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Distribution of Organic and Inorganic Arsenic Species in Groundwater and
Surface Water Around the Ulsan Mine

Youn-Tae Kim'?, Nam-Chil Woo!*, Hyeon Yoon’> and Cheolho Yoon’

'Department of Earth System Sciences, Yonsei University, Seoul 120-749, Korea
*Haozardous Substance Research Team, Korea Basic Science Institute, Seoul 136-701, Korea

Distribution and speciation of arsenic in water resources was investigated in the Ulsan mine area. In 62% of
groundwater samples from the mine area, total As concentrations exceeded 0.05 mg//, the Korean Drinking Water
Standard. As(V) was the major type in groundwater with minor As(IIl). Arsenic species appeared to be in transi-
tion stages following redox changes after exposure to the air through the monitoring wells. In areas around the
mine, the mine and Cheongog spring appeared to be the sources of arsenic contamination of water resources. The
spring showed 0.345 mg/l-As, as much as seven times of the Korean standard. Groundwater and stream samples
showed As-concentrations greater than 0.05 mg/l in 30% and 33% samples, respectively, and 60 and 67% of sam-
ples exceeded 0.01 mg/l of WHO guideline, respectively. Again, As(V) was a dominant species, however, several
samples had As(Ill) in appreciable levels. In one stream sample, organic species including DMA and AsB were
detected in low levels, probably resulted from transformation or related biogeochemical processes.

Key words : arsenic speciation, arsenic species distribution, Ulsan mine, organic arsenic species

HA ego] Azter oz U gk AAZAGY] FEA0) digh vk e¥Ee}t T BFE BAHE AR
ok AHS FAF ) Jske AEY 62%4 Y HEE 52 712 0.06 mghE 23shs vlh FE7t ARy
ATk Hlds BE B71F08, As(V7F $AI8IAL U8 AHo0A As@el A&=AT Aale U vlbes #E5HL §
g 2bsl- S o] Wk Qs AR BHEoE ojFsie HA Fo2 fFEY. FHSAE S BT
7b vl&e F od9ew motEn, xskrel dAF AR 30~33%7F 2 HAEE 0.05 mglE, 60~67% A&7}
001 mg/E 233t B35 AZdrE 0345 mg/le) ¥4k FEE R HeE 2729 njd g9l 0E9EE
Rt} Aalrel AIZekroA BlaE 2F As(V) FHE EAlstgou, w27 52 dE AFGxE AsDe) 4
9} 3 AR = DMA, AsBet 28 #2704t 4% 7EHo], HlaY F Mol B §714 713y B

< AN,
F20] @ HlA F B, YA F EE, S A
3 JckMandal and Suzuki, 2002; Hossain, 2006).
1. M g s A % 84 FE Al=%(Integrated
Risk Information System; IRIS)S- F7] H|AE Wt
HA= G258 2 28zl 4R, wEE 49 A SFo8 EF8kL QLH(USEPA, accessed

A, elE, olz&Ely, Y, 7Ry, vF 5 o] XY in Jun 2006), =+A}2747]7(World Health Organi-
oA HlA& @do] BuEHA A MAe] ojBe] AZ zation; WHO)= 199335 E e B9 v B5E
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0.01 mg/ °J3}= Aetstal JrHWHO, 1993). -$-2vt
Zhe Bla FE 0.05 mglE Ul fE7F0E A
33 ITHMOE, 2006).

Hlae A dejola] Atsl-ded 24 2 pHel o}
2} st Y2 EAT 4 Uk Aseg A @5
£ 27] uldv) b S, Askl det +37}
9} +5712 EA3rHSmedley and Kinniburgh, 2002;
Hung et al., 2004; Sracek et al., 2004). F7]4] A=
methylationl]l ©}3] monomethylarsonic acid (MMA),
dimethylarsinic acid (DMA), trimethylarsine oxide
(TMAO)} Z+& f7W4E wold 41 it} dAlrt
A LA §7] HlAE 2009500 289, sEgA
+ DMA7} 5% 2= vl EolAE arsenobetain
(AsBy7t 7F% ®AIgE o= ¥4 Jch(Francesconi
and Kuehnelt, 2002; Schaeffer et al., 2006). ¥]49]
=48 &4 Fejel w2} njg- g2k Bee] gle
T4 A, +3PE 457t B8 & A4S
7Y, §7eldk E2 Havt 2 EAlde 7S
ALJsid =AJo] wie- ksl gle Aoz FEA
(Hughes, 2002; Aposhian et al, 2003). w2} o|®
AF9 Hld 2@ Ame}t To gt YL -3
B7¥el7) i vk F Fxiat ohlzl Ex)
Fefol] it FR G| Aol

FlloMe Alzket va oo AR Al B
A o glont, WAEAY o XFAGSH B35
gl mhe FAHQ HAE WA 7reAdel AAE
vt A(Ahn et al., 2005). o123 AN, 8 F
A HEE LR HlA 29Est A e
Kim?® et al, 2002; Kim et ol 2002; Ko e al,
2003), Y AstrE e R g At HaEs gl
t}(Woo and Choei, 2001; Yun ¢ al, 2004). E3],
S FAE A REE vlh Fgo] 22 om &
Rom, Bld= =2 {HPAEA (arsenopyrite)e] H
Z23H(Choi and Youm, 2000). Z#v} o] -
2 A%A A3 o] Fuo] EAjsle L7EFAte]
B2 7 A uisE vres g2 EdE g,
B AR RS A RE FAlN g~
e]de) pHE Vepich. mEls 2 2bg 34t
HeE o R s 7] 79 UE vlde
As 2 F Bt o=

o] AtoAE ol Frkse] vk wjavt &
e A ol A9 A od WY F
EX FelE gotRi, B4 ¢ ojFie] ME gE
vld Fol BAS meldt sl e 7RE vl

®

[T
8

i L kA

32A} Er. olF sl Ad R ARFE A7
oz glon, & Hld TR oplE} Ad 4
of 2% EAleke #7] Hla F7HA Tejsle vlie)

F BRE A= stk
2, YUY

2.1, ATX| Y

BN APrET PFTO S3e o)
A FRFTY] Ajol dojun JAE 21E
Foz, A Mgt ok A9 $4d) Jke B
FHOE AHA o] P4 glor kel fujE
48 &8l UthPark and Park, 1980; Choi and
Youm, 2000; Fig. 1). o] 32 AAthie AMg
HAW Aom AT glovy, o 77t B e
AARE HAL 71Zo] dHololrt, 1906 d5E A=
o] AZEeH, F2 AL Aatsrh 199349
A A FeFon, 199695 20023714 AR
Fato]l 249EAHKo ef al., 2005).

22 MNEXMH ¥ 24

2004 19el AR 2] el =sEFAl
A AR AT 21~50me] B4 137001 g A
BE fdelE o838 AASA} Fgo] A A
Aol 7k 3, AR, 3Pdet, ) 2004
1099 AR ) 7R 8 B0 sl
A& 570, TEAFD DIAGWS), ZAEA 9 et
o AAZRA ] FAZ AT AtHA ), B
o] AIHA 5l NEE AFsHon, v2An
o] #eluiete] HeE £27150.05 mg/)ye 2331
) A" AFHFASWINE AFHsIATE A 8A)
# Ae Fg. 19 Jepiioh

A4 Ful8 522°97](Orion 635)8 ©|-g3k]
pH, A71AE % (electric conductivity; EC), &, A
SBGHNENE Sdsith 20l dPeE 7Y
< HA% AE= 045 um HEFHQI FHZ A% 5
Z2]9 € (polyethylene; PE) ol F717F E714
FEE 7 QY R g, dgEve 2Y
ojf, Fol&e 2F ool AMistael 001N
HCl B3} olezanteEad)=(DX-80, Dionex)=
ol g3t BT Pole 2 F4E 045 um HH
# 2 Azt 7 i siged, 3=z
A A7-99] inductively coupled plasma-atomic
emission spectrometer (ICP-AES; Ultima 2C, Jobin
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Fig. 1. Sampling points and the geological map of the study site.
(The map of sampling points illustrates the same area to the geological map.)

Yvon)& A3k,

A 48 93 Alse AgerE B4 2
W o g AFsh A3 ABEE NEAFY BE
A2 FA B IVl =EEHEA a3 $7E
wsl, geie] W), §4 712 5o A 5o &
FAEY) AL #AE rFesAde] Slok mEbA o]
FoME F7H) YHoR ARE QHs 2 ARE
ujmaloict, WA, Method 12 YRkE o g ol
FES B4E 9t AEASR WPo=A, 045 um
membrane filter2 33 H i+ A8t pH 2
oje}2 BES= Woltt. & WAl Method 2%, Al
EE WA Ade=E AHE F 045um membrane
syringe filter® A28l W (Daus ef al., 2002)0.=,
WHt, 53] 3 HES e HED [EAPT B
Aslpe) B NEE AFE F sl AP
AZte) 2QFM AxEoz o] Azt Fho TAE
T e £ v vy digk 52 59 71Fe
T AAE A 8 AEAH AF BEATE
st wWRlolt), AEAH A= 10mle] ANENE
syringe filter2 WRE AJIZF Wlof] o33l F7leke] HE
U HRAIRE dESIT T A AEe AgdE
2Bk ot WskE 7] 918k, 045um mem-
brane syringe filter® <3¢+ - Q4] SFATh

2 ¥4 FxE ICPAESE 193.759 nmellA] £4
siglon], FH FAA AFHS Ags ¥L F2ot
o v Z hydride generation ¥'H-S o] &3l 7&3)
AL 2FFEUT). arsine gase] YL s, 1.0%

Table 1. Instrumental conditions in the analysis of arsenic

species.
sampling position mine sites nearby sites
column Hamilton PRP X-100
eluant phosphate buffer phosphate buffer
30 mM, pH 6.0 10 mM, pH 9.0
flow rate 1 ml/min 1 mlV/min
sample volume 20 ul 20 ul

NaBH,+0.1% NaOH:6M HCl: A|l87} 2:1:19] H]&
2 ZF 8709 Eok=E e vk £ ERE
% AlEE PEAASY £7]6] I7)7F B 9=
25 A H A, YRR sle] 4847 ouY
#41519t}h. Hamilton PRP X-100 ol phosphate
buffers ARS8t &2 B/, high-performance
liquid chromatography (HPLC)-ICP-mass spectrometry
(MS) (Elan 6100, Perkin Elmer)® 18ttt £A]
Al 717) 7L Table 100 AASFATE FAtollA 213
o AE2 A, HE U AAB) FAYHE HAE
WAlsr] et AFE9 o|FAE AMESIYTh
AsI), As(V), MMA, DMAE ¥33t 35899 7
A% A7} AR FAL Table 294 7ct,

As(V) atomic absorption spectrophotometry
(AASYE v EF24(1000 mg/l, Merck)2 o|&3}
A3, As(ll= AsyO; (>99.5%(RT), Fluka)s 0.3%
NaOH &9 o] 1000 mg-AsdI)! &8-S A)=z315]
t}. monomethylarsonic acid(MMA)$} dimethylar-
sinic acid (DMA)¥= Na,CH;As0,6H,0(99%, Chem-
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Table 2. Information on arsenic peaks in standard solutions and calibration curves.

arsenic mine sites nearby sites
species peak time(s) calibration curve peak time(s) calibration curve
y=195.71x+4092 y=2008.8x-148.5
As(h 123 R=0.9989 166 R2=0.9999
y=1777.2x+1411.5 y=1329.6x-1109.1
DMA 175 R2=0.998 235 R?=0.9997
MM y=2551.4x-1558 y=1373.7x-2687
207 R?*=0.991 334 R?*=0.998
y=4240.6x-3028 y=2666.2-380.5
As(V) 434 R?=0.9942 676 R2=0.998
Service)?} Na(CH3),AsO, (for synthesis, Merck)S AA FAeE AL WEFeEn vhA T e &
ZR4ol 5ol 1000mgMMA or DMAM §9 Az o2 sl 439 v} AASE AL AT 2
35t o) SN g ojfsld 7} Tl FFEEd gk opjet, Fe, Mn-hydroxides o 4%€ 8|28 &

& ¥4 Azl &5 - Az AH8HH,

3. avEn ¥ E9f

3.1, SAEY FX W X[k
SRR 52 el e B HFH Asks

7.0(69~92) 0% F4~3ddud &
2atad e S48 F9FE S Vel
MGW2 A A (476 mV)E AQstH HF 499mV
(448~547 mV)E 5832 JERNIch(Table 3). A
A gao] A4 A3 ol EAlsh= FAat AA
o] gEgoz ol Ca% Mg S0l HCO.%
SOt AL, 62%] 86 A)elA & ¥a
b HeE A7 005 myl E ESISTh F
A% 8848 velkd MGW2 X142 Cadt HCO;,
Tt Aol X" oM AT tE Alsol
vlg) w¢ 2A Jepden, 8% e 3 smrt
031 mglE A AE F /M 237 £ ¥4 FE=
0.02mgd & ¥& Hollo} Fujny] fo x| &
AolA A AEMGWIO, 11, 12) &F £ v
7} SEFAVNES 29, A Mne] ¢
2 Ngs) vas) ERFo= gty E3] MGWIL
ARe NEAR A B FESE O FHEa A
ov, £ e A Fx7) 008 mgl oIt} ©]
AL AR A el wet ol Hld: FEE
e

a3 T AMAE s Method 12 MGW11 A
BE A3 A9, F ¥ F=7F 009mgl e,
A & A#HE Method 204e o) FERT) 40
ul o}y H& 415mgl € JERATHTable 3). HyPO,
= £ e ol AslswA] Fe, Mn- hydroxides

3= S5 AM-Eci(Goh and Lim, 2005). W&}
) MGW11 Age] H& HEx= Fe, Mn- hydroxide
2 FEn, 1A g4 sPgellM ol vlavt &3
W2 318 Ao dMe 4 ok dEEEFAL
THo] A Mg A% A} A8E FashH
(personal communication), ©] A|&e] AEEh A=
-146 mVE 71 Q488 E UGl 28y o] &
TFoME 524 mVE ASPFEE Blon, 88 3H
9 Ho] 2% HAEHE ZAoZ Hol, AHEL #=4
A2 F #34 F Aeseol Ak walks)
o AHE AoE {5 ¢ St 2ey o) I A
Ao 2= HAEY WY A7IE fF3e ZEst
k. MGW11 A%L A k& 232 Method 13}
20 o5k A 87} UlFE fARE s JERSI

S W) Aakpel] Sk TR HlAe T R
TS WINAT ABE 7F vl HEE A3

TF 22780 A vie} o] AEMH 2 BHE 2
AoM AAE FoE 718t o] AlEE HPLC-
ICP-MSZ #-438 A3N(Table 4), §7)0lde AZFRA
ggron As(Vi7F 8 Fo)qith 3718 AlgdA]
AsDe] AZERE, 2437320 MGW2 A& As
@my{As@D)+As(V)}el 0519, Fojo 28 MGWI1
I MGW12%= 0.158% 0.0548 Weldth EhpH =
Fo] 137 AR =ASREHEFgG 2), MGW2E
As([o], V=] AL As(Vy7h ek Zle 2 el
doh wepA] AR Ak Alges 38 A = 7
719 A&l MR BEYHZ ol F3AAY, °olF
st I S e dHdS ¢ 5 Slch

32 FH 27
SUBE F) 7P BT BIRR, YA,
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Fig. 2. Eh-pH diagram for the mine groundwater samples
in the As-0,-H,O system at 25°C and latm.

AZZoIM Ask B A MBS AH3 £
d3(Table 5), W3TE2A pHE 62~85(F 7.5
22X S~k #7S Btk E3 Piper =
Tl =AR AA(Fig. 3), R A2 Askrst
Afre Ca-HCO; BHelol $AISH e 3 &5
& vERS.

AAEYF Bkl GFOE SO, Al Fe, Mno] &
5 A E=A ERor, 25% Aol Fity

R R o A

a7t $A71F 10mgl & 2385 F HlA 5=
7} $2deEl 2715 005 mgl & 233 Ao
ARF Foe 3AAEB%), AT Foe 274
(33%)e= YeRgth. WHO A7)E2 001 mgl &
Z33 AHLE X FE 60%, AsHFE 67%019, Hlirt
BAZ0.001mg] °lshd AP & 2 AHe= &
AR Q12 A G2 HlA 9ol SHAWVE FEUL
RoF

AR A, ARedeE F e w27 001
mg/l °1312 VER et S Q13E AUEA ¥
& et 2A BRI AFA ARdAe wa
7t EAE =ov ATty 2t ARl
A B2 HlA TEE U, H3RASWIPl
HE 0053mgl Z ¢ 2 HA FEE eI
o E v BE o] AME FXE HIos
(ASWI10)9] A%, & ¥l& ¥%7) 0345mgl = 97
vt HeE w2718 o md g@3ke wEE 2
o} o] e ARSERA| BXERE A8l H 23]
A ggkor Q2 FRIE0] FPETE ARSI 3l
cug FREY ¥ A F FHA ZAE 2
AN e AeR gde,

HPLC-ICPMSZE ¥4 & #4& #3943 2+
(Table 4), A7A99} 8 Hl& 2 As(VE H8iA
th 53] Askret gerolie BE HATE IR &
ARk, sl Agele As(De] A€ 7397t
2=, 531 & ¥k w50 58 AlEE PHHla

Table 5. Analytical results of water samples collected around the Ulsan Mine. (unit : pg/1)

Temp. EC Eh
©C) pH Cl

(uS/cm) (mV) NOy-N

SO4 HCO3 Ca Na

K Mg Fe Mn Al As

ASW1 144 7.76 93 467 6.8 03 5.1
ASW2 154 758 142 477 8.6 02 64
ASW3 87 853 161 450 8.1 00 75
ASW4 208 6.60 443 554 455 105 31.8
ASWS5 140 810 113 499 78 1.1 77
ASW6 166 7.65 219 572 198 1.8 11.8
ASW7 186 744 253 565 120 1.2 307
ASW8 150 7.80 283 540 133 1.1 357
ASW9 193 7.07 435 513 464 10.1 272
ASWI0 150 785 159 489 48 00 19
AGW! 165 785 224 478 8.8 09 95
AGW2 177 777 582 470 97 0.7 159
AGW3 174 666 205 557 128 19 24
AGW4 175 746 366 494 378 288 54
AGW5 17.7 623 754 564 96.7 351 359
AGW6 175 713 199 510 103 1.8 39

34 76 78 08 27 <001 <0.01 <0.05 <0.001
56 133 96 13 40 005 0.10 <0.05 <0.001
72 151 101 12 64 057 0.04 1.09 0.038
67 196 529 100 56 005 012 <0.05 0.008
32 74 105 18 22 001 002 <005 0.002
61 135 202 352 50 <0.01 <001 <0.05 0013
77 191 137 3.6 100 <0.01 0.03 <0.05 0.062
91 207 131 33 135 <001 0.05 <005 0.042
72 189 432 80 356 003 1.06 <0.05 0.053
86 207 7.7 05 28 <0.01 <001 <005 0345
130 308 193 05 33 <001 <0.01 <0.05 0.010
147 225 93 13 635 <0.01 <001 <0.05 0.071
92 175 101 20 88 <001 <0.01 <005 0.022
54 31.7 125 15 165 <0.01 <0.01 <0.05 0.041
105 852 353 29 241 <0.01 <0.01 <0.05 0.003
84 224 109 04 30 <001 <0.01 <0.05 0.070

*ASW and AGW denote surface- and ground-water samples, respectively.
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Fig. 3. Piper diagram of ground((J) and surface( & ) water
samples around the Ulsan mine.

7} 3 HEFEATH B3] ASWY X|HelM= As(l)e|
As(V) B0} O & 22 EAsn A8Ag =
Al AFA S7 AY9L =g @83 58 2k
3R] Adol A FolALh o] FAR] JF¢e=
shuie B3 Sedue] AsAy) o 459 A
o2 AEn, 44 J5d e ASWY AHelAM
= BRFEFY ol A 7R At o] A4
A & HlAd FEE 0053 myl A As@DS As(V)
FEY ¥ 3957 ugl Hok 3A JERde=], ole
% d)l4 BEZ conventional HG-ICP-AESE £41&}
£ A o @ Aoz ok, HiAs 7
%ol w2t arsine gas(AsHayy) B4 E&0] O, &
3l As@he= As(V)ell Hls el § 8ol Eul(Shin,
1999; Kim et al., submitted for publication). =281}
ARHH o 2 AL YAiA 8 EFE9L HNO; 7]
2 o] AR As(V)e)| B, Algd] AsTy} 2%
o2 &48e ZA9ole HGICP-AES =% Ao 3¢
Az Fge] dasir},

AT 272 ASW3 A - Aok F&4
ZHEY dddit), o] x|HoAe T A Mk ofy
2t Akl f7vlart HEHUTHEG. 4). As)ol
219 ugt, DMA”} 383 pgl = AZEHIH, As(D)
9] 3 ¢ wEl H37E YeRTh DMAE 31
FollM TF ASHT A7HAEA, X FAYE
o] A3}ekA gl o8l A EtH(Sanchez-Rodas et
al., 2005; Francesconi and Kuehnelt, 2002). As(IIl)
o vehd mER] H3e 9 A™EPRP X-100,
Hamilton)© & £ 78 tE H|AZ2 FHAUlsiy
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Fig. 4. Arsenic peaks of ASW3 analyzed by HPLC-ICP-
MS.
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Fig. 5. Peaks of a 5 mg/L standard solution containing
AsB, As(IlI), DMA, MMA and As(V).

2438 A5, s B F2 ZA|5e arsenobe-
taine(AsB)o.2 ¥ AthFig. 5). 22t olH 3 £7]
Hl4e] FEdo] AEAH AF SAAME BAEA|
Weromg, ol M AEA T FEoE Q)
of F7H|42RE Holse] AHHE ReT o EH

4.4 £
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