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Abstract — The input of fresh water in the Geum River Estuary occurs by the irregular discharge through the sea
dike, accordingly hydrodynamics, seawater flux, and sedimentation are complex. There are potential input sources
of numerous pollutants from residential and industrial areas around the estuary, which is seemingly the potential
stress on coastal area both in pelagic and benthic ecosystems. In order to manage effectively the Geum River Estu-
ary environment, it is necessary to establish an integrated monitoring system, in time and space, being reasonable
in ecosystem assessment. This study aimed to propose the design of optimal environmental monitoring system by
the series of 8 surveys for 2 years, based on the analyses of multiple parameters of physical, geochemical, and eco-
logical components as well as certain land-driven pollutants. Based on the first large scale survey encompassing 28
stations in the study area, the minimum required number of monitoring locations was found to be 10, which suc-
cessfully reflected the overall distribution of target parameters obtained from 28 locations in 99% confidence inter-
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val. Concentrations of target pollutants, heavy metals, polycyclic aromatic hydrocarbons (PAHs), and alkylphenols
(APs) in the given area greatly varied, with accelerated at the inner locations close to the dike and weakened to off-
shore. The 2™ to 5™ surveys that conducted before the rainy season (Feb., Apr., May., and Jun., 2015) revealed that
rather great temporal variations of pollutants (i.e., 15-fold variation for APs), but lesser varied in space. Final set of
data was obtained from the 3 surveys after the rainy season (Aug., Oct., and Dec., 2015), of which data showed
increased target pollutants in water column and decreased concentrations in sediment. This result indicated that the
large scale discharge of polluted freshwater to estuary influenced physio-chemical fluxes in water and sediment.
Overall, the distributions of target pollutants greatly varied depending on the environment (viz., media), geographi-
cal locations, and season. Altogether, we suggest the optimal environmental monitoring system in the Geum River
Estuary should consider; 1) survey a minimum of 10 locations, 2) survey enough locations in the inner estuary, and
3) survey at least twice a year, ideally before and after the rainy season.
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Fig. 1. Map showing the sampling stations and collected samples in Geum River Estuary, Korea (*Phase I for extensive census was con-
ducted in at Dec., 2014, Phase II surveys (2™ to 5™) were conducted before rainy season at Feb., Apr., May., and Jun., 2015, and Phase
III surveys (6™ to 8") were conducted after rainy season at Aug., Oct., and Dec., 2015).
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Table 1. Mean of environmental parameters and the number of minimum monitoring points in seawater, Geum River Estuary

Subsampled stations

L Total mean Confidential interval Standard error
Objectives _
(n=28) 95% 99% <25% <10% <5%
mean (n) mean (n) mean (n) mean (n) mean (n)
Physical parameters
Temperature (°C) 5.5 5.5 18 5.5 17 0.3 14 0.3 24 0.2 27
Salinity (psu) 29.7 29.4 19 29.9 14 1.0 17 0.8 25 0.9 28
Transparency 0.4 0.5 17 0.5 12 0.1 18 0.1 25 0.1 27
Geochemical parameters
pH 8.1 8.1 17 8.1 14 0.0 11 0.0 23 0.0 26
DO (mgL™) 10.4 10.5 19 10.4 14 0.2 12 0.1 20 0.1 23
COD (mg L") 4.1 4.0 16 4.1 13 0.5 15 0.4 26 0.4 26
NH," (ug L™") 332 31.9 19 31.6 11 28.0 20 26.1 26 26.6 28
NO; (ug L™ 160.5 152.8 19 153.4 12 37.0 20 31.8 27 324 28
NO, (ugL™) 8.9 8.5 19 9.3 14 1.9 14 1.4 23 1.3 28
T-N (ugL™") 706.3 686.2 19 726.8 14 101.7 14 752 22 70.0 26
PO, (ugL™) 23.6 23.6 17 23.7 12 1.0 26 1.0 27 1.0 27
T-P (ugL™") 39.8 39.8 17 39.7 13 1.1 15 0.9 25 0.9 28
SiO, (ug L™ 775.1 747.4 17 759.9 13 66.4 15 54.2 27 54.7 28
SS (mgL™") 49.5 48.9 16 50.1 14 6.3 16 5.0 26 5.0 26
Chl-a (ugL™") 0.9 0.8 17 0.8 12 0.1 17 0.1 28 0.1 28
Heavy metals
Cr(ugL™ 0.02 0.02 16 0.02 10 0.0 24 0.0 28 0.0 28
Ni (ug L") 0.4 0.4 17 0.4 15 0.0 15 0.0 25 0.0 27
Cu(pugL™") 0.6 0.5 19 0.5 13 0.1 18 0.1 25 0.1 27
Zn (ug L) 39.0 36.5 15 37.8 12 7.0 15 5.5 26 5.5 26
Cd(upgL™h) 0.02 0.02 13 0.02 12 0.0 27 0.0 27 0.0 27
Pb (ugL™") 0.1 0.1 16 0.1 15 0.0 15 0.0 24 0.0 27
As (ug L™ 0.3 0.3 11 0.3 11 0.1 13 0.0 21 0.0 27
Hg (ng L) 0.4 0.4 15 0.4 12 0.0 12 0.0 26 0.0 27
Organic pollutants
PAHs (ng L) 90.9 87.1 14 94.7 11 9.2 28 9.2 28 9.2 28
APs (ng L) 141.7 136.4 14 152.7 9 26.0 28 26.0 28 26.0 28
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Fig. 2. The determination of minimum monitoring points for physical parameter, geochemical parameter, heavy metal, and organic pollutant in sea-
water, Geum River Estuary. The stations were selected in 99% and 95% of confidential intervals and 25%, 10% and 5% of standard error.
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Hd #H2 A3 hae ol diel= g
HAE U S35 85 (Cr, Ni, Cu, Zn, Cd, Pb, As, Hg)9] XY

FJ 2 AR NFE 99% AT 12-17717) FEE L0
v EFE 9} 25% WY YolME 12-17718 FEHQch 2F ©

2} 5% W FE9 RSl nlsl 25% Yol 28 FHEL 9-
14707} Z01E3lom, ol BE T35 oM A 1 559
HAxp} A7) 947] wiEo|th(Table S2). WA EH 2% U] 2548
BYER ap7] $1%k Ha 44 rEeE 1270 H9l= gk

HAE U 7] 2952 (PAHs, APs) IE52] 739 99% A1)
TZFA 10-12707F F2EQom, B3 92} 25% B UoA]=
11-157] 45o] F2E ek, 5 22F 5% W =8 dri=ol v
3 25% ellA F=EE FHEL 13, 16707} 2015910, A
R AAY A GSS & F Uk T R AT
7oA o sfie]] vl %E 21o]7} ZA] AR S Sl A
AR o7 =2 F1-= S5 TH(Fig. 4). 95%, 99% A F T3t
ul 7 @@%01] = EJ"/M gkl 7V FER-ES BITh

& THEATT, AR, A FH
2 33 INGE 99% *J?—»HL{MW 9-18717} F=H U eH, x5
22} 25% M ellME 1020717F FEE QT 2 24 5% Ul
FE9 JHEC vlEl 25% el 28 - Vg 29 T
Aol 242} 11, 157W7F asiiar A e7l7F 4st
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Table 2. Mean of environmental parameters and the number of minimum monitoring points in sediment, Geum River Estuary

Subsampled stations

L Total mean Confidential interval Standard error
Objectives _
(n=28) 95% 99% <25% <10% <5%
mean (n) mean (n) mean (n) mean (n) mean (n)
Geochemical parameters
Loss on ignition (%) 2.6 2.6 15 2.6 9 0.3 12 0.3 21 0.4 24
Mud contents (%) 30.0 29.4 14 30.0 11 8.2 12 7.0 18 6.2 22
Mean grain size (@) 3.9 3.9 13 3.9 10 0.5 12 0.5 18 0.4 25
Degree of sorting (9) 2.2 2.1 14 2.2 12 0.4 9 0.3 17 0.3 20
Heavy metals
Cr (mg kg dw) 33.8 323 15 332 12 5.2 12 4.5 17 3.7 26
Ni (mg kg dw) 12.5 11.7 15 12.1 12 22 12 1.8 21 1.6 26
Cu (mg kg™ dw) 7.7 7.0 17 7.1 12 1.8 15 1.5 26 1.5 27
Zn (mg kg dw) 39.0 36.5 15 37.8 12 7.0 15 5.5 26 5.5 26
Cd (mg kg dw) 0.1 0.1 17 0.1 12 0.0 15 0.0 26 0.0 27
Pb (mg kg dw) 16.1 16.1 17 15.9 14 1.8 14 1.6 18 1.4 26
As (mg kg dw) 1.8 1.7 19 1.7 17 0.2 17 0.2 20 0.2 26
Hg (ug kg dw) 2.9 2.9 18 2.9 15 0.2 13 0.2 19 0.2 25
Organic pollutants
PAHs (ng g dw) 355 383 16 32.7 10 8.1 15 6.9 26 6.8 28
APs (ng g dw) 8.3 7.8 14 8.3 12 2.1 11 1.4 24 1.3 27
Benthic community
Number of species 242 24.4 19 24.0 15 3.0 14 24 21 22 25
Density (ind. m™) 809.8 817.9 18 817.9 18 159.8 10 110.3 21 102.8 25
Biomass (g m™) 113.5 83.3 15 99.7 9 31.5 20 27.9 25 27.5 26
Atk AXsE TR AT dA o ® FHAR] AAE 2 9 74 ng LYol vls) At OR %8 s S oM, 4
A& nEsigls W, HAE Ul AMEsETdS ZUEE 7] 9 = 27 Eat 73.9, 122, 45.5 ng L] k& HGITh ¥ A 7]
o H4 4 R 107 Yoz dekc kel F748H sllrelli 4% PAHs T2 IAREAF 19 S
Aglskar Bi= A7, 5= gAellA 200 ng L1OTWR 7)ol Bt
32 oEd ¥ 54 g =l 2 shrellM o] @9 el vlshd w2 2o R Ukt
3.2.1 35 bk Elsl= 4 (PAHS) tH(Choi et al.[2010]; Hong et al.[2016]).

=74 3 @l Ul PAHs 522 Ale3t s FESE AlolE
BT 12} 2AH20149 129, 2870 7)9) a4 Ul PAHs 55
= 53.0-316 ng L'2] H9joll 1 90.9 ng L' 7k HATHFig.
S1). 3k W= 19 Aol #az, 2= 2891 Aol HA 5=
7F ST A o7 sk UiS AR 17l 2 e
(E1 136 ng LHYS B3 om, Y= A7 (8-28H el A= A ]
o7 G ET @Y 76 ng LS HATH(Fig. 5). 2-5%F 2AH2015
d 2, 4,5, 69, 1071 F5)e] si<F W PAHs 7.37-119 ng
L' HEE BSIthFig. S2). € H w5 77 211, 16.2,
334,703 ng L'E S =30H, 2, 4, 58] v]3)] 6Ll Fi4
BANE 12} bl vlal] whe- 51 o)l
2-57F ZAPIA E B WIS 5 (1-79, B3t 45 ng L)ellA] 9
= 7 (8-28W, 4t 31 ng Lol Hlal Ajgo R & xxr}
=739} 6-83F 24120154 8, 10, 122, 1570 A&)2) 8= Ul
PAHs 55 29.9-187 ng L'9] ®$1E BAtkFig. S3). 1-52F
Abel EdatAl sk WS 831 (8 100 ng LMellA] €15 A3 ¢F

T =
O T

(e} =
o 52 F5E

sl ) PAHS] 510} AR S ate) e At ARHL,

i‘?‘gﬂr 23} 1220 fF2m|gt dAlE B3Ik (p<0.01) (Table
3). Gt 3, 8AF FAFE AlQlskal B AbelA 72 1 =
ZHAE RolTh SEAk0] A9 1, 4, 63F AP f-2v]

ol
1:110

<] A (p<0.01)yF HAX|E, 22kA P A= °U s
Al(p<0.01)E WSt} F-F-EdEwe] 739 Add JaaArt 5
SleHA] QRSkARE, AAA 0 Rz Fovlet o) A (p<0.05)E
BTk AW O & S|4 U] PAHs ¥EE di, §54kA
I o] Al Btk AEA o 57 Skt sl ] PAHs

& WL Q1] g Aol TR V1shs 2o ® A

}_l:E‘—— [e=R=]

ARA 02 % 797) o152 ZA) vl ©)F(6-83F 2Ah
o & FEE BYUTHp<0.01). ©|2)st A= 27 OHL 2= 1)
PAHs ¥5% 71 el wht s do] ks A& AAKSTH
(Reddy et al.[2005]). &7 3+ WS 7352 PAHs 5571 9%

of Hl&) & Aoz Rt om (p<0.01), 3 W AHE A



T ST AP NS S1e A2 83 Bl A T

Geo-chemical parameter

Loss on ignition (%) Mud content (%)

341

Heavy metal

Cu (mg kg dw) Zn (mg kg dw)

% 5 99% 95%2 10 99%! 195% 40 99% 95% 100 99% 195%
E 4] /\/\_/\/\’ 8 304 80 |
g ‘ 5
= 6 11 14 12 17 60
1S W b ! b
= 24 = Max N 1
g 2 9 15 —M_ean 24 ‘/\/v_/ 10 204
= Min AT |
1 0+ 0 0+
4 25%°1  10%"; 15%" 1 25% 1 10% 5% 10 25% 10%:i5% a 25% 10%:5%
2 | 30 81 30
o 12 12 6 1 1
T 4] i 21 24 20 \ 18 22 . 5 261127, 20 5 26126
=] ! -
Organic pollutant Benthic community
PAHs (ng g dw) APs (ng g dw) Number of species (n) Density (individual m?)
$100 99% 95% @ 99%: 195% 10 99% 95% 2Ll 99% :95%
522 \/{,\_\16 30+ 12 114 2 150 19 15001 Nm
s> 20 1 o 1000
o) 0| ] M . = | ==
T o 10 | AT 500
e /\W ﬁ%’%‘ 2 "
O R R O O v e O v e
o0 25% | 10%! 5% A 25% 10%: 5% 100 25% 1 10% 5% 1900 25% 10% 5%
5 407 f | 15 8- 800
g 30 15; 26! 128 104 1" 24 127 6 14 21 25 600 4 10 21 25
S 20+ = \\ 4 400 \\
5 5 A
@» 104 : 2 200 4
aips—t) B SNSRI I B 0| =
A AR NNSN—— O At R————— A M M gl NN SN S
0 5 10 15 20 25 30 0 5 10 15 20 25 30 0 5 10 15 20 25 30 0 5 10 15 20 25 30

a= “confidential interval”, b="standard error”

Sample size (n)

Fig. 3. The determination of minimum monitoring points for geochemical parameter, heavy metal, organic pollutant, and benthic community in sed-
iment, Geum River Estuary. The stations were selected in 99% and 95% of confidential intervals and 25%, 10% and 5% of standard error.

3.2.2 HA& tEheESRlslr A (PAHS)

=7 3 §4% U] PAHs 5520 Ala3t BEE FElE Xjo)
Bolth 12 2220149 129, 2871 F73)2] ¥4 & U] PAHs %
S 2.90-153 ng g' dwe] H9loll Hat 34.3 ng g dwe] S B
ATHFig. S1). sk W5 28 A AlelA Aol 57 Sk
A o 2 St S 4 (1-7R)elA =2 F(EE 640 ng g
dw)s B3lom Umx] A (8-28H)el e duidog v 55
(H+ 24.0 ng g' dw)E EATHFig. 5). 2-52F ZAH2015 2, 4,
5,69, 1071 B2 E14E U] PAHs 555 3.11-217 ng g dw
o] WS HAk(Fig. 82). € Hat T2 27} 37.3, 39.9, 78.2,
86.4 ng g' dw = F=%0H, 2, 4 Yol v]al 5, 6ol A

[e) =
07 52 FEE BHTh

il

2-57F ZAPIAME e iS5 (1-79, 3 125 ng g dw)ell
A 215 A (8-28H, F+t 31 ng ¢! dw)ell HF)] Aty oz =&
FE7F SAEAT 6-82F AH2015 8, 10, 122, 1571 875)9]
25 U} PAHs 555 2.69-104 ng ¢! dw 2] ¥191E H3ith(Fig.
$3). 1-52F Ak} FUsH o UlS A3 53.0 ng g dw)
N 15 AHETE 16 ng g' dw)oll Blsl AthF oz %8 F
7 SR EP o, g s 242 H 21.0, 37.1, 233 ng g dw
9 3= Hth 2 A5 7|3kl 7 E A=l S74% PAHs
FEE 4, SAEAF IS AlQetaL BE A7), BE A A
200 ng g dwolUlE AZEF ] 7|6 Bare Asl] At 2 35}
T-2] E8%E Wl PAHs sl vl W& 2102 JERGTHKim e
al.[1997]; Yim et al.[2007]).

5% Ul PAHsS =8} E2E AnkaEale] A
UA e} gl g B 1 23F A Al9)s) Alel]
A Frefulgh k] A4S BATHp<0.01). o] $t Aol v]A
3 A2} = {710l S2EE PAHsO) #1318 5Ado) vl

R0 AF2ATH(Liu ef al.[2013]; Noh ef al.[2018]).
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Fig. 4. The contour map showing distribution of PAHs and APs in seawater and sediment from Geum River Estuary. The optimum mon-
itoring points were evaluated in 99% and 95% confidential intervals from 28 stations of 1% survey at Dec., 2014.

AH Oz AT 757 AR5 AN WIS AF ol ST HAR 1) PAHs Sk B9 A% AZE EAR 0]
F(6-87F ZAPPY R S WYTHp<001). )T Aok v 71E B4R H4 Sef olal S5k S ke 28 Axfei
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Fig. 5. Comparison of PAHs and APs concentrations for inner and outer stations in seawater and sediment of Geum River Estuary (Phase
I for extensive census was conducted in at Dec., 2014, Phase II surveys (2™ to 5") were conducted before rainy season at Feb., Apr., May.,
and Jun., 2015, and Phase III surveys (6™ to 8") were conducted after rainy season at Aug., Oct., and Dec., 2015).

(Liu et al. [2009]). w7 3 U5 444 E4& W PAHs 57}
Q]S nld) =2 Ao YERE W (p<0.01), 3+ U5 94
Zolle FAGA| 9 AIGA 7 B Zlo® Kol fU]elEA
o] 4o 2RE 7|QlIgt Ao E AlgHt). = sh-e} At A<

FATA G} AATA 7} st sfjeelr= 874 U] diE oz
2 559 PAHs7} A%, 1% 12 QItHKim ef al[1997]; Yim
et al.[2007)).

3.2.3 314~ &5 (APs)

& s Al W APs 58] Al EEE FEIE AjolE B
Atk 12} ZAK20149 122, 2871 A9 &l Ul APs 55+
51.2-799 ng L] W9]o)] S 142 ng L'9] 32 RSTHFig. S1).
3]:,L LH_% tﬂ x%x%oﬂ}q 5];}1 ij} %xﬁg al, 7l ﬂ XJXJE_/]
S 2 ARlE BolA| otth(Fig. 5). AR O sk Ui 4
H-7elA B8 FEEET 209 ng LYE BYom, 1« 4
A(8-28H M rido® W F=E@T 119 ng L)E BT

2-52F ZAHR2015 2, 4, 5, 62, 107 A7) slil5= W) APs 5=
8.91-1777 ng L2 W& HThFig. S2). € Hyt s%+e= 2t
Z} 240, 51.2, 19.8, 68.6 ng L'= 7= 310, 29] 111 e
A 2213 % A F5Q 1777 ng L'9] #ol 4= It 2-5
2F AP M & B WS AR (1-79, B3t 224 ng LellA 15
471(8-28%1, 4t 39 ng L)ell vjsl] Arido® w2 s5rF 574
wlct. 6-82F 2AH20154 8, 10, 122, 1571 F7%)2] a5 Wl APs

L= 16.4-1482 ng L9 WS HATHFig. S3). 1-52F A}
%e S s WS 3 @7 291 ng LYllM 915 ¥ @ 114
ng L ) ] ]OH }d—pﬁ;ﬂi _L‘_ OJJ]- 52—15104 th OJBﬂih 7L
} 34 36.6, 302, 143 ng L' ke BTk B AT 77 &
Jal- dlloll A S578% APs 5= F 1, 2 A AR 1 H FA, 7
2 Z2AFe] 39 Aol At sl #7715 (CCME2002])e &
FEh= 52212 798.7, 1777, 1482 ng L'WF AZ= Q). et
A o= 7 9 BE A}, BE FA0lM 300 ng LU= 7]
ol Barg A3 ARF FQ 3k 3l Ul APs 2§10l BlE| W
2072 YERFTHLI et al[2004]; Choi et al.[2010]).

3l U] APse] w9 TSR] A A A AldA o R
o] AATATY A Bk TH(Table 3). B2 Hs 74971
A 1-52F ZARNA] fou] gt So] AAaAE BAA T (p<0.01),
s 7L°7l o|Foli= TS oA e ottt 84T

_N

O\I

28] 245 2 ZAIIAE LIV G A (005 0
ATk, F-REABE 5 2 3 ZARNA felmle ool e

A(p<0.05)% Bt AutA o2 g9 ) APs F5+= IE3
oulet 3o AJaAAAE Bt ARA 0w 77F & sl
APs9] 5= 274 Wy 120 g Aol 2 715k
RO AtF ]

Aoz HF 4571 o1 (2-52F Ahell Hlel o]F-(6-82F 2=
Abell 35 %CE Bt} ol st A= 57 s 3l Wl APs
FEE 7 el whet WiEdo] Avks S AXFTH(Reddy

o ‘o
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Table 3. Correlation coefficients between organic pollutants (PAHs and APs) and environmental variables in seawater and sediment. The
concentrations of PAHs and APs were measured separately in each media (seawater and sediment). Phase I for extensive census was
conducted in at Dec., 2014, Phase II surveys (2™ to 5™) were conducted before rainy season at Feb., Apr., May., and Jun 2015., and Phase III
surveys (6™ to 8™) were conducted after rainy season at Aug., Oct., and Dec., 2015

Seawater Sediment
Survey PAHs APs PAHs APs

Temp.  Sal. DO SS Temp. Sal. DO SS MC LOI MC LOI

(C)  (psw) (mgl) (mgL) (°C) (psw) (mg/lL) (mglL) (%) (%) (%) (%)

PhaseI  Dec.,2014 (1¥)  -400* -.824** 541** _-369 -353 -618** 364 .011 -.005  -.067 .046 .013
Feb., 2015 (2™) -484  -949** 899** - 086 -362 -819** .676* .003 424 519 784%*%  B73%*
Apr., 2015 (3") .208 .059 226 020  .658* -.821** -.604 335 .803**  853**  769**  784%*

Phase I May., 2015 (4™) 614 -896** -910** -089  -.111 -.069  -.095 014 .874%*  B48**  7753*%  743*
Jun., 2015 (5™) .607  -.823** -344  -130 385 -359  -.593 227 817*%  838**  791¥*  749%*
Sub-total J722%* - 352%  -556%*%  -.006  -253  -368* 475%*  -026 .775%* 754%*% [ 658%*%  537**

Aug., 2015 (6™)  .728%* - 770%* -789%* 496 339 =360 -476  -.191  .899%* 933%* 435 469

Phase III Oct., 2015 (7™) -273  -.645%* 343 356 -581*  -254  -294  548*  931** 831**  792%*  750%
Dec., 2015 (8™) -435 -454 182 .169 .360 371 -.220 124 981**  956%*  866**  754*
Sub-total 320%  -.437*%* -454*%* 241 -179  -.189 023 514%*%  922%*  BB4**  65T7**  567**
Total 1530 -342%*%  -286 .213*% - 152 -293**  230*%  |186% .543**  486** 411%¥* 337**

**p<0.01, *p<0.05, DO: dissolved oxygen, SS: suspended solids, MC: mud contents, LOI: loss on ignition.

et al[2005]). 574 3" U5 43 <] APs F57F &5l vlal &
207 ERH O (p<0.01), 317~ U1E AA AZol= FAEAS)
AFAErx| 7} dhdslo] APse] 2T Bl AHEAdAVT Ao R

FE O 5050 Qs A o' o AR ek A% A
29 AESOA APAQ GekS nH 5 Qe AT 23
She 7t wAE T, w3 U= 5 Ul APs S50 U
3t X420 #a)7) 23S AXBHL

3.2.4 BA= 4A91E(APs)

7 S HAE W APs 0] AlBE FEE e AolE
BTk 12} 22120149 122, 287) A7) H4E U PAHs &

T 0.58-31.4 ng g dw2] HElell Het 8.09 ng g dwe] FhS R
Sth(Fig. S1). 3t WIS s FA A Hdl w=7F S4 =0
b 0 2 3 UlE AR -7l 22 5@ 140 ng g dw)
= w3 ow, 1] F7 @28l e a0 vk s
6.0 ng g' dw)E XA thFig. 5). 2-5%F ZAH2015 2, 4, 5, 62
1070 47)2] Bl A& U APs &5+ 1.22-40.6 ng g' dwe] HEE
RHATKFig. S2). ¥ H 55t 27 103, 6.52, 24.9, 9.43 ng
g!dwz SAE o, 5 o] AfHor 5& FEE Bk
2-52F ZARNM I B WS A 1-74, B 21 ng gt dw)ollA
915 A (8289, H+t 9 ng g dw)oll H|3l] AthF o2 =2 5
=7} A=A 6-8%F 2AH20154 8, 10, 128, 1571 858)9] F
5 U] APs F5E 0.60-15.6 ng g dw 9] S BITHFig. S3).
1-52} Ak} T8l 8- WIS 4518+ 8.0 ng g dw)ellA 9
= AT 3.0 ng g’ dwyell BlE] AOiF R & 5Tt S5
Qlom, gl = 77k Hat 4.81, 3.71, 4.09 ng ¢! dwS S
Bt 2 A5 7|3kl 574 HAEelM S4%¥ APs 5=
TE A7), 25 AelA 40 ng g' dwolUlZE AUt HHE 3

o

7371%(CCME[2001]) 1000 ng g'ofl H]3f mlj-¢- w3ka, 7]&,“
3 Al At FQ 3 W Aol 2] EHE U] APs &
ol BISIA % ul-9- WRITH(L et al.[2004]; Choi et al.[2007]).

Q PoR=! LH AP&/] 9]_ Q;ﬂﬂ om]_s}i—r}/] /\LJ,]._,JH @l,]. L]
2 ka7 7hek B 13} ZARE Al9)slal BE ZAbA &
oJu st ofo] Al B tH(p<0.01, Table 3). ©]2{ 3k Arp=

‘%Jﬂrﬁﬂ%

m
do r.
i

u]AgE Jaf 5 = APs®] A58 SAlof whE
Aoz o]sHﬂD}(Xu et al.[2006]).

A o7 A% 797] o)A @2-5xF ZAh B8 0% (6-8xF ZAhel
HATH(p<0.01). ©]H 3t A¥= E]2E ] PAHs 5=

=l 53

O =

e FES
S} BT A1 3 S0 BoPAv], web APs HFH
QI FATA Wl IRAe] DT FFE W= 202 A,

_;;;_l_l EL|E1E'-| A|AE|I A—|71|
%7& s Al 2 EAE W 284 84, A5kEHE 87
<& 74, el uist BUER 52 95% AT ]
S4% AAENE Fghew 7Pdsh 287l 2] s vlw
At Qe A0 FdEH, o] 5%, 10%, 25% ET 2
= AR el Eslal o 3ol
o] A7t A4 s F3l & 5 ATh(Table 1, 2). WA =
7 e ol Al ae] RuUEE AR Al AAA asds
23l & o 107] W7t A8 slow e

w9 B AR Wl 5712952 (PAHS, APs) EHE%%
52l 5 95%, 99% AF T U F4E 5 Ut T

o A% 7 3 5 UiSel tist F= X 20|15 Wgs)
= 4% dAo] Fa3%k Zlow st 59) dl Ul 7|9 =
A %’% 5%, 10%, 25% EE 4%3%? 7k el 2% 84
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Supporting Information

Table S1. Summary of water quality measured in the surface water from Geum River Estuary (1¥ to 8" surveys); mean values given for all
sites combined. Data in parentheses indicate standard deviation.

Date
Objective Dec., 2014  Feb., 2015  Apr., 2015 May., 2015 Jun, 2015 Aug, 2015 Oct, 2015 Dec., 2015 Total mean
(1 @ 3 [C) (5" (6" (" (8th)
Number of sites 28 10 10 10 10 15 15 15 113

Physical parameters
Temperature (°C)
Salinity (psu)
Transparency

Geochemical parameters
pH
DO (mgL™)

COD (mg L")
NH," (ng L
NO; (g L™
NO, (ug L™
T-N (pg L)
PO, (ngL")
T-P (ug L)
Si0, (ug L)
SS (mg L")
Chl-a (ug L")

Heavy metals
Cr(ugL™
Ni (ug L")
Cu(ugL™
Zn (gL
Cd (ngL™h
Pb (ug L")

As (ngL™
Hg (ng L")

Organic pollutants
PAHs (ng L)
Alkylphenols (ng L")

55(13)  3.5(09)  10.1(L.1)  18.1(12) 22.1(0.9) 27.0(0.5 184(0.9) 85(0.9)  13.4(7.9)
29.7(45)  29.0(4.8) 275(63) 29.0(3.6) 27.9(63) 30.0(3.1) 29.6(7.5 30.8(2.5) 29.2(4.5)
04(03)  08(04) 0907  22(1.9)  22(1.3) 2615 1209 0904  1.4(1.3)

8.1(0.0)  82(0.1)  84(0.1)  82(02) 80(0.1)  80(02)  80(02)  80(02)  8.1(0.2)
104(0.7) 13631 11514 7909 6708  62(1.0)  74(0.6)  99(0.5)  9.4(2.6)
41(1.9) 2308 17008 47(3.0) 5321  46(13) 45(13)  43(1.0) 3820
332(28.0) 37.9(62.7) 57.8(79.0) 127.8 (140.6) 112.2 (119.0) 125.6 (182.3) 82.6 (96.8) 53.3(59.1) 77.3(107.4)
160.5 (171.6) 579.3 (417.2) 131.4 (183.8) 112.8 (167.6) 216.2 (247.6) 189.7 (207.4) 246.7 (214.1) 375.4 (205.5) 245.7 (285.1)
89(6.7)  87(7.7) 12.0(15.1) 56(9.9) 13.7(18.0) 13.1(19.3) 144(68) 103(62) 10.5(12.5)
706.3 (362.8) 934.9 (482.5) 768.6 (430.7) 966.8 (609.0) 659.7 (238.5) 768.2 (296.7) 703.9 (270.8) 831.9 (362.6) 729.0 (421.6)
23.6(5.1)  203(5.9) 32(39) 10.6(12.6) 14.4(148) 174(21.9) 40.6(13.4) 39.8(5.4) 18.8(15.8)
39.8(45) 39.8(5.5) 33.1(147) 70.6(1132) 39.9(232) 60.2(34.0) 929(60.8) 64.7(13.9) 51.5(52.2)
775.1 (289.6) 466.8 (235.0) 55.3 (62.6) 277.7 (231.3)498.7 (297.3) 651.9 (680.2) 636.5 (278.6) 779.3 (254.5) 481.5 (383.5)
495(25.1) 102(43) 13.0(9.5 12.6(6.5) 12.5(7.8) 111(6.0) 25.0(24.0) 22.5(11.6) 20.0 (20.4)
09(0.5) 6725 4222 3021 4426 5229 4147 11(03) 3730

0.0(0.0)  0.1(0.0) 0.1(0.0) 01(0.0)  01(0.0) 02(0.0)  02(0.0)  02(0.0)  0.1(0.1)
04(02)  08(04)  1.1(02)  03(0.2)  02(0.1) 04(0.1) 08(02)  06(0.1)  05(03)
06(03)  09(03) 1102  04(0.1) 02(0.1) 060.1) 0702  1.0(03)  0.7(03)
01(0.1) 05(02 0702 0401  03(0.1) 08(0.0) 08(02)  1.1(02)  06(04)
0.0(0.0)  0.1(0.0) 0.1(0.0) 00(0.0) 00000 00(0.0  0.1(0.0)  00(0.0)  0.0(0.0)
0.1(0.1)  02(0.1)  03(0.1)  01(0.0)  01(0.0) 01(0.0  00(0.0  01(0.0)  0.1(0.1)
03(02) 0402 0602  04(0.1)  03(0.0) 06(0.1)  06(0.0  07(0.1)  05(0.2)
04(02) 06(03) 0702 0601 0501  07@0.1) 07(0.1)  09(0.1)  06(02)

90.9(48.9) 21.1(10.0) 162(3.7) 33.4(9.5 703(21.7) 73.9(27.9) 122.4(29.5) 455(10.5) 67.1 (44.6)
141.7 (137.5)239.9 (542.1) 51.2(26.5) 19.8(11.5) 68.6(51.7) 38.6 (7.0) 302.4 (385.7) 142.8 (84.7) 132.9 (238.8)
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Table S2. Summary of sediment properties measured in the surface water from Geum River Estuary (1 to 8" surveys); mean values given for
all sites combined. Data in parentheses indicate standard deviation

Date
Objective Dec., 2014 Feb., 2015 Apr, 2015 May., 2015 Jun, 2015 Aug,2015  Oct, 2015  Dec,2015 .
(1% 2" (3" 4" (5" (6™ (™ (8th)
Number of sites 28 10 10 10 10 10 10 10 98

Geochemical parameters
Organic Matter (%) 2.6(1.5) 1.9 (0.8) 2.4 (1.0 24(14) 2.5(1.0) 1.7 (0.8) 2.3(0.9) 2.1(1.7) 23(1.2)
Mud contents (%) 29.7(29.8) 16.8(18.2) 23.3(24.5) 38.8(29.1) 343(249) 21.3(18.5) 30.5(26.2) 26.5(33.3) 28.0(26.6)
Mean grain size (Q) 3.6 (2.0) 3.1(1.2) 3.3(1.6) 3.6(1.6) 3.8(1.6) 2.6 (1.7) 3.6(1.4) 3.3(1.9) 3.5(1.8)
Degree of sorting (Q) 2.2(1.2) 1.6 (1.1) 1.8 (1.1) 1.9(1.2) 2.4 (1.1) 2.5(0.8) 2.0 (0.7) 1.5(0.7) 2.2 (1.0)

Heavy metals

Cr (mg kg dw) 33.8(18.9) 22.9(10.8) 26.3(82) 42.2(12.6) 40.1(11.2) 31.7(10.5) 39.0(15.9) 39.1(18.8) 24.3(15.8)
Ni (mg kg dw) 12.5(8.3) 8.7(3.9) 10.6 (3.9) 14.1 (5.2) 12.9 (4.3) 10.7 (4.5) 13.8 (7.1) 13.3(8.3) 12.1 (6.6)
Cu (mg kg™ dw) 7.7 (7.6) 5239 6.4 (4.3) 9.1(6.3) 7.1 (4.6) 6.9 (5.5) 11.2 (10.6) 7.7(7.1) 7.7 (6.9)
Zn (mg kg dw) 39.0 (28.4) 26.0(13.9) 31.2(13.9) 50.0(22.1) 45.8(15.6) 31.5(15.2) 46.9(32.6) 39.3(24.8) 38.7(23.9)
Cd (mg kg™ dw) 0.06 (0.04) 0.07 (0.05) 0.07(0.04) 0.16(0.11) 0.08 (0.05) 0.04 (0.03) 0.06(0.03) 0.03(0.02) 0.07 (0.06)
Pb (mg kg dw) 16.1 (7.0) 14.0 (4.0) 14.6 (3.1)  20.3(3.5) 18.2(2.7) 15.0(3.2) 21.8(5.7) 19.0 (4.5) 17.1 (5.5)
As (mg kg dw) 1.8 (0.9) 2.0 (0.8) 2.4(0.7) 1.5 (0.6) 1.2(0.3) 2.8(0.9) 2.3(0.6) 2.3(0.8) 2.0 (0.9)
Hg (ug kg dw) 2.9(0.8) 3.4(1.8) 3.5(0.9) 15.0(7.2) 13.2(5.9) 7.2 (1.0) 3.7(1.4) 6.1 (3.2) 6.2 (5.3)
Organic pollutants
PAHs (ng g dw) 35.5(32.2) 373(47.4) 399(38.0) 782(64.0) 86.4(75.3) 21.0(29.1) 37.1(26.1) 23.3(31.8) 42.8(47.9)
APs (ng g dw) 8.3(6.8) 10.3 (9.4) 6.5 (4.5) 249 (8.3) 9.4 (8.0) 4.8 (3.6) 3.7(4.5) 4.1(2.9) 8.8 (8.6)

Benthic community
Number of species 242 (11.1) 24.4(11.4) 27.7(13.6) 27.5(11.7) 27.2(12.1) 31.0(19.4) 289 (18.1) 22.4(11.1) 26.4(13.8)
Density (ind. m?) 809.8 (512.6) 718.5 (429.8) 960.8 (567.3) 1042 (822.8) 1314 (1254) 1056 (602.1) 809.0 (740.8) 442.5 (218.9) 899.4 (704.1)
Biomass (g m™) 113.5(269.9) 90.9 (207.0) 95.7 (140.3) 138.6(230.9) 325.0 (929.1) 635.0 (1467) 201.9 (467.2) 442.5 (218.9) 228.1 (622.7)
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Figure S1. Spatial distribution of PAHs and APs in seawater and sediment from Geum River Estuary at Dec., 2014 (1% survey).
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Figure S2. Spatial distribution of PAHs and APs in seawater and sediment from Geum River Estuary at Feb., Apr., May., and Jun., 2015
(2™ to 5™ surveys).
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Figure S3. Spatial distribution of PAHs and APs in seawater and sediment from Geum River Estuary at Aug., Oct., and Dec., 2015 (6"
to 8™ surveys).
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