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Geochemical Investigation on Arsenic Contamination in the Alluvial Ground-
water of Mankyeong River Watershed

Jeong-Tae Moon, Kangjoo Kim*, Seok-Hwi Kim, Cheon-Sung Jeong and Gab-Soo Hwang
School of Civil and Environmental Engineering, Kunsan National University, Jeonbuk, 573-701, Korea

As-rich alluvial groundwaters occurring in the agricultural area of Mankyeong River watershed were geochemi-
cally studied. 15 out of 29 investigated wells (52%) showed As levels exceeding the WHO drinking water stan-
dard (10 pg/L). Their chemistry is characterized by low Eh levels, low NO; and SO, concentrations, and high pH,
alkalinity, Fe, NH,4, and PO, levels. This suggests that arsenic is enriched by the reductive dissolution of As-bear-
ing Fe-/Mn-(hydro)oxides, the commonest process in Bangladesh and West Bengal of India, of which groundwaters
are severely contaminated by As. It was also revealed that As concentrations in the area are strongly regulated by
the presence of agrochemicals such as NO; and SO,.

Key words : arsenic, groundwater, alluvial aquifer, reductive dissolution of Fe (hydro)oxide, agrochemicals
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alkalinity®} Fe, NH; ¥ POFEE HTh ol AAHNY HlALExA Waw 2A2AAd4] &3] HadE=
HAEE7|Ae A, Wtg R 31 Ssj@d AAEE FAEA I, FUe] 23S Askrr Hhogew

ezl

S AR BRE AT Ao Sieh, 55, QAL UL NOgh S0 Sk vl

FEE WEe 24 FUPoRA FUBFl vy FES BRe 422 Sk

FRO| 1 A4, AskE, 2AUGE, A ISR 95 g4, 57714 Heks

LM E 7IHWHOYE -85l theh H] FA71ES 19939

o 50 pglelAl 10 pgLe FaAHem, ol w3,
Hlae Ao B o) 3 veom we o FF2 NG A 4FE 94 2L FEeE vh

s BN A0R dU) BRI = FAIES BRI, ST e A4elth @A)
Ml blackfoot disease fHate] oj2lol= 4%k feluet vl $A71ES 123) 50 pg/lolt
RS 5F, o9, 498 293 WA S¢ WHOZIEOR stebd ddelt.

Aol Qs F& 222 U84 vk (Leonard, vl RER o3 AFAde gt B4 &

1991; Lu et al, 1991; Jain and Ali, 2000). H]AA EARIZE RAEREA A A dEsth(Teng of
HE T 4 B4 ARPF SRS AA 4Ee al, 1961; Tseng, 1985). ol F W Etu|Al et olw
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doll tigt $21E A AAReZ AT Wt
o] det FAZ X FFHEA] Gl oF
50%2] #Fo] 10 pgL o), < 28%71 50 ug/L ©)
g HIAEEE Holal glon, o2 s oF 46w
el Q17 10 pg/lolid, oF 23 843k <l-#rt 50
ngL ool Hlie @Rlsleel mgd Zlog 4%
3 SIUHYu ef al., 2003). ©15 BALFAGANE ¢
EHAE oo ] ¢ 90%7} wEellA] vldvt
A& glon, 25 F 20%c HAFEINE X
A1 bt ITHSOES-DCH, "&3A18).

Azl Hlae AskE deElel wEl BE As()
2 As(V)8] el EAlsh, olejst EA] Felol we}
HrE BldolE/do] A= ) As(V)e 54
9] pHEANM HAsO,” = HAsOZ S 72& Lo
208 EAei, webd, H, w4 e 34 )t
315 2 Sa"tH(Smedley and Kinniburgh, 2002;
Van der Hoek ef al, 1994; Dzombak and Morel,
1990). As(Ill= -5 A3k HpH<9PMA A=A
B2 F, 5, HAsO'HE 2 EA) 8}, o] wet
As(Vioh= 28] S5 I8E 2 3= e &
Ao] tHSmedley and Kinniburgh, 2002). ¥HH,
As(lly= FAEENA SO Flol oJsle] sebis
2 JAAGAYG $dshgE A A 3
(Bostick and Fendorf, 2003).
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o, o] FoMe] HIAQHL UAA SR Fe, Mn (R)iF
shEo] SAegelA BEEHA old] FaEo] v
Hjarh o] f&xo] wAEE Aow dEA Ut
(Harvey et al., 2002; Postma et al., 2007). ©|2]d+
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oA vlAed Asee SAF F4 Ak
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bt o

A=%
ol AAL Wk 1% ALE BuEy glon, ik
22 A SX oA ST} & Ao AN

2THAhn et al., 2005a). 28y X|skeAEA e of
F2 R EE e g g Ao|7] wie A%
R ele] HAhe g gt AR ATt T4 3
th AF7A] SlldlAe B AR EY 9 AR
o] eddY, ey Eh vhe] FESE 55
A EZAF Tl gk AFe &) o]Foizl ¥
(Ahn et al., 2005b), TH|ZA Al A2 i3t A
T3 Ate W ATHoR ojFolHTh AF7t
A FE Ak Aseo] ik ATPARIE G5
B, Lee(2002)0] 2% Adskes 97AY, Yun o
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o2 MR s HlAeHol FE thdolfor, =
AFE QP9dE FiEE e Halaa ged A
Eolt}. olE AdeM= AFsiEgolA & s
E9] Jtsle} pHHsl| g @3 Fo] 8 Hlaed
Z1Zo g HuEY Qty, Wk, A7 FHF A
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FsRon, ole WA A3} vjg- FARE Fgol
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Fig. 1. Study area and distribution of As concentration in groundwater. Star symbols represent the points where geologic
loggings were performed by Kim et al. (2008). Satellite image used in this figure was obtained from Google Earth™, (http:/

earth.google.com/).
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2008). Kim et al.(2008)%] A|Z=2AlAo] o5,
TAGAI = JER, FilE, ReddE: 508 74
| 10-15 m FA9] H&Fo| 5-15 me FAHAE zk=
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ARG F geFos AEsky i), g7 9
A# AL THZ FAE PHEE ALk thEE 1
2 m A} HEZR BEgoz FARe] glon Tl
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BAL A= dAgolA TAM% 045

oAl Aol sk B2 33 o) oA l ﬂﬂs}ﬁi
th gol& (Cr, SO, NOy) B4g A % 277}
o7 A=E AFH stk dol2Mat, Mg,
K", Ca?*), 9|2 (Fe, Mn, As) 44 ]ET‘E 2+
o= AFste] AxAIZ £7]9 100 mLE A3k
M 2 &5 G mL)eE Al e
A vAEL] o] douA] GeE st} NH,
EAANEE 2ol AEY R E 277 Eolut
A F=F w2 AF3Ion, AAFENAFE Fat
2% AL BE AFHE ARE A7 4°C
olslE FAA AT}

Alkalinity= Gran®gH o2 @44 23 248}

Table 1. Chemical analysis results for the groundwater

243 -

B - B

Aot EE Agd B4 #Ea
LEATHAN TSI Fa
Mn2 flame AAS(UNICAM)E 0]%6}04 ;‘f—/}ja}ﬁt}_
B A(As)e AAEFFEA(Varian AA240FS)9l
Hydride Generator(Varian VGA77)S 473le] &4
3Eh F8 EF Fo)2L o|2ARZREIHZ
(Dionex 150)E ©]-8-5150th. NH,, PO ZHzt Qlzs|
Y, ok Sy os walE AREE FEFE
A(UV-Visible Spectrophotometer: SHIMADZU)E ©)
&3t S8t

4, A7ga A E9

. AR

dn Y Haoy HE
Z’\}E‘ Agkeol tigh AR A= Table 100

cl F NO; SO, PO, Na Mg K Ca Fe Mn NH, As
V‘IISI T(fgp pH (ii’,) (M/:clll/‘L) 0.1¥ 0.01* 0.1¥ 0.5% 0.02* 0.1% 0.1* 01%* 01% 0.1% 0.05% 003* 1.0*

< (mg/L) > (ug/L)
AW-1 160 614 197 1778 209 010 03 151 014 120 61 80 211 ND. 796 347 ND.
D-1 101 617 78 1267 400 020 45 569 029 413 63 29 180 732 119 ND. 3
D2 142 610 164 1997 564 0.2 02 503 101 331 7. 45 285 214 260 133 34
W3 130 633 65 1907 193 034 02 73 316 258 84 27 120 327 100 037 30
W4 127 647 104 2534 304 045 ND. 09 222 287 92 23 106 324 094 049 48
W5 121 623 54 2248 352 034 ND. 67 337 262 97 25 117 348 111 031 36
W6 140 614 58 1629 456 023 ND. 564 313 267 96 30 145 440 167 060 26
W7 157 563 126 952 703 0.1 ND. 762 145 353 7.8 24 278 249 194 055 41
W9 141 7.80 122 4039 419 027 ND. 05 330 273 17 48 182 482 153 093 69
WI0 152 626 90 3334 37.8 030 ND. 148 268 237 12 33 212 488 246 167 42
WIl 154 596 136 1692 297 0.10 08 458 084 244 7.6 44 236 508 307 025 14
WI2 162 539 200 750 519 006 477 116 014 281 15 58 511 ND. 076 ND. ND.
WI13 117 540 163 263 27.9 003 632 514 003 266 54 40 242 027 017 ND. ND.
W14 116 706 283 259 560 002 583 616 003 367 69 66 337 040 007 003 ND.
NWI1 165 624 98 2349 434 038 ND. 331 173 396 72 30 211 276 160 100 28
NW2 146 563 222 1078 412 009 351 444 060 285 86 66 289 029 033 ND. ND.
NW3 171 542 227 298 417 004 100 457 004 150 13 20 465 ND. 022 ND. ND.
NW4 168 511 266 192 472 004 365 769 004 142 34 39 115 ND. 005 ND. ND,
NW5 159 577 224 988 524 006 360 654 035 376 13 18 273 142 018 ND. ND.
NW6 144 647 128 5924 125 019 03 05 204 256 24 66 334 123 3.14 244 109
NW7 139 669 129 3185 403 031 ND. ND. 191 321 13 3.1 193 459 209 151 61
NW8 151 645 135 2405 877 0.8 ND. 480 289 494 15 21 289 504 236 065 30
NW9 149 616 167 2077 137 013 ND. 93 048 520 19 24 433 107 522 040 7
NWIO 144 641 134 2398 104 0.11 ND. 169 007 440 18 28 518 363 125 ND. ND.
NWI1l 149 635 146 1611 101 0.1 ND. 68 006 371 10 18 224 076 1.86 003 ND.
NWI2 139 662 128 1860 555 024 ND. 28 267 313 12 21 181 178 336 040 9
NWI3 140 665 122 2141 461 033 ND. 60 037 312 92 21 264 231 280 023 75
NWI14 143 647 135 2271 546 021 ND. 126 109 340 12 16 297 127 334 007 83
NWI5 163 597 139 1232 413 0.1 124 704 005 337 14 49 340 034 269 007 ND.

*Detection Limit, N.D. - not detected
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Table 2. Number of groundwaters exceeding various drinking water standards
n=29 pH Cl NO; SO, Fe Mn As As
DWS 58~85 150 mg/l. 443 mg/L 200 mgL 03 mgL 03 mgL 50 pgL 10 pg/L*
TE* 0 5 0 23 24 5 15
D) © a7 © (19) (83) an (52)

DWS-Drinking water standard of Korea, *WHO standard, **All are pH<5.8

Table 3. Number of investigated groundwaters that do not fit the selected pairs of drinking water standards at the same time.

n=29

pH Cl NO; SO, Fe Mn As
DWS 5.8~8.5 150 mg/L 443 mg/L 200 mg/L 0.3 mg/L 0.3 mg/L 10 pg/L*
pH 7
Cl 0 0
NO; 4 0 5
SO, 0 0 0 0
Fe 2 0 1 0 23
Mn 3 0 1 0 21 24
As 1 0 0 0 15 15 15
DWS-Drinking water standard of Korea
*WHO standard
AN AFAA AskrMs <2 pglelr] # Z CIEH*T NO% T3t HEE piper=oME NOs

o 109 ug/L7kA9] thedgt viAwrr) #2E 9ok
A 22 B 29 F 15709 sFskE 52%¢l
A WHO Hel 7|ExE d3she visert
47‘3"1031 e HeE 7
= 570 (17%)1% HAHTable 2
T Ak ARG FEA FHEE g
strhFig. 1). FeaJr Mn®] ®eE 71EXE 293
AL 7zt AR 79%Q23M) 82%24NE Y
it} A Ho] w7A ¢ AAR NO; 7 71&
g 233l A 17%G) o)=2g ), =l
7iA) 2l 24%(77H)t 5.8018t¢] pH#LE Hol o
7150l HEGsIAl ekt
Avde A= vla

-

j
_1_
™ -
Loy

A=
=

Hee7E(WHOS =343t

2E ARLe A wrle] 71ERE 233k Aoew
Geiston], N0y FEE 2% /184 olfolsitt
(Table 3). NO;~ 7158 =33k ¥4 5% & 432
pH= %2 3k o7 Bek 7|Fd F4gslie, via

Adie] Azl 98 NOg~ 293 Xakre] Azt
7} dAHS o]FeiA Zo=z HeltKChae of dl,
2004).
4.2, HALYX|3lo| X|5HetE S4
FHBRNAAS Plper_._oﬂ ZAIR As °*7‘X]°a Z]
e Bl Y WS die CIS0,)-CaMeE &
ojtit HlAw st woldle| whel HAkdow HCOs-

CaMg)e = R3lde ¥ B3Ath(Fig. 2a). Sl

504}5:_1,:_}_— /d-r,H;d o7 17/}

% =z Hl*%E% Bol¥, NOs8 SO&E7t =
& ms He HAFES Bole A4S 2 naEh
(Fig. 2b). °ok°l—%‘ﬂ% HlaE et e o

A Jete, HlAFE
7t 28 e Naol o] S7kehs s Earh
ZAHE ABErEE HlAsErt 52 AR (>10 g/
Do} w2 Asl(<10 pgb)z 783k 2449 2
FAGEL vy BAg A NAFErt 22 Ast
5 =& akalinity$} pH, Fe, PO, NH; ¥5& =
gon], AYlAoz e Ene} NO, SOFEE 89
thFig. 3). ol#g BAE 7 FAYES HlaEEse]
AN E Z vebdrhFig. 4). ¥Ha Fedl H|<3H
AE3he Mnd 5 Adlegtel] dohs xfolrt A

4.3. B 22 ¥ X 559 LtElQl

oj9} e AAEIEA BEAE FFAoE T o,
B 9] wHA Aakpe 714874004 Fe, Mn
Erytakgo] galEwA ol FEEY Q| M4t
o] £53 Zlog BT} ol9} A2 A2 TS
Aol 2HA& A F 7t AEFE AuHEQ] 7]1& o]
CHHarvey ef al, 2002; Smedley and Kinniburgh,

2002). W2A] AGAME HHE W {7129 &
slol elsia 7t ﬂ{*ﬁaﬁ (Eh<100 mV)E HE9,
7%t g oAl g W Mn, Fe (Prtstee] &
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Fig. 2. Plots of the investigated groundwaters on piper diagrams having different anionic end-members.
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Fig. 3. Comparisons of water chemistry between As-high groundwaters (As>10 g/L) and As-low ones (As<10 pg/L).

94 gallel oste] old Bolgld Asv} &9}
(BGS and DPHE, 2001). ©]oll w2} Wzqixde] w1
Hl& AskrE B2 Fe(>0.2 mgl), Mn(>05 mg/
L), HCO3(>500 mg/Lys%st @& SOu(<1 mgl),
NOy(<1 mg/l) =& Holx 7o) 53o|tiPHED,
1991; CGWB, 1999; DPHE/BGS/MML, 1999; BGS

and DPHE, 2001).

B A7RFo)M Fe, Mn )E1E9] 394 83
o] wWE HAEE7IAS We Ehgt Bl wiE
TVt #8545 EolXe alkalinity NH, ¥ POSE
A= wrgEo] Stk Aol dukdo s Ak
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Fig. 4. Plots of As concentrations as functions of various chemical parameters.

z

S} whgo] ofuith, At AR olFel @

A uk-S (5CH0+4N0; +4H* = 5C0,+2N,+7H,0),
Fe )tz #h1n-8-(4FeO0H(s)+CH,0+8H =
4Fe?* +C0,+7H,0), SO, $9uhe(S0,2 +2CH,0
=HS +HCO; +H,0+C0O,)50] &Aooz Adojubd
A A 7ke 8o s A8sk] =9 alkalinitys
AR Frksle e UHKim ef al, 2008;
Choi et al, 2008). %3t As,E74Y] NHE AT
F7189] Bl QsiM o Aoz LA e
o, §718 29 AARIE ol&-¥tHHarvey o al,
2002; Postma et al., 2007). BE <A o] ¥7x
AUS ks, 2AF Ask] NH7F Ay 8189
1Atk & % & 2oy, NHE%7t vs
o] gl Ferrst g 28 AAPAS B
ZelslH (Fig. 5) #2E NHe= i
sfoll ol WAE Foz Wk PO&E

x4
N

(e
¥

}-

e

o
nin
=]

N

Mo o oor
L S o
dr oo i

—_

&8} MR E Fe, MnEryitead 2 3=, 8
Ao A o]5o] &3l W o] &&= Ao
aelA] 9lo)(Postma ef al., 2007), Fe, MnR)Y s
o] #9 gajo gk vAEEIFS FRRE T
Fe, Mn(EP)talEe] 394 galolm Estal aH)a
Aoy BB 2 Mnd] FEE HolA| & A
2(Fg. 3, 9 ¥¥&AsF7E %2 pHS alkalinity=
gl &t 5} o]
Mno] 3HE sz es AdE7)
P chFig. 6a, b). AFAGE] H|AAE}
A4 (FeCOs; siderite)el] tate] ojFi- s}
Vet THFig. 6¢, d). Z2v 584 A=A
NN FEH7|E i, dibEes me =
44 UtH(Postma ef al., 2007). S+A|
SEA tte] FHxstEle] vk A

=g A Hgdrt. o= Fe

Al

L

547k (MnCO3;  rhodochrosite)ol
= E‘

R=)
E

olr
Bl
4

o
o

>
rlo

\

2 o
ol La
BN

N

olr
i)
X -

Lo

12 12 e oro e

>

e}

AT E
HI=



680 B -
I
R=0.78
3 L
2
W
E2y
=
Z 1k
o As>10pg/l
o As< 10 pg/l
goe . '
0 50 100 150
Fe (mg/L)

Fig. 5. Relation between NH, and Fe concentrations. The
correlation in the figure is based on groundwaters with As

>10g/L.

a)
1 r [ ]
0 — O
A
5 2
A o0
-3 p
o As>10pgll
-4 f o As<10puglL
-5 L
0 5 10
Mn (mg/L)
C
) 5 -
2 . °
L oot
0
2 [ 4
5 -1
."%
o 2
-3
4 e As>10pgL
5 o As<10puglL
-6 A 1
0 50 100 150
Fe (mg/L)

W - N - A - S

GrielEe 2z g3l s éol £EFHe &=

P‘—s— Aol AAL=H) %wl A A1E), 9
i —1 of halole g ﬁmﬂ 4o -—-ﬂz_i
SHMe] oA 616}&1 AEoz e
E} ol Mnsxrt $97ke] Hdel s
2wy, o]2 Q&K Hlawkel HrhE A4EA
3o)A) ka2 olujdi), wh, Fe'ske) Zee
o] AAe] MnHd ZA 9T A ggon,
2 Qlal H|lAFErt SV wEl e 57
ﬁkc: Fe “Eiaml Bol zoz ATEHHFg 4).
NOg7b Aslfel] 2Folsts: 48 4405
mg/L) H&eE7F A9 ggm ge X*(Fig 2,3
H& APAY Aslpolrie] Bla F3g% o
g ABE ZAEA V}?}C‘r(&m et al, 2008).
NO, & t3ule] A3lek] 248 $3she 43S
7 As8Y A7 Fe, Mn GFY1EEe] dfisle

0’3

oR_djzo

%Tmﬂ

é

_1‘>~

_ 01r m

O

b)

SIrhodo

.5 ‘
0 40 80
As (ug/L)

120

d)

Slsiderite

L .

0 40 80
As (pg/L)

120

Fig. 6. Plots of calculated saturation indices for thodochrosite (Slpego) and siderite (Slggerse) With respect to various

parameters.



WPERY FAE

Akre]
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