Elhatip, 2003), A€ &5 &&=
s} e XA ey 45} Axbo] Qltk(Shaban er al., 2005).

A, AE B8 A A FE2L (1) AR gl
Al AR et 4o Falo]l & At Ao Rl f&
(nearshore seepage), (2) HY e Wl #289 =5 58 U5
2 B EZ9 3 (offshore seepage), (3) ¥t o2 we} 3)
Fo 2 HiE FY=T A 8% (submarine springs)®] FE|=
s 4 JthBumett er al., 2001)(Fig. 1).

A A A9 e e WE FEEE o
2 (hydraulic pressure)z}ol] 2J3] SA3ollA] Aot oz f&4
o} =g g5l 243 22 vt sfjofatE 713 oEiMs
B8 W) Kim and Hwang(2002)e -4 @) Ful4do|

Evaporation Precipitation

/4

A 8lA Xske &9 FAAR] PRot CHE A5z #5
3 A3 PRn FDA9 CHO sRE 2AF79 22 e
AE ZAcKFig 2). AFF PRo CH, sE ddsst
Ao 722 WE-S RPY W, i (neap tide) A= R A
(spring tideYollE E7 UERRT o 23] Hr) 4o WE
Zo] & Alglalell 24 #H(tidal pumping) 28l ofal A
o= ¢ ge §A A&t sjgoz fejavke A4S 9uid
ot olajak 24 Pol o Ak {ES ASE ATl W
2w Folo] YeEhdAw, /b zivielE 2 33t nlEsial
t}(Fig. 2).
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Fgo g gHtshz AT R
(Church, 1996; Burnett ef al., 2001; Taniguchi er al., 2002; Kim
and Hwang, 2002), 19k €] -4 %8} eutrophication) A Aol
A4S F 4 9(Johannes, 1980; Valiela ef al., 1990; Simmons,
1992; Burnett et al., 2001; Hwang et al., 2005a; 2005b). Capone
and Salter(1990)= 2] Great South Bayollx] 9% A 8l-&
E3le) iR a3 AEe o eleE AAEe) oF 50%E A
A&}z BAslESL, LaRoche e al(1997)2 Long Island®] &
St A Askr FUFH A EZHAES 72 Halgae
production)7+e] Z& JAAAE Bt

At el 4] AR Wl WE A A3 FEFE AR
AL HT} o EH) A YEldt} South Atlantic Bightel~] Ra
Z9 %] AAHEE A5 o) B ALRT A5H =
U FALE AL A ZFol= North Inletoll A= #Z= A
(Moore, 1987; Bollinger and Moore, 1993). #F3H7FA 2, Rhode
IslandollA] Ra B4 A2 RE AHdd A Astol &

Evaporation

Fig. 1. Schematic diagram showing the
types of submarine groundwater discharge.
A subterranean estuary is formed at the
transition zone between fresh ground-
water and recirculating seawater.
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Fig. 2. Temporal variations of *’Rn and CH, in seawater near the bottom of rocky-sandy shores, located in the South Sea of Korea (adapted
from Kim and Hwang, 2002). The tidal amplitude, rainfall amount, and wind speed are shown. The scale of wind speed and precipitation
is proportional to the points indicated (zero across the x-axis). The sharp increase of “?Rn from neap to spring tide during wet season indi-

cates the proportional SGD increase, due to effective tidal pumping.

22 g& AdRY 8 F33 38 EAKKelly and
Moran, 2002). o]&7] 3|A A3} fEo] Al - FH R A
why] o], 2 37 A gF¥E A - ISR T
& Alolth.

A Asl & st BAL FobA kL AR AE
FEFE AH SAske de ool itk 3 WHeRe
28 mdl&l(Oberdorfer ef al., 1990), seepage metersS °o]-&
$2&% 2 (Cable of al., 1997; Kim et al., 2003a), Wils &
A2 (Ra, Rn, CH)E o] &3 B3] 29 (Corbett ef al., 1999;
Kelly and Moran, 2002; Hwang ef al., 2005a; 2005b; Kim et al.,
2005) 5°| AT} 5% seepage meterS o|-&3le) AH sl I

4

g

S doll7] KA ol HIE) #A AgkrE vEF 22
3}8ha FAAL(*Ra, *Rn, CH)E ©]-83h= o] 2 o]&5
o, WAls FHRAE o8-8 34 WHE A ek & &
Al E ZA=r obF 8314 ol &HZ Utk
(Bugna et al., 1996; Moore, 1996; Hussain et al., 1999; Hwang
et al., 2005a; 2005b).

sko el A Aake f2ol tha A7 HjRe) ERAY
$ ¥ /1, 4, 35 5o AQelM E] AYHT 9l
L, A A gol B i A EH Qi SAWHE M2 ©
2}, o} HAIAIK S A3k FEF AvE 2REAC v &
& Atk 53], A Aol f2 71, Al - 37 §E) At
T F20 ot sEEd FEF, AgolAe] A 9k &
£ AYvith OhE 5442 Holr] wid], ¢ke R He 9 et
A JFAQ1 Aot R Eofof gt

B A7 e gk ¥ sfigelx] A Askr AT AlEE
28k, 1 AT Aart Suisls B golr, o) g Ay
AAES EdlRE go = ojuigh A7t Aok & Ao dis)
A8k} g}

FH sfAoMe WX Xet+ RE

A

gsloliMel siX X5l FEn AT EH2

B = 52410l Hat 50 m, HHO| ~4x10° kmE, AAA 7}
P2 i8R0 shuolr) 4L BERY W&ol o 4, 8
AARE MZRT 0] T 720} Fig. 3). ¥l =2 &
T A2 AA] F 10 mE Bk 38 SR A
HAEL galtolr] 719E A dES FEo|Y, 1 9
AGo e F2 2P 2R FEE Uch FAE 79U
= A7 (Yangtze Riven)d] 5 -8 A 2ol we} ¥3}
7} 27) W) & IuA A @A, 3 e T FE FE
2ol oF 14% Aot} T3, B, U, I, 24, I
I e vmd Ze 7rogRee] @ fdHe R FY
= A7} ~75%S A S Liu ef al., 2003).

s B AFA7I] 56 o & A Nozaki et al., 1991),
33 dee] Y& Q49 v A o)) wgl, ¥
FoAe] o gdEH] B o AFHe MG FE B AY
T itk A ARl s 2 2 9% THEEE T e, A
A sk ol 2g edFF S T odd ol HE
o] ot 3A7E 2 Kim et al(2005)0] Bl EZ25% %
o 26Ra0] FE2RE AN A Ak FEZFHEF 1-6.7x10"
m? yr')e 2o & 45%(~2.3x10" m? yr')Liu ef al., 2003)
9] H43F 40% o)dE AR ST o1FA E A Ak FE
FL o] AHe] B ZAH~10 m}t 2HE HHY B EYL &
T w8 Aoz ek,

3 A X ek fE2 % A X3krollae] Hit Sises
AR A AEEE B9 sio] TFFLS % 4-24x10° mol yr
ojgon ol Fol v E AETRE {FU=E %(-23x10° mol
yr')(Liu et al., 2003)2] °F 20-100%E AR HKim ef al.,

o

i do o (=2
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2% A& A T+ JS&
o] 29 #FENE M= Tt Sl SHZJ R skl 23k @
FEL FEES Tyl 2] AA F o F3EE AHge)
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HMFEZoMe| X X5l RED} AdAAFT =9
AF=E Fa 54*301 %%% FL 4 HA5gkst ”d%hﬂr s
2 SPIIRE o] 3
Fio] X|zko 7 A g P% 01 ﬁ} 6~8%°ﬂ—t— RS
2 xR o] FAgE] g dRrt 6H°§° %
oh B ASkr Fbgo] 44%2A A= HaRel
A o, Zhe-gre) ¥ A2 Wl A3 1:1 ‘@_%O] A
tPark et al., 1994). Kim er al(2003a)°] AF At =&
seepage meterS< AME-3t] 293 A& Be A 5] FEE
E(50-300 miyn)= LRF dE ¢9K0.0340 m/yr)(Giblin and
Gaines, 1990; Valiela et al., 1990; Bugna et al., 1996; Gallagher
et al., 1996; Corbett e al., 1999; Taniguchi et al., 2002)Rt} o}
F U (Fig. 4). 3EA T, 7h$-Fo] B Arh 254 <) Barbados
(270450 m/yn=2UE Tha B UERdT: B9 ASEs SR
MEA AL A g B3 FEEe GG A3 sl &
& Ak Ao, MRAA o ze] @A 8 fEH(1.3x10° miyr)
< FEAG02x10° m¥ynEoh W 2 v Aetd daee

127°50°E
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i
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31
r
"!5 2 T
o W s
2‘{) 21 < Fig. 3. A map showing the study area of
4 o 0Z Kimeral, 2005 in the Yellow Sea and
150 ° 4 adjacent seas. The sampling locations
Q for Ra isotopes, which are SGD tracers,
J——— are shown.
QoM Z §&%S BRIHKim et al., 2003a)(Table 1). 1

29 HERE Al Sl G B A 729
weh A4 EA etk S, of dTeli s Agkel Zol
| m olaielie 24 B2V @0, 44 ATE A sl Lol
W Aekr fEFS PP OGE 5 Yok
AFEN FUe W A W) Aol 9
T E WHEo) 8.0x10° m?, HarAo] oF 3 melth AxRAe
oF 3 meA @ el Bl Asl Bow, B HAE
4ol Be AR ol Fold k. AATRE F44l B
%

e i
ELER U R

Bl

\ F

Teto] sjg=w ot oF 120 m Zo]7HA]
7} golai, o] 2 s Xake] A8t AlZEtHKim e al.,
2003b). 53], SQt7HE wieh HASEE ol &3 ekl 4 5

1-8-31

z2] doteFao] galsle] & wro ATHAFRE THT 4
W& ETe g FREEA G- VAP Atk
(2}, 2004; Oh et al., 2000). BF¥F FHoTE 2 15 4

o] gl7] wEe) ¥ sl EFFuE T2 A Askr &
A a’CJ)r 2o 2gh Qs frdTel whek 2A gt Zle s
AXE T} Wb, Hwang et al(2005b)y 815 1A 235 #
= —%——.X}"’ Ra $9)94:9} Rn®] E4FAE o] 83l 4] A

& HE2S AL e EEFAE oj&ste] Adkd T
ZA of) A ’3HZ1-‘:Z? 9 it AP FEEET ~34 om/dayE
Ra 59949 E-A4XE B3 4% = ~47 em/day9} ¥
3l.o 1, o] =% seepage meters AME-3t] AlFE FF A

o 2T 42 £5(14-82 cm/day)el H el TFEHKIm e o,

ol
[e]
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Table 1. Discharge of freshwater and recirculating seawater and associated **Ra, DIN, DIP, and DSi fluxes through the eastern and western

coast of Jeju island (adapted from Kim et al., 2003a).

Water 26Rq DIN DIP DSi
(10°m*/yr) (10°Bq/yr) (10° g/yr)

Eastern Jeju
Fresh groundwater 0.2 0.03 0.2 0.01 0.9
Re-circulating seawater 9 4.3 0.53 41
Western Jeju
Fresh groundwater 1.3 0.3 1.3 0.07 6
Re-circulating seawater 6 32 2.9 0.35 27

Table 2. Comparison of nutrient fluxes through fish farm water, bottom sediment, and submarine groundwater discharge in Bangdu Bay, Jeju

Island (adapted from Hwang et al., 2005b).

Nutrients (x 10° mol &)

Pathway -

DIN DIP DSi
Fish-farm water 0.78 0.009 4.8
Diffusion from bottom sediments 1.1 0.5 4.1
Submarine groundwater discharge 17 0.13 37

2003a). Hwang ez al.(2005b)]l &3P, ¢] 3
frEo o3t YEFEF FrdFol ThiZ
o] hF-2& AAFATHTable 2). 7R
e (Ulva sp.) 59 s E] HYoz F
o], o]2Ft F YA E AYFA L ARA LR & Fo|E Ko
), 53] o5& 1 #io] FEskA UehdthFig. 5). Wk,
A AseE FEl FYE dLEFE i Fe] Ave R
(Ulva sp.) 53 22 S48 =9 AY52e & 92 A= A
o2 FZFtH(Hwang et al., 2005b).

iy

Holl o4xjTtolAM Sl X5l FEL YRR S
ARPRRE el 9] ILFHHES} ot Atolo] 1A% ¥uH] A

¢l wro|th(Fig. 6). T WAL oF 320 km?, Ho 4L %F S m
olth, AAINISE FYEE T FUTFE BUA oF 1.6x10°
m/daye] 2L, T2 W] F&o] X o|AAH FH, AMF 9
2 RS S8 Y9 23y o] slgolrle] | Ak
oF 1470 mmEHA, Al wleg} & HEE Holy, gFEe] 7
 AEF] Zol yEkth AT U] B HASL TR F
Z AER HHE2 7Y v 2Yde] HIEL g BEy)
9] te] BE 313 YH(Choi, 2004). SRR 2lF]el uEs
B2oAMe dluic) ofEmR FAzrt 7 dA dAlEle] Azt
ZAE doy|7 9lom, Hwang et al(2005a)S ©]&3 Hz2E
dovle #HY JYFRV} A zRE & 5 v dds)
o ojzte 2 s A sy gt Ak fEol o3k IY
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Fig. 5. Photos of dense distribution of benthic green algae in the
shallow zone of Bangdu Bay (adapted from Hwang et al., 2005b).
This benthic eutrophication appears to be due to large submarine
salty groundwater discharge.
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Fig. 6. A map showing the study area of Hwang et al., 2005a in
Yeoja Bay and off Naro-island. The submarine discharge of ground-
water and nutrients to the entire area of Yeoja Bay was determined
using Ra and Si tracers.

e o BYHolY] HEel siH Xstpsle] BEYS FHt
7] s B 454 A77t aTEn.

AL FEYS
63%10° tono™, ©] F 70%= T771(7-92)) RE FEHr)
(A3t o], 1980). &7 sk Aee o ZAs7] 30

[e)
198730l 57t A8 dXste] 9 ko] e} v §)g
Atololl =917t A7), o)l whe} siA X)skE FrEFe] FES
vk Ho s GAET ek, Yang ef al(2002) &7 &
ofo M Ra §919&(Rat P Ra)E ©]8-31] B3 278 A
284 2o oA HEE dol Bltlh(Fig. 7).

2 379 2) Ra B%7F A5HUH(Yang ef al., 2002).

19973 790l ¥E5% HY Y PRa?}t *Ra T == 2 FHAA

243 & MR} PRa FHYAE T 22 oF 47%9) 46%=

A3 oA, 1998 493 19999 6¥o) #A=F #Jo] Ra &

ALh FEE 1997 7€l HE] vhd B UR(Yang er al,
g

g 7). olEl% AUl Ra BALR F, FEH A9
=]
=

= FiuA EdaREe g2 s EHEZRRE i o
ok A 9F XS sA kel 23] THFEIUZ 7T o,
Y27t sFroA A Aslre FE e MRl A1, 9
Qrzzo] wmel ubgE: #peke] SR 2 199930 AtiE e
2 71 =A) veEbdThFig. 7). o188 @A vl Hole A&
o) EEo] Fol532 u, XFE 5T SAFEH e o] A)
Hoz ] 23, E3] Hol 9 AGL WY Jge
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Fig. 7. Horizontal variations (right) of excess **Ra in the Nakdong River estuary (leff) in July 1997, April 1998, and June 1999 (adapted from Yang
et al., 2002). The gray line shows the potential activities of *Ra by desorption from suspended solids.
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