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Summary

The objective of this work was to investigate the characteristics of
occurrence and behavior of vanadium in Jeju Island groundwater using
Jeju Island groundwater data from 2006 to 2014 and analytical data of soil
pore water of wetland. Moreover, batch leaching experiments were carried
out under various geochemical conditions (redox potential (Eh) and pH)
and under conditions similar to natural environments using basaltic paleo
soil, in order to understand the characteristics of occurrence and behavior
of vanadium in Jeju Island water more evidently. The results obtained

were summarized as follows.

The concentrations of groundwater vanadium were in the range of 0.2~
71.0 ng/L (average 12.0 ng/L) and showed local enrichments without temporal

variation and without variation with surface geology, land use, and altitude.

Vanadium concentration was significantly positively correlated with that of
major ions (Cl, Na" and K") and siderophilic elements (As, Cr, and Al) among

trace matals, and pH, but was negatively correlated with NO3;—N concentration.

It seemed to be that vanadium concentration was geochemically controlled
by especially pH of groundwater, namely the high concentrations of vanadium
(> 30 pg/L) occurred in groundwater with high pH (= 8.0), indicating that a
high degree of water-rock interactions resulted in vanadium enrichment, but
vanadium concentration was remarkably lower in groundwater of

Na-Ca-Cl(NOs3) type that represented the influence of anthropogenic pollution.

Vanadium was detected in very low concentration or not detected in

- viii -



groundwater containing high concentration of carbonate salt, due to the

formation of complex and precipitation between carbonate salt and vanadium.

Vanadium concentration was enriched in soil pore water of wetland
representing reducing environment with high content of organic matter by the
mechanism of reduction and complex formation, indicating wetland was the

source of vanadium supply.

From the effect of Eh and pH on vanadium leaching using basaltic paleo
soil, the geochemical conditions, in which soil-water reactions occurred to form
groundwater with high vanadium concentrations, were under alkaline-oxidizing
conditions. Considering overall leaching characteristics of Fe, Al, Cr, and V with
Eh-pH change, it seemed to be that mainly desorption and dissolution of
vanadium adsorbed on iron (hydro)oxides occurred in alkaline leaching, and
vanadium was leached by dissolution of silicate minerals containing residual

irons, such as pyroxene group in oxidizing conditions.

From leaching experiments, the pH and leached vanadium concentrations
of the solution were in the ranges of 545~558 and 6~9 pg/L, respectively,
under CO2 supersaturation conditions for the first 15 days, whereas values
under O, aeration conditions after the next 15 days increased to 8.48~8.62
and 9.7~122 ug/L, respectively. Vanadium concentrations from the latter
leaching experiments were similar to the average concentration of
groundwater in Jeju Island (11.2 pg/L). Furthermore leached vanadium
concentrations in continuous leaching experiments were highly correlated with

pH and Al, Cr, Fe, Mn and Zn concentrations.

The results of this study may be applied as a guideline of exploration and

exploitation for application of functional vanadium. Moreover, they will be
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contributed to promoting understanding of distribution and behavior in anionic
metals (e.g., As, Cr, U, Se) showing similar behavior with vanadium in water

environment
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10 0 10 20 Kilometers

Fig. 4. Sampling points for this study in Jeju Island, Korea. (@ : groundwater;

B : soil pore water; A : soil: paleo soil)

Table 1. Number of groundwater sampling with surface geology from 2006 to

2015
Year Total TrachybasalljumberBO;Sflltroundwa’ﬁgclssﬁphngCinder cone
2006 35 23 8 4 -
2007 95 61 20 13 3
2008 433 268 126 28 4
2009 188 118 64 12 4
2010 319 192 95 18 4
2011 312 190 38 16 4
2012 300 191 89 17 4
2013 272 178 91 16 3
2014 310 179 106 18 4
2015 310 186 108 18 3
Total 2574 1586 795 160 33
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Table 2. Number of groundwater sampling with land use from 2006 to 2015

Number of groundwater sampling

Year Total Grassland and  Agriculture  Residential
others

Forest (orchard) area
2006 35 13 18 2
2007 95 41 46 2
2008 433 196 216 3 18
2009 188 85 88 1 14
2010 319 148 146 2 23
2011 312 149 141 2 20
2012 300 130 146 2 22
2013 272 118 134 2 18
2014 310 148 141 2 19
2015 310 143 149 2 16
Total 2574 1171 1225 20 158

Table 3. Number of groundwater sampling with altitude from 2006 to 2015

Number of groundwater sampling

Year Total 401 m
0~100 m 101~200 m 201~300 m 301~400 m

and over

2006 35 - 5 12 7 11
2007 95 - 10 30 17 38
2008 433 138 120 36 35 54
2009 188 52 64 45 17 10
2010 319 91 116 73 23 16
2011 312 9 106 77 23 12
2012 300 97 91 72 24 16
2013 272 96 94 55 18 9

2014 310 95 92 96 21 6

2015 310 101 104 78 21 6

Total 2,574 764 802 624 206 178
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2 7 e FAAFA FHY A4 EYS QR EdeSTE ATt
(Fig. 4 % Fig. 5). EYa=5F Al=me 20159 249 63]9] ZA Suction cup
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2ske] Ak, A5 A 60 kPaz #date] 244 7F B3 Fof silicon
Hol ez E dAste] AssAth Suction cup 2ol 6 ¢

Hol T/ 024 cm22A4 nE2 FYd aluminaZ THE A

= W Al $A A Y ¥

G-
ea
=)
[40
s
Lo,

4 ¥
>
By
n
N
2
o
e
i

;g
W

Susan Reservoir

{

Fig. 5. Sampling sites for soil pore water using a lysimeter ([]) , spring water

(O), and reservoir water (A).
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Paleo soil

Fig. 6. Sampling site of paleo soil.
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Table 4. Summary of analytical items and their analytical methods

Analytical items

Analytical methods

Eh, pH, EC
Anions (F, NOs-N,
Cl', SO)
Cations (NH3-N, K,
Mg?", Na’, Ca®")
HCOs
Trace metals (V, Al,
Cr, Fe, Mn, Sr, Zn,
As, Se, Rb, Mo, Pb)

Orion 5-star (Thermo Scientific)

IC (Dionex ICS3000)

IC (Dionex ICS3000)

Standard methods™

ICP-OES (Perkin Elmer Optima 5300DV, USA)

ICP-MS (Perkin Elmer Elan DRC-e, USA)

Table 5. Analytical conditions of ion chromatograph (IC) used in this study

Conditions
Parameters
Anion Cation
KOH BGC ) )
Eluent (Huert. g o) 16 mM methanesulfonic acid
Suppressor ASRS 300 4mm CSRS 300 4mm

Suppressor current
Injection volume

Flow rate

Column heater temperature

Cell heater temperature

Guard column

Analytical column

87 mA
100 uL
1.0 mL/min
30T
30T
Dionex IonPac™ AG19
(RFIC™, 4 x 50 mm)

Dionex IonPac™ AS19
(RFIC™, 4 x 250 mm)

99 mA
25 ul
1.0 mL/min
30T
30T

Dionex IonPac™ CGI12A

(RFIC™, 4 x 50 mm)

Dionex IonPac™ CS12A

(RFIC™ 4 x 250 mm)
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Table 6. Analytical conditions of ICP-OES used in this study

Instrument

Perkin Elmer 5300DV

Plasma Flow
Auxilliary Flow
Nebulizer Flow

RF Power
Flow rate

Replicate

15.0 L/min

0.2 L/min

0.8 L/min

1,300 watts

1.5 mL/min
3

Table 7. Analytical conditions of ICP/MS used in this study

Parameters Setting range
RF Power 1300 W
Nebulizer gas flow 1 L/min
Plasma flow 17 L/min
Auxiliary flow 1.5 L/min
Sample introduction rate 1 mL/min

Nebulizer
Spray Chamber
Reaction Gas
DRC Pressurization Time
DRC Gas Flow change time
DRC Vent time
Detection mode
Lens
Sample/Skimmer cone
Dwell time
Points per Peak
Sweeps per Reading
Readings Per Replicates

Replicates

Cross flow Gem-tip
Ryton Scott-type Double-pass
Methane(99.999%)

30 sec
15sec
30 sec
dual
Scanning

Nickel
50 ms

1

20

1

3
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(2) LA A= 24

AAE BF L 9 ARE F
A

2 B +7 22 0.15 mm (100 meshol @)Y ZFAZ AAES
(sieving)3t Fol 3}stEXa 23] A&t A AlgEE E(Rd

DYH DC-50W)Z &3 5 7] A= AAEste] Ao AL&3kiet
A3 EF 2 GHAE T FI2A V, Cr, Sr ¥ Zn9 §FS ICP-OES

(Optima 5300DV, PE)® #4138ttt Al&e] #A 2= US EPA Method 3052%

skl &, 2AAIR 1.0 gol HF(38%) 6 mL, HNOs(68%) 18 mLE ¥ il ulo]

)
amdeln PagAE ol gste] 158 H B F 5B AR ofssiu
52 %50 mL P9E %A AF BAgAR Asdgrh Wy, n¥Es

A3k Si, Al Fe, Ca, Mg, Mn, Na, K, P, Ti 5 glass bead® A#3 F|
X-A & #E A7) (Shimadzu XRF-2100) % #4384}
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S FystdT. A HA Ho g mak EPAY Synthetic Precipitation Leaching
Procedure (SPLP, EPA SW-846)2] A& 1312014 A A ghs Farste] 47/
I H(L/S) 8% oA thget 34 x7o] viuEe §&Fo vAE ITFS
golr 7] 913 FaAs Tk 53, As-HAH09(Eh) 2 pH =

g %lth =, 50 mL borosilicate glass vialol =% 5 S|
stAlebs 7hske] < 40 mLel St ¥ pHe Eh #4& =Adshalor (Fig. 7),
2EE 25CE FAIY. nES A5 3 9 A3 348 24357 9&A

rlr

]‘7—} NaQSQOqgfl’ HzOZE 7]'01'}«1\—1—, Ak }‘é, %‘
= 27} HCl, NaHCO; % NaOH 7}stieh. 2z =79 3}shAleFo] skf-w 50

X

mL 9] borosilicate glass vial Shaker (New Brunswick DOA G25, USA)Z 220
rpm & 30%3F ' Fol ofdg 045 ym HHEE o} F pH, Eh =
Orion-5 starE ©o]&3to] =AH3 A VE £33k v 2kd (Al Fe, Mn, Cd, Cr,
Zn)E ICP-OESE o] &3to] 438t thFig. 7). A3l ALgd THFE COx9

& AAs7] fste] T B F Aoz Wrsto] Agsdt ol 4

9 2% Table 89 ek gie.
WAl o Ad A% BN shbEel $F0R ggite 4dxde

T#3t7] $18te] Harita 5(2005)7 9] Aol Ao} o] AstjFe] FEe + 9

FAE G 159 &9 CO; cylindergE ©]834 6 mL/mine] %2 CO, 7}
i

= Z7)EAE 1 o] F o= 30Y F<F CO, cylinders #<+ % air pumps %

9] Z=(Orion 5-star) o2 =43} At}
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Soil Na;$,05,H,0,

Fig. 7. Schematic diagram of the experimental setup for batch vanadium leaching from soil

sample.

Table 8. Summery of experimental condition for vanadium leaching from soil

Parameters Experimental conditions
Soil Paleo soil (each 5 g)
Leaching NaxS:03 H209 HCl NaHCOs NaOH
solution (Reducing) (Oxidizing) (Acidic) (Neutral) (Alkaline)
Solution
0 - 20 mM
conc.

Shaking For 30 min with a shaker (New Brunswick DOA G25, USA)

Filtering Filtering (0.45 um)

Analysis ICP-OES (Perkin Elmer 5300DV)
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flow meter B
pH meter
sampling

ventilation \ ) \
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Fig. 8. Schematic diagram of the experimental setup for continuous vanadium

leaching from soil sample.
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Table 9. Water quality types with the Piper diagram.

area Water quality type area Water quality type
1 Ca type 2 Mg type
3 NaK type 4  No predominant cation
5 COs3 type 6 SOy type
7 Cl type 8 No predominant anion
carbonate hardness >50%
9  Alkaline earth metals and weak 10 noncarbonate hardness >50%
acid dominant
noncarbonate alkalinity >50%
11 Alkali metal and strong acid 12 carbonate alkalinity >50%
dominant
13 No predominant cation—anion
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0~58 (45)] mg/L, 1.1~112.3 [6.3~13.3 (10.4)] mg/L, 0.0~26.9 [1.9~4.9 (2.8)]
mg/L, 0.1~372 [1.7~41 33)] mg/L o2, A% FiFgto=z vlwstd, HCOs
> ClIT > SOF > NO3-N o2 748 E-94 whgo A2 A5 Abe
¥+ HCOsz, 919 299 Ax2 &85+ NOs-N, Cl 9 s Add
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Table 10. Results of groundwater surveys between 2006 and 2015 (units of the

concentrations of major constituents: mg/L)

EC pH HCO; CIT NOs-N SOf Na° K Mgy ca* \

(uS/cm) (ug/L)

2006  max 225 82 17 137 268 38 182 98 159 95 225
(0=35)" min 55 69 21 43 04 10 46 15 18 23 29
ave 101 77 40 63 36 17 80 32 43 46 89

med 8 78 33 57 15 16 69 27 33 39 717

2007 max 603 91 3% 36 170 83 833 235 296 249 452
(=95 min 51 63 21 15 00 04 45 12 17 25 02
ave 120 76 8 75 19 20 118 33 51 53 115

med 9 77 3B 61 12 17 81 21 33 41 87

2008  max 614 93 403 1042 199 267 1476 370 527 285 710
(=433) i 48 61 14 33 00 01 39 10 09 20 00
ave 145 76 43 133 26 37 126 36 50 68 131

med 125 76 31 99 15 23 95 29 42 59 104

2009  max 620 91 393 654 210 202 733 342 284 502 471
(Z188) i 48 67 13 43 00 01 12 09 12 13 02
ave 132 79 4 77 49 29 81 46 44 57 85

med 13 79 35 67 28 18 64 30 35 48 64
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<Table 10> A<

2010 max 95 88 382 83 192 232 755 177 299 260 648
(n=319) " min 45 63 20 40 00 07 42 09 14 20 03
ave 40 75 51 118 26 39 112 31 57 75 103
med 115 76 46 89 14 27 89 27 48 64 87
2011 max 627 88 392 1123 184 229 8.1 232 307 419 6656
(0=312)  in 40 63 16 15 01 01 35 12 06 16 02
ave 131 76 48 117 23 38 119 38 51 67 113
med 11 76 41 89 13 25 95 32 41 56 100
2012 max 32 88 142 601 181 25 375 137 196 205 660
(0=300) i 0 63 16 11 01 02 35 12 15 21 03
ave 122 76 4 113 20 35 1.1 35 45 61 121
med 108 76 40 89 14 25 92 31 41 55 106
2013  max M2 87 177 814 176 198 393 72 195 208 498
(n=272) " min 4 62 17 17 00 05 13 05 02 08 09
ave 136 78 4 109 25 34 104 30 47 60 110
med 115 78 40 85 13 22 86 28 39 52 93
2014  max 789 89 155 897 269 372 444 123 195 360 429
(n=310)  ip 44 65 9 37 00 10 39 11 10 04 13
ave 45 78 43 119 26 41 112 30 51 59 115
med 119 78 40 91 13 27 93 28 42 48 96
2015  max 478 88 115 805 187 284 453 73 199 211 487
(n=310) " min 5167 21 12 00 00 13 13 12 18 44
ave 45 78 41 114 28 40 1.1 31 56 60 134
med 125 78 386 91 16 27 102 28 51 53 119
Total  max 95 93 393 1123 269 372 1476 370 527 502 710
(=257 i 40 61 9 11 00 00 12 05 02 04 00
ave 132 77 45 104 28 33 107 34 50 61 112
med 116 77 380 89 15 24 90 29 42 55 101

ave = average, EC = electrical conductivity, max = maximum, med = median,

min = minimum.

i
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204 (BT 440) pg/LY 89 FA% A Assol Aol HibFe FEE 0~

0.77 (B 048) pg/L 22% AF% B vj$¢ 3 522 1S o4 5 U

th o2 g A s Aol AFH e wet nllEe] AE FmUt ol
o oF 4= gt olZAE e A$ =& pHe B FEAA(HCO;) ¥ 5
7t FHE Aag f7A HFe)olth L H(AD ASEZRE ByES X
g vgAdart £EHE 4TS ol Aoz RuHrt

AR S Sol oF A9 v1ge] nhE RS AW By wAm At
N5Zol M9 Aet v FEE 5~95 (B3 19) ng/LY Ame] A
Aol A A8k F vl BEE 3246~13740 pg/L 02% AFA R 2
FEE RO B30 TEE ey A (FEFY 5 AP A9 v
o] L 043~6.64 (B 4.09) g/l 0250 g2 xde 99 o9 sYwr}
Se B2 Boy T3 AdH 74 AakE F ouhuE sEETE °F 10
W e FEE RS o 4 9gith
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Table 11. Comparison of vanadium concentrations in groundwater of Jeju

Island with those in foreign countries

Mean
Locations Range(ng/L) Origins Refences
value(ug/L)
Fresno, Califonia 19.40~21.60 20.5 Nicolli et al.,1970
Groschen et al.,
Northern United States 0.10~294 4.4
2009
Northern foot of Mt. 899 ) natural Koshimizu &
Fuji Tomura.2000
Giammanco et
Mount Etna, Italy <1~140 -
al.,1996
Mid-Levels area, Hong
0~0.77 0.48 Leung et al.,2005
Kong
Salamanca Aquifer
5~95 19 Mejia et al.,2007
Mexico
Highly developed areas,
0.43~6.64 4.09 th Leung et al.,2005
Hong Kong antirop
ogenic
Nacharam Industral
development areas, 32.46~137.40 Govil et al.,1999
India
Jeju Island, Korea 0.2~71.0 12.6 This study

_35_



2) Aas F hbEe I 54

(1) A2 54

R

HhbgEel TR E 2EaxAd=Z Adste xFo yER A, yFolE
Frequency(%)Z 3te] YEld F% X 5AS Fig. 119 YeERWA T 2 A
B = vpe} o] vilEe T X 5L AFEX FHAd AS A

S ogled), o= Awdor vl 799S thehit,

159 ]

Frequency(%)
3

T T T T T
02 04 06 o8 10 12 1.4 !

Log V(uglL)

Fig. 11. Frequency diagram of vanadium concentrations (ug/L) in Jeju Island

groundwater.
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Fig. 12. Spatial distribution of vanadium concentrations in Jeju Island, Korea.
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A tHp=0.437, p>0.05). WA AT Ashk o] & vhubE el T AHA S
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Fig. 13. Box plots for temporal(yearly) distribution of vanadium concentrations

in Jeju Island groundwater.

(2) A FZAEE, EXJo] & B - #3¥

At A e A ZA Aol wE viE
AR AxAEdS dAFeF, 2Hd5SRw, £
RaL, zF A A HA o] vpbEe] sR=E et L
of etliAt. AFAHY AZAE gk vtugEY sk HAET vR)E A
B 2HHA S (Trachybasalt) 1,58671, %% W9 00 ~ 666 (3 135
g/L, &5 7 (Basalt) 79470, % W9 44 ~ 71.0 (H+ 14.8) ng/L, 2HEF
(Trachyte) 1617}, %= ¥ 00 ~ 59.8 (F 11.4) ug/L, ++47(Cinder cone)

3370, 5% M9 56 ~ 303 (H 10.6) ng/L 22, 25 A AxAdF= =1

_38_



F > 2HdAF L7 (Trachybasalt) > W 4 (Trachyte) >
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Fig. 14. Distribution of vanadium concentration in Jeju Island groundwater

with surface geology.
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Table 12. Number of groundwater sampling and vanadium concentration with
surface geology

Surface Vanadium concentration (ng/L)
Number
geology Max Min Ave Med SD
Trachybasalt 1586 66.6 0.0 135 10.6 9.36
Basalt 795 71.0 4.4 14.8 10.8 12.29
Trachyte 160 59.8 0.0 114 10.1 8.80
Cinder cone 33 30.3 5.6 10.6 7.87 14.61

Apol= SAH R ot 23E YERHA FUTHE, p = 014, p > 0.05). °]
= B AR AR A AF dese Ad R FHAd 5S4 vHgst

A ek, T3 A ko] FF ol F FEdAllA e ¢del HivE &=
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Fig. 15. Box plots for the distribution of vanadium concentrations of Jeju

Island groundwater with surface geology

A3k AR o] BxolE

i

of & vivE £X 5SS HESY] st A

F AR EAo]SEE 24 B oA Y, A5ds XFT wPAA, FAAY

7t EXo] &M o] viuE FEE Fete] L A

= Fig. 16 3 Table 13 YEbIt}. A=A 3 o] EXo] g o vihiE9] 51
il

H(Fd v5)E Ay

2 e Ao FREA I
, 24 (Grassland) ¥ ¢ oFA 9 (Forest) 1,1717, 0.0 ~

71.0(12.1) pg/L, d5¥& &3 FA A9 (Agricultural area including orchard)

1,2257K, 0.2~66.6(11.7) ng/L, 7+ < (Redential area) 207}, 2.1~52.0(12.6) ng/L,
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Fig. 16. Distribution of vanadium concentration in Jeju Island groundwater

with land use.

Table 13. Number of groundwater sampling and vanadium concentration with

land use
Vanadium concentration (ug/L)
Land use Number
Max Min Ave Med SD
Grassland and
1171 71.0 0.0 12.1 10.5 8.95
Forests
Agricultural
area including 1225 66.6 0.2 11.7 94 8.92
orchard
Residential
20 52.0 2.1 12.6 85 16.95
area
Others 158 49.0 0.0 13.6 8.2 14.86
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Fig. 17. Box plots for the distribution of vanadium concentrations of Jeju

Island groundwater with land use.
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A2 Ao nmde w2 vius B2 548 AR 98t A A

0~100 m, 101~200 m, 201~300 m, 301~400 m, 401 m °]¥ o &
Batga, 2 nxde)] e npEe %S 8o 1 23S Table 149 YeRY
Atk 1=l AFAH Fof viEe] w5 HAAET vE)E A9 EH, 0~100 m

o 76470, 0.0 ~66.6(12.0) pg/L, 101~200 m A< 8027, 0.0 ~58.0(10.2) ng/L,
201~300 m A9 62470, 0.0 ~64.8(125) pg/L, 301~400 m A< 20670, 0.0 ~
49.0(11.8) pg/L, 401 m °]4 <] 1787H, 0.0 ~71.0(14.2) pg/L &2 nxdo] u&
A A ek EEE 101~200 m A9 (31%) > 0~100 m #%(30%) > 20
1~300 m A1 9(24%) > 301~400 m #/%(8%) > 401 m °]¢ A (7%) ¢ «o=
WA A 02 1wt EoldFE ZAMA Askre] EETF gl o, vhtE 9
it FE= 401 m o] A9 (142 pg/L) > 201~300 m A% (125 pg/L) > 0~
100 m A9 (12.0 pg/L) > 301~400 m #19 (11.8 pg/L) > 101~200 m A9 (10.2

ng/L)el o2 A3kt

N

Table 14. Number of groundwater sampling and vanadium concentration with

altitude

Vanadium concentration (ng/L)

Altitude(m)  Number

Max Min Ave Med SD
0-100 764 66.6 0.0 12.0 9.9 9.6578
101-200 802 58.0 0.0 10.2 9.2 7.2052
201-300 624 64.8 0.0 125 10.0 9.1304
301-400 206 49.0 0.0 11.8 10.1 8.2089
401 and over 178 71.0 0.0 14.2 9.1 14.0929

5 BXE Box plote 2 E=A3 Z3Z Fig. 189 EA|

153
Stk BA B Astel el wme] e vhlE Bxe olHE feolw

- 44 -



o)

o= Hh}E

Apol7b FRAE A ek th(p=0.12, p>0.05).

2]

el

)

o]

2
—~
fite)
I
iz

Ny
Ho
™

&
—=

()
X

™

ok

™

—_
fite)

x ttwtit*gngl_

L B

400 over

201-300 301-400
Altitude(m)

101-200

0-100

Fig. 18. Box plots for the distribution of vanadium concentrations of Jeju

Island groundwater with altitude.

_45_



(3) 294/4]

| oy web QA9E o9

o/

Ui

3 kg

bl

oz

94

o 7ESs EYE

=287
<)

7 Kim

FATHNO; 5.5 mg/L).

S

=86)
<)

Ede F459em™, Koh
2] 3}k

o 2 7]
Fig. 19~Fig. 22+ 2.¢/H]

i)

=

i+

A

o~
T

3

2 )

7]

Box plot Z ¥} o]

St
272kl 2~ A (Kruskal-wallis test)

=)

KeX
=

—

p—

—
fite)

7150 2 (p<

=
=

7 95%

0.05)

ol
1_.

0.00, p<0.05). &

Aol 7k AN

oA ECe #tol =7 yEhtal 9lom o= &5

ol

I

R

™

|
L

el
7o
o]

1

B

O

0.00)(Fig. 20). At

(p=

25~75% W< 7]

o] pH+=

o~
T

gl

A

2 0] =5 (26 mg/L)¥e) H]3|

e 2 gl o™ (Fig. 21), 9 40] 0]

TR

oF

p—

°
ol
w

)

)

e
B

w

)

il

(5, p=0.00) (Fig. 22). o]+ &-¢%

o)
-
o
of

o

B

Y

o7 By, Jung TVE X

o
TR
o]

w

)

el

_46_



500.0] *
*
. =000 i
p =0 *
400.04
3
9 i
) 300.0 %
=1 *
N
[ =
w
200.09
100.07
Q
0.0
T T
Conec. of Mitrate(= 5.5 mgiL) Conc. of Nitrate(= 5.5 mgiL)

Fig. 19. Box plot results of cluster—specific EC (uS/cm) values
by advance choice method of 5.5 mg/L NOs.
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Fig. 20. Box plot results of cluster—specific pH values by advance choice

method of 5.5 mg/L NOs.
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by advance choice method of 5.5 mg/L NOs.
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FEEMF F)ol beAel 2 Ao Fudrh Kang'e BHildA® wluE
& ARl Fu@ha sk
Table 15. Correlations among V, pH, EC, and major ions
\Y% pH EC  HCO; CI'  SOf NO3N Ca* Mg” Na'
\Y 1
pH 558+ 1
EC .160% 219 1
HCOs  0.117 180 9445 1
Cl 243k L3209 D30k 286%x 1
S0% 128+ 195 A406%x  191#x  645%x 1
NOs-N  —192#x  -172%x  0.077  -.130%  .303** .250%* 1
Ca* 143« 149 06965 B24xx T16%x  HA0wx 273k 1
Mg% -0.118 -0.026 B67#x 892+« 196%x 151  0.104 A463%x 1
Na“ 245%% 288 937 940+« 432%x  330%x  —-0.078 D02k TT7xx 1
K’ 221 %% 232%% B9 925 321k 240%x  -(0.119 A86xx 808+ 900
Significance (p value): * = <0.05, ** = <0.01
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Table 16. Correlations between vanadium and other trace metals

\Y Fe Al Cr Mn Cu As Se Rb Mo Pb
vV 1
Fe -0109 1
Al 448 0127 1
Cr 589  -0073  4llxx 1
Mn -221%% 0092 0011 -0061 1
Cu -0081 523« 0102 -0067 0037 1
As  704sx  -0086 34l 456wk 3206% 0087 1
Se 179« ~0.036  331sx 363« -0035 -0.081  364xx 1
Rb  -311sx 0094  -325%% -211%x 707+ 0034  .160x  -249%x 1
Mo -0027 0032 0139 0112 0059 0065 0026  0.097 A7l 1
Pb  -178+ 328+ 0056  -238« 0093 398+ 0012 0172  .151x  -0048 1
Significance (p value): * = <0.05, ** = <0.01
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Fig. 23. pH versus cumulated percentage of vanadium concentrations in
Jeju Island groundwater. (a) Low concentration group (0 to 30 u

g/L); (b) High V concentration group (>30 ng/L).
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Fig. 24. Vanadium concentrations of Jeju Island groundwater, according to the

hydrochemical water type.
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Ca Ma+k  HCO3 Cl+MNO3

Fig. 25. Piper diagram showing hydrochemical characteristics of Jeju

Isaland groundwater from the survey.
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Ast Wol EAst= vtUES pH9E Eh AHel uwet F=eh
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Table 17°] YeEUHAT. A Al54+= 100712 pHE 6.3~89(H 8.0), Eh=
176~397.0 (B 227.3) mVE Yetlom, o5 A7 E o] &3lo] Fig. 263 Zo]
pH-Eh vhefoprgio] vebi ity Tl A of Zo] AL thd Alm= A gtehs &
Aol M= vhvEe] HVO, FEle] 571 whvbg o2 EA18k9)ar, o 93k =4 g H

o] HhtES el o) Aol wig Aty WuE 1 gth”

Table 17. Summary of analytical data of pH, Eh and vanadium concentration

in 2009, used for evaluating vanadium speciation

Data
Item Number
Max Min Ave Med SD
pH 100 8.9 6.3 8.0 8.1 0.54
Eh (mV) 100 397.0 176 227.3 2255 55.01
V (ug/L) 100 50.2 0.0 11.9 7.0 12.24
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Fig. 26. pH-Eh diagram of V using measured experimental data for V, pH and
Eh.
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Table 18. Summary of analytical results of groundwater of Daepo district,

2009°"

N=24 Ave. Med. Min. Max.
pH 7.44 7.65 6.3 8.65
EC 976.9 600 96 3,940
Eh 194.4 2155 17.6 311

HCO3 708.4 248.3 45.5 4,050

CO; 520.9 33.5 0.0 4,032
Cl 9.9 9.7 4.1 18.8
NO3-N 0.3 0.2 0.1 1.7

SO~ 10.3 15 0.6 210.3

K" 159 16.8 2.2 42
Na® 53.4 59.7 6.1 133.4
Mg 79.6 26.5 5.2 396.8
Ca™ 39.3 139 4.9 164.6

\% 0.3 0 0 3.7
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Table 19. Correlations among

Daepo district

V, pH, EC, and major ions in groundwater of

M 2
EC  pH Eh  HCOs CO, CF  NOsN SOZ Na© Kk .9

EC 1

pH 772 1

Eh -729** 637 1

HCOs~ .950** -667** -550* 1

CO; 884** - T713**  -T701** 844** 1

Ccr 753**  -549** -591*  661** 684** 1

NOs-N 0.148 -0.252 -0.332 0.073 0231 460* 1

5042_ 0.201 -0.313 0494 0.139 0387 0352 .644** 1

Na+ 814** - 497*  -555*%  742** 674**  884** 0.098 0.141 1

K+ 921**  -645** -659** 834** J78* 889** 0.174 0.188  .952** 1

|\/|g2+ 961**  -786** -753* 891** 903** 753* 0.182 0.25 J77** 905** 1

. 980*

Ca 936**  -787** -750** 852** 888**  811** 0.321 0.27 759**  899** .
-0.23

\ -0.284 0.05 0.104 -0.224 -0.174 -0333 0.019 -0.074 -421** -0.401 6

Significance (p value):

* = <0.05, *x = <0.01
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Table 20. Summary of analytical results of groundwater of Seohong district,

2009 3
N=24 Unit Max Min Ave Med
pH - 8.86 77 8.05 8.03
EC 1S/cm 229 48 1085 114
Eh mV 397 171 236.1 2235
HCO; 139.1 239 51.9 35.1
COx* 4.7 0.2 0.9 0.6
Cl 40.5 3.9 75 55
NO;-N 72 0.1 1.2 0.2
SO~ mg/L 19 0.6 1.3 1.2
K’ 42.8 15 48 2.6
Na' 25.6 4.2 9.3 6.7
Mg?' 7.4 15 3.3 25
Ca”' 9.2 2.1 5.3 4.3
\Y% ng/L 52.8 3.8 174 9.0

CO,*® : Calculated using PHREEQC program.

100

R2 = 0.8446

10

V(ug/L)

o 50 100 150
HCO;(mg/L)

Fig. 28. Correlation diagram of bicarbonate with V in groundwater of Seohong

district.
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Table 21. Correlations among V, pH, EC, and major ions in groundwater of

Seohong district.

EC pH Eh HCOs CO;, cr NOs-N SO  Na* K* Mg?*  Ca?®
EC 1
pH 676* 1
Eh -0241 -0.061 1
HCOs  .894** 644** -0326 1
COo, -0.224 -0.788 -0.110 -0210 1
cr -0.066 -0.045 0228 -0.155 0.155 1
NOs-N 0.151 007 0055 -0277 -0.177 0085 1
SO&  499% 454 0251  .664** -0240 -0093 -513* 1
Na* 914*  599** 0312 .950** -0.227 -0.122 -0.126 .599** 1
K* 0006 0023 -0239 0017 -0079 .953** -0.125 0049 0049 1
Mg?*  .946** 606** -0.299 .827** -0269 -0092 0233 0402 .932** -0.007 1
Ca**  .834* 535 -0035 .622** -0259 -0015 0378 0368 .736** -0.044 .879** 1
% 819%  710** -037  .919** -0313 -0.139 -025  .557* 865* 0.047 .747** 459*

Significance (p value): * =

<0.05, **x = <0.01
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Ca Ma+k  HCO3 MNO3+CI

Fig. 29. Piper diagram of water type in groundwater of Seogwipo watershed

(@ circle : Daepo district, O circle : Seohong district)
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Table 22. Summary of analytical results for soil pore water of wetland, reservoir

water, and springwater near Susan Resevoir

soil pore water

soil pore water

Item Unit (1.2 m) (0.6m) Reservoir water Springwater
N ] 71 6.9 59 81
P (68~1723) (68~7.1) (58~6.1) (78~8.3)
5 | s/ 1298.3 1286.8 156.4 188.3
HSZEM (1194~ 1454) (1176~1391)  (150.2~162.2) (186~ 203)
- v 52.2 518 125.4 199.3
m (-94~-798) (-12.3~-80.2) (1201~1317)  (196.2~205.5)
) 1726.3 17258 447 63.0
HCOs me/l 160 1g19) (1583 ~1796) (424~ 46.3) (582~ 65.8)
27.9 271 21 8.4
v e/l (189~36.7) (17.1~34.9) (16~28) (6.9~9.7)
. 164 134 93 12.2
4 (158~17.5) (19~158) (83~9.9) (11.6~13.9)
. 11.0 12.8 54 9.1
(83~16.2) (115~14.4) (44~59) (5.1~10.4)
M 122.0 90.1 5.2 59
& (111~127) (345~96.6) (43~57) (5.1~6.5)
o 33.0 37.9 8.8 108
(29.1~38.1) (36.4~38.6) (72~95) (10.2~12.0)
o 20.2 205 139 922.1
mg,  (175~255) (19.2~22.1) (10.1~15.3) (185~24.2)
19 41
NO;-N 0.1(0~0.1) 0.0(0~0.1) (o) 39 19)
SO 09 09 79 58
! (0.1~3.7) (0~13.0) (6.2~85) (5.0~6.3)
62.6 82.9
Fe (1.9~111.7) (0.7~127.7) 00 00
6.0 98
Mn (4.4~9.9) (88~113) 00 00
0.08 0.03
Zn (0.01~0.36) (0.007~0.110) 00 00
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R T 2 4 ) 8 10 12 14

pH, IN STANDARD UNITS

Fig. 30. pH-Eh diagram for inorganic V species (Hem, 1977). Measured V
data for (@) soil pore water, () reservoir water, and (&)

springwater, were applied.
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Table 23. Compositions of major oxides and minor elements of basaltic rocks

and soils in Gosan area of Jeju Island

Inorganic Basaltic rocks (BR) Soils (weathering of basaltic rocks)
elements  Unit Pal
or oxides Ave BR1 BR2Z BR3 Ave Soielo Soil 1 Soil 2 Sail 3 Sail 4
Cr 2040 2116 1955 2048 1706 2696 978 172.0 1075 206.0
Sr 2478 2540 2362 2531 872 1391 950 512 578 929
mg/kg
Vv 1521 1549 1536 1477 1421 1249 109.7 160.4 107.1 208.3
Zn 1272 1279 1279 1257 905 895 836 8.9 853 107.1
Al,O3 140 142 136 143 168 161 163 178 168 172
CaO 7.2 72 76 69 0.5 1.0 04 03 02 05
Fe,O5° 125 124 125 126 86 9.7 6.7 112 58 94
K20 1.8 19 20 14 04 04 03 06 04 05
MgO 6.7 64 72 65 1.4 29 1.0 09 11 12
MnO % 0.2 02 02 02 0.1 0.1 01 01 01 01
(0)
NayO 31 32 31 31 0.8 1.4 1.1 03 05 09
P,Os 0.2 02 02 02 0.1 0.1 01 01 01 02
SiO, 520 522 512 525 628 582 674 585 68.0 619
TiO, 2.1 2.1 20 21 16 1.7 12 23 11 19
L.OI
(loss on 0.3 02 04 02 6.8 8.3 54 79 58 64
ignition)
Total - 100.0 100.0 100.0 100.0  100.0 100.0 100.0 100.0

¥ FeyO3" = FeO+Fey0O4
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10
Conc. (mM)

A NaQSQOg, . : HQO‘Z, . . HCI y D : NaOH, (O NaHC03

Fig 31. pH values of leachate under different batch leachings of basaltic paleo

soil by different leaching solutions.
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Table 24. Eh and elemental concentrations (unit: pg/L, except Fe, Mn and Al

with mg/L) of leachates from basaltic paleo soil using different

leaching solutions

Leaching Eh

solution o (mV) Al e Vin «d o “n
Ave 68 102 42 06 46 02 03 64 30
NaSO; | Min 60 5% 34 00 00 00 00 00 00
Max 73 213 48 08 85 03 08 90 520

Ave 90 12 116 38 1218 29 B3 T 4RO

NaOH | Min 70 -3 34 00 00 00 00 00 00
Max | 118 23 280 153 2XR0 80 120 28 139

Ave 55 X7 96 06 32 93 12 33 246

HCI Mn 26 213 34 05 00 00 00 00 00
Y2 71 21 135 08 187 30 76 86 91.3

Ave 72 23 3O 134 60 01 07 122 84

H,O, | Mn 70 29 34 00 00 00 12 00 00
Max 73 20 1140 25 105 01 00 190 171

Ave 76 173 75 58 63 01 31 145 1421
NaHOO; | Min 70 134 34 00 00 00 00 00 00
Max 80 213 89 76 103 01 80 200 M1
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Fig. 32. Concentrations of vanadium leached from basaltic paleo soil by

different leaching conditions.
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Table 25. Comparison of vanadium content leached for each leaching solution

with that of paleo soil (624.5 ng)

Conc Content (ug) of vanadium leached and its ratio to paleo soil (%)

H202 NaZSZOB HC1 NaOH NaHC03

(mM) =6 o ng % ng % ng % g %

0 017 003 017 003 017 003 017 003 017 0.03
025 092 015 019 003 023 004 092 015 026 0.04

0.5 1.89 030 020 003 028 004 136 022 034 0.05
0625 220 035 020 003 035 006 159 025 038 0.06
125 280 045 021 003 049 008 6.66 1.07 042 0.07
25 317 051 022 004 061 010 3981 637 042 0.07
5) 370 059 024 004 064 010 8211 1315 045 0.07
10 398 064 024 004 066 011 111.59 1787 042 0.07
15 569 091 022 004 068 011 130.07 2083 045 0.07
20 6.00 096 021 003 068 011 14351 2298 046 0.07

(2) &7 &ZolA e vhtEe] As B2t

HubE 8% 7HE dAdY gzE §ENaOH) A 9 vy 3 71E 4
(Al, Fe, Mn, Cr)¢] &% A3 9 &% &9 pHe Eh #85 Fig. 339 =43}
Atk H7te & H(NaOH) o %= F7heh tEo] pHE %71 7.0¢14 °F 10744
S74e & v ket St A4S yEla -39 7 $1(Eh)= pHoF Aukd) <]
A, & AL (mirror image)S WEM S tH(Fig. 33b). pHe W3} HF 53]
£ Feol Ale] W37 5 L8 tHFig. 33a). Few= AlZ} 37 dlido=z 4
37 A FZ/d (amphoteric) 9719 545 vEbdth webA Fe(XEE A Abst
Eolup FAsE (o] ferrihydrite)> ZAF =71 & ofyet Az (>8-9) =74
A gel=rE A Forey, ol e FaZeE 2o FaH(&8)) v pHE

=1
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for V with pg/L) of leachates from basaltic paleo soil by batch
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Fig. 34. Changes of pH, Eh, and elemental concentrations (unit: mg/L, except
for V with pg/L) of leachates from basaltic paleo soil with

increasing concentrations of HyO..
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without CO, saturation.

S7bsksith(Fig. 35). ¥ A3¥

AlFe Astgel M o] vivbg Fet w2 11.2 ug/La w9 FAFSH o] & kel A
Aol Eet 11.0 pg/Le =24 =S 0176 mg

E Fietar o] A Q] 2498 mge] 0.07%7F §EEH = AR UER

ojitgteta #7] o] 9] pH TV EY 7AE%¥EE

<
ol ¥ Aok Akl elttsteta %7 s s, pH S7F 24

bl Ao HHEn FRAdAESEH vhtge] &S vhal A sith

_83_
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Table 26. Correlations between variables of leachates from basaltic paleo soil by

continuous batch leaching with or without CO, saturation

pH EC Eh Al Cr Fe Mn Sr Zn

pH 1

EC -0.219 1

Eh -687+x  -0133 1

Al B7 2% -0.07 —597xx 1

Cr 6693 -0.07 —-593#xx  1.000%* 1

Fe 665 —0.058  —B91#x  994xx  994xx ]

Mn  .307x 105 —A402%x 897wk 8OBkx 892k 1
Sr —-.028%*  Bb2#* 158 178 182 181 o8k 1
Zn 6425 -0.0656  -.585#x  998xx  998#x 995wk Ollwx 22 1

\4 6683 -0.065  -58o#x  997xx  998#x 9Ok BY4wx 179 9983

Significance (p value): * = <0.05, ** = <001
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