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Summary

Groundwater is a unique source of drinking, domestic and industrial water
supply in the Jeju Volcanic Island because of the absence of perennial streams
due to very high permeability of surface soils and rocks. Groundwater
geochemistry in Jeju Island is variable due to the complex hydrogeology of

volcanic aquifers and was not satisfactorily understood, however.

This thesis is purposed to elucidate the hydrogeochemical characteristics of
groundwater in the Pyosun watershed, Jeju Island, Korea. The geology in
Pyosun watershed consists mainly of volcanic ash soils and basaltic volcanic
rocks. Volcanic ash soils in the Pyosun watershed have the high cation
exchange and adsorption capacities, which can be a major control of the
formation of groundwater quality. In addition, basaltic rocks in the area consist
of repeated discontinuous layers of lava and volcaniclastics with intercalations
of sedimentary clay. Thus, groundwater chemistry will be highly wvariable.
Therefore, the relationships between physicochemical characteristics of soils
and rocks and the hydrochemistry of soil water and groundwater, focusing on

water-rock interaction, were carefully examined in this study.

Chapter 1. Hydrogeochemical characteristics of groundwater in the Pyosun

Watershed

In Chapter 1, hydrogeochemical characteristics of groundwater from 47 sites
in the Pyosun watershed were examined and were compared with those of 11
mineral waters in the mainland Korea. In particular, the hydrochemical change
of groundwater was evaluated as a function of increasing topographic altitudes

of sampling sites.
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Groundwater chemistry showed a distinct change around the heights of
200~300m a.s.l. The EC, TDS, pH, hardness, and the concentrations of Ca, Mg,
Na, HCOs3, SiOg, Ba, and Sr showed the gradual increases with the groundwater
flow from a topographically high, recharge area toward the topographically low,
discharge area. However, such increases were not distinct around heights of
200~300m a.s.l. On the other hand, the Cl + NOj concentrations increased

toward the coastal areas.

Compared to domestic bottled mineral waters, groundwater at the heights of
>200m in the Pyosun watershed was lower in EC, hardness, TDS, Ca, HCOs;,
SO4, and NOs; but was higher in pH, K and Mg. The average equivalent
(Na+ K)/(Ca+ Mg) ratio was 0.76 for the Pyosun groundwater and 0.42 for
mineral waters. Hydrochemistry of Pyosun watershed is dominated by the Na-
Mg-HCO35 and Mg-Na-HCO3 types, while that of mineral waters is largely the
Ca-Na-HCOs type. The positive correlations are observed among Na, Ca, Mg,
HCQOs, and SO, in the Pyosun groundwater, while Na did not show any distinct
correlation with other major ions in domestic mineral waters. The median value
of SiOy concentrations in the Pyosun groundwater is 0.56 mmol L™!, which is
about 1.8 times higher than those of domestic mineral waters (0.32 mmol L™).
S10s in the Pyosun groundwater showed a strong correlation with pH, HCOs3, Ca,

Mg, and Na, which suggests its origin from typical water-rock interaction.

Among trace elements investigated, As and Sr were higher in domestic
bottled mineral waters, whereas Rb and V were higher in the Pyosun
groundwater. In particular, the median concentration of V in the Pyosun
groundwater was very high (8.14 xgl.™!), which is about 17 times higher than
that of bottled mineral waters (0.49xgL.™)). Vanadium in the Pyosun groundwater
showed a negative correlation with Ca, while the elemental correlation was

positive in domestic bottled mineral waters.
i
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Chapter 2. Study on the hydrogeochemistry and water—soil interaction in soil
pore water

In Chapter 2, hydrochemical changes of pore waters in four types of volcanic
soils in the Pyosun watershed were examined to understand the geochemical
behaviors of different solutes during the groundwater infiltration through

volcanic soils and water—soil interaction.

Rain waters collected in the Pyosun watershed showed the enrichments of Na
(average 0.024 meql.’!), Cl (average 0.031 meqL™ and SO, (average 0.023
meql.™!), which indicates the effects of sea-salts. With increasing depths, soil
pore waters showed the general increase of HCOs but the general decreases of
TDS, EC, hardness, Ca, Mg, Na and SO,. Compared to rainwater composition, at
30 cm depth in soils the concentrations of Na and Cl increased by about 12
times and 8 times, respectively. At 90 cm depth in soils, the average pH (6.08)
was lower than that of the Pyosun groundwater (7.74). Similarly, the averages
of EC, TDS and hardness of soil pore waters were only 27~46% of groundwater
and the average equivalent concentrations of HCOs3;, Na, Mg, and Ca were
22~38% of groundwater. These observations indicate that solutes in the Pyosun
groundwater are largely originated from the dissolution of minerals in rocks
rather than in soils. Compared to the Pyosun groundwater, the soil pore waters
at 90 cm depth were higher in the ratios of K/Na, (Na+ K)/(Mg+ Ca), and SO,/Cl
but were lower in Mg/Ca ratio. These patterns may indicate that

hydrogeochemical processes in soil and aquifer are quite different.

Dissolved SiOy concentration in the groundwater was about 6 times higher
than that of soil waters at a 90 cm depth. SiOs in soil waters showed the
positive correlation with TDS, while there was no correlation between SiO, and
HCOs3 in soil pore water. Thus, dissolved SiO; in groundwater is largely from

dissolution of silicate minerals in rocks.
il
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Soil pore waters in different soil series showed a large variation of
physicochemical characteristics such as pH, EC, TDS, hardness, and major ions.
Soil pore waters in the soils of Jeju and Ido series occurring at low altitudes
(<200m) where agricultural activities are prevailing were characteristically
enriched in NOs, SO, and K, due to anthropogenic activities such as fertilization.
The concentrations of NOj; and K in soil pore waters were higher even at
considerable depths in soils, which indicate their leaching from N- and K-
containing fertilizers. Trace elements in soil pore waters generally decreased
with increasing depth in soil. The average concentrations of Al, Mo, Ni, Rb, Fe,
and Cu were 1~10 ugl.”!, whereas those of B, Ba, Mn, Sr, V, and Zn were >10

ugL’1 .

In summary, the role of water—soil interaction is less effective than water—
rock interaction in the formation of groundwater chemistry. However, the
adsorption of trace metals onto soil particles in volcanic ash soils plays an

important role in the groundwater quality formation.

Chapter 3. Drill core extraction experiment to assess the water—-rock
interaction in aquifer of Pyosun watershed

Chapter 3 deals with the results of chemical extraction (deionized water, 1M
ammonium acetate and 0.1N HC) of diverse subsurface lithologic units such as
basaltic rocks, scoria and sedimentary clays that were collected from a 425m
long drill core, in order to understand the importance of water—rock interaction

at depths as a major control of groundwater chemistry.

Compared to the sedimentary clay layers at depth, surface soils are different
in organic matter content, pH, and exchangeable cations. The maximum organic
matter content in surface soils (pH 4.91~6.48) is 20%, while those of

sedimentary clays are <0.3% (pH 7.19~7.86). Exchangeable cations in
v
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sedimentary clays were at least 4 times higher than in surface soils. In
particular, average concentrations of exchangeable Ca and Mg were 34 times

and 23 times higher, respectively.

Identified primary minerals in surface soils are intermediate plagioclase,
diopside, and Mg olivine. Gibbsite occurs at deep soils, indicating Al leaching in
surface soils. Sedimentary clay layers as an aquifer contain sanidine and
montmorillonite in addition to diopside, muscovite, and intermediate plagioclase.
Volcanic rocks in a drill core showed a simple mineralogy consisting of
intermediate plagioclase, diopside, magnetite, hematite, and sanidine. Scoria
contains additional minerals such as muscovite, goethite, and chlorite. Sanidine
and muscovite in sedimentary clays and scoria may supply the K 1on in

groundwater.

Major element chemistry was compared between diverse rock units in the
Pyosun watershed. Na, Ca and Mg are about 2~10 times higher in average in
scoria and volcanic rocks than in sedimentary clays and soils. Between soils
and sedimentary clays, Na, Ca, and Mg are at least two times higher in
sedimentary clays. K is highest in sedimentary clays. The equivalent Mg/Ca
ratios of all types of lithologic units are >1, indicating the more abundance of
Mg-bearing minerals than Ca-bearing minerals. The average SiOs
concentrations are in the order of sedimentary clays (517.8 g kg™!) > volcanic
rocks (488.9 g kg™!) > scoria (482.1 g kg™!) > soils (383.9 g kg™!). Among the
soil series, the Ido series soils are highest in SiO,. Among trace metals
analyzed, the concentrations of B, Ba and Rb were highest in sedimentary clays,
while scoria was highest in Sr. Volcanic rocks are relatively high in V, Cr, Ni
and U, whereas surface soils are high in some heavy metals such as Cr, Ni, and

/n.

Chemical extraction showed that solubility of Na, K, Ca, and Mg was in the

\%
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order of sedimentary clays > scoria > volcanic rocks > soils. In particular, the
extraction of sedimentary clays by 1.0M ammonium acetate solution yielded
about 7.5~60 times of K, Ca, and Mg. The equivalent Mg/Ca ratios of extracted
fluids (except for the extraction of sedimentary clays by deionized water) were
0.2~0.8, indicating the preferential solubility of Ca. The extracted SiO; from
diverse samples by 1.0M ammonium acetate was lower than those by deionized
water. In particular, extraction of sedimentary clays by deionized water yielded
considerable SiO, (about 73 times higher than that from soils). This may
indicate that sedimentary layers play an important role to generate dissolved

Si1041n groundwater.

Solubility of of trace metals showed a large variation according to lithologic
units and extraction solvents. Dissolved Al, Fe, V, and Cr by deionized water
from sedimentary clays, scoria, and volcanic rocks were significantly higher
than those by 1.0M ammonium acetate solution. In contrast, Ba, Rb, Sr and Mn
were more effectively extracted by deionized water. Al, Fe, V, Ba, Rb, Sr, and
Mn were most soluble from sedimentary clays, using deionized water and 0.1M
ammonium acetates solution. This suggests that increases of Sr and Rb in
groundwater are possibly resulted from water-mineral interaction in

sedimentary clays.

Key words : groundwater, Pyosun watershed, Jeju wvolcanic Island,

hydrogeochemistry, water-rock and water—soil interaction, chemical extraction

Vi

Collection @ jeju



.vil
xi

Hr

) BT A oY Bl S T B g S TP

51 810 6721 2T
X
i

XV
.XVii
. XViii

List of TableS.ocvreveirevigene . B ... .8 8 § 58 & § & ..o,
LISt Of ADDENAICES tuiiuienieiniinieie ettt et enten e eenenssssensensnssnsensensessssensensensnsenss
B SY A0 Y AN o) 0T =) '4 £ 15 [0) 1S WU

A

Bl
0
i
T

or

boo] 42l 8t

od B AFA A

1. gAkA]

12
14
.14

=

%S|

°
o

NN EYEAE

SEEEL RERE RS

FoAFAY Aol Fel AT
1. BAFY Aok FEUATETE EAoeeerrrrnecersesesieeensseseeesessssnneee

3. A

.. 16
.. 16
.. 16

0
o

7K
i

Vil

@ jeju



17
22
23

24
24

1) PH, EC, TDS B o A oo

24

2) T8 o], A7t H MR B

... 26
.27

.. 28

o
™

mK

ful

28
.28
.01
.41

1) 331" pH, EC, TDS %

44
44
44
.. 44

2

i)
=

1) pH, EC, TDS

Ho

o
“d

o

2) F8o0lL Si0, ¥ mEk

50

DEQo|2 TR SN ARG . ...............[.

.02

0
oF

—

G

56
...06

o
N
oo

D F8 oled

68
71

2) Si02 & BEAA T iiiieciivnseeeeseeersonssllIITE........oveeeeeeeereeeereseresssrsesseesnns

.92

o

94

94

...96

%
fri
K

]

96
...96
.. 98

N

jpuze)

il
0

7K
&o
70

of

7 AA

4o

No

o)
3r

D A
2) A4

"0

il
0

o
3r

viii

Collection @ jeju



...100
...100
.. 102
...105

TH

i

...106
...106
...109
...109
..113
.. 119
...130
.. 132
...136
...136
SiOz8] = AR .. 141
.. 142
s 3
156
.156

-4 B3EE HY AT

}

kel
T

L3

=

=

3. A% A%

...158
...158

%
s

K
E

158

22

162

-
It

2) Al

163

by
-

3 A BEA 2H 2 A

.. 169
..169
.. 169
.. 170

Poar
o

oo

W%

L To

L oEK

Poo

xr
TH

il

b oy

N

o
TO

o
™

O BEF R A[FA0] A

171
172

il

™

il

ol

N
oo

o
]

2t B B AIFA0] A

1X

Collection @ jeju



174

174
174

i
m
o
- :
N :
—~ o)

175
17T

S

3}
<1

2) EA 2ol 3}

. B} AlF30] A

177
.. 187
..194
...196

D B3 A

\S|
il

3

S

]

=
T

29

2) EFI AlFaLo] Al

N
4

o

%

H

e

3) BEY 2 AlFao] A

o =Y} AFae] A

=
pu
oo
N
W

oF
I

..196
..200
..203

1) Na, K, Ca, Mg9]

211

214

..221

%
sl

—_—

0

.233

Appcndi®€s.................. L0 .cccireeiiiiieeee . D . A

Collection @ jeju



Fig

Fig

Fig.

Fig.

Fig

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

List of Figures

. 1. Sampling locations for groundwater of Pyosun watershed............cccccoveenne.n. 18

. 2. Chaging patterns of EC, TDS, hardness and pH according to elevation in

groundwater samples (n=47) of Pyosun watershed.........ccoevveiieeriiiinaniiii, 30

Distribution of major cations(a) and anions(b) according to elevation in
groundwater samples (n=47) of Pyosun watershed.........covvveeveeeseeeieeannnn.. 34

Spacial distribution of Cl (a) and NO;3 (b) in groundwater of Pyosun
AENRSTES 0Te T W TR o SR 36

. 5. Distribution of SiOs according to elevation in groundwater samples (n=47) of

&

10.

11.

12.

13.

14.

15.

PyOSUN WaterSHEA. . oniia e e et e e 37

Distribution of minor elements according to elevation of groundwater
samples (n=47) in Pyosun watershed. .........ooooviiiiii 38

Piper diagrams showing water quality types of groundwater in Pyosun
watershed............... 80 S8 ... 43

Difference of concentration of SiOs in groundwater(n=16) of Pyosun
watershed higher than 200m a.s.l, Jeju Samdasoo and domestic bottled still
ater(n=11)...... 00 S i L 49

. Piper diagram showing water types of groundwater(n=16) in Pyosun

watershed higher than 200m a.s.l, Jeju Samdasoo and domestic bottled still
water(n=11)....... 0 0% ... 0T A0 N .. . 54

Contribution of major ions to TDS in groundwater of Pyosun watershed
higher than 200m a.s.l (a) and domestic bottled still water (b).........ccceee.... 57

Relationship of pH with major ions in groundwater of Pyosun watershed
higher than 200m a.s.l (a) and domestic bottled water (b).......vueveveeeerennn. 61

Relationship of Ca and Mg with other major ions in groundwater of Pyosun
watershed higher than 200m a.s.l (a) and domestic bottled water (b)........ 63

Relationship of pH with major ions in groundwater of Pyosun watershed
higher than 200m a.s.l (a) and domestic bottled water (b).....cccoveeeeveeeennnnn. 67

Relation of pH with SiOs in groundwater of Pyosun watershed higer than
200m a.s.l (a) and domestic bottled water (b). ...coevveeeieeieeieeee 69

Relationship of SiO; with major ions in groundwater of Pyosun watershed
higher than 200m (a) and domestic bottled water (b). ......ueeeeeeeeeeennnns 71

X1

Collection @ jeju



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.
Fig.
Fig.

16. Relationship of TDS with minor elements in groundwater of Pyosun
watershed higher than 200m a.s.l (a) and domestic bottled water (b)........ 72

17. Relationship of pH with Sr in groundwater of Pyosun watershed higher than
200m a.s.l (a) and domestic bottled water (D). .....eeeeeeeeieeeeeeee e, 75

18. Relationship of Sr with major ions, silica and other minor elements in
groundwater of Pyosun watershed higher than 200m a.s.l (a) and domestic
DOLELEA WAt (D) ittt et 78

19. Relationship of V with major ions and other minor elements in groundwater
of Pyosun watershed higher than 200m a.s.] (a) and domestic bottled water
D) e A W L N . 81

20. Relationship of Rb with major ions and other minor elements in domestic
[5TeY i (STa ISy 1 ) IR 721 £ ) TR 85

21. Relationship of Ba with major ions, silica and other minor elements of

groundwater in Pyosun watershed higher than 200m a.S.l..c.covevveeniieinienn.n. 89

22. Relationship of Cr with major ions and silica in groundwater of Pyosun
watershed higher than 200m a.s.l (a) and domestic bottled water (b)........ 90

23. Average annual rainfall distribution measured at weather stations in
Sungpanak, Sundanpo, Seogwipo, Jeju and gosan from 1994 to 2008. ....... 96

24. Average annual rainfall distribution in Pyosun watershed measured at
weather stations located in Pyosun watershed and nearby from 1994 to

25. Average monthly rainfall distribution in Pyosun watershed measured at
weather stations located in Pyosun watershed and nearby from 1994 to

26. Map of soil series in Pyosun watershed.....oooovviiiiiiiniieee e 99

27. Map of soil series and sampling sites for soil pore water in Pyosun
watershed. . ®....... % ... N B8 B 101

28. Soil pore water samplers set up and neighbored VIEW. .......ccoooovvvieiiiiinnnn. 104

29. Pictures of soil water sampler put into test soil and degassing the sampler

to collect pore water with manual degasSOr. ...coovvviiiiiiiiiiiii e 105
30. Concentration of major ions and SiOs in rainwater(n=14). ........ccccooevveeenn.n. 107
31. Concentration of minor and trace elements in rainwater (n=14)............... 108

32. Concentraton of SiOs in soil pore water (n=77) according to the types of

SOOI SO T S ettt 116

Xii

Collection @ jeju



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

33. Changing patterns of pH, EC, TDS and hardness in soil pore water (n=77)
according to soil depth. The data for groundwater (n=47) in Pyosun
watershed were used as referenCe. . .oviviiiiiii e 121

34. Changing patterns of major cations (a) and anions (b) in soil pore water
(n=77) according to soil depth. The data for groundwater(n=47) in Pyosun
watershed were used as FefereNCe. ..t 122

35. Box—whisker diagrams showing abnormal increase of K, NOs3 and SOy in
soil pore water according to soil depth by the anthropogenic effect........ 125

36. Changing patterns of concentration of SiOs in soil pore water (n=77)
according to soil depth. The data for groundwater (n=47) in Pyosun
watershed were used as referencCe. . .ooiiviiiiii i 126

37. Water type of soil pore water from Pyungdae (a), Nogsan (b), Jeju (c) and
Ido (d) series according to soil depth. The mean value of groundwater

(n=47) in Pyosun watershed were marked in diagram as reference......... 134

38. Relationship of Na with TDS and HCO; (a), and Ca with TDS, HCOs3, Na and
Mg (b) in s0il POre Water (E77) . .ccoee it 137

39. Scatter plots for Na, K, Ca and Mg according to TDS in soil pore
water(n=77) from Pyungdae, Nogsan, Jeju and Ido series. ....ccccoeeevevunnnnne. 138

40. Scatter plots for K, NOs, HCO3, SO, according to TDS of soil pore water
from as forest land soils (a) and farm land SOilS (B).eevvveeeveeeeiiiiiieeeeeee 141

41. Scatter plots for SiO, vs. TDS, HCO;3 in soil pore water(n=77) from
Pyungdae, Nogsan, Jeju and Ido SerieS. ... 142

42. Scatter plots for Sr, V, Rb, Ba, Cr and Ni according to TDS in soil pore
water (n=77) from Pyungdae, Nogsan, Jeju and Ido series.....c.c.cccevvunnen.n. 143

43. Relationship of Sr with Ca, Na, SiO,, Ba, Ni and Rb in soil pore water (n=77)
from Pyungdae, Nogsan, Jeju and IdO SEri€sS. ...oivviviueieiiieeiiieieeiieeeenaannns 145

44. Relationship of V with pH, Cu and Mo in soil pore water (n=77) from
Pyungdae, Nogsan, Jeju and Id0 SEIIeS....ouu it 146

45. Relationship of Rb with Ca, Mg, Na, K and Ni in soil pore water (n=77) from
Pyungdae, Nogsan, Jeju and Id0 SErieS...vi it 148

46. Relationship of Ba with SiOy, HCO3, Ca, Na, Ni and Rb in soil pore water
(n=77) from Pyungdae, Nogsan, Jeju and Ido Series. ....ooeeveeuereeeeeveneeennnnn. 149

47. Relationship of Cr with B, Fe, Mn and Ni in soil pore water (n=77) from
Pyungdae, Nogsan, Jeju and Ido SEri€S...cccviviiiiiiiiiiiiieieeeeeeeeeee 150

48. Relationship of Ni with Ca, Mg, Na, K, Cu, Mn and Fe in soil pore water

xlil

Collection @ jeju



Fig.

Fig.

Fig.

Fig.

Fig.
Fig.

Fig.
Fig.

Fig.
Fig.

Fig.

Fig.

Fig.

49.

50.

ol.

52.

53.

54.

05.

56.

o7.

58.

59

60.

61.

(n=77) from Pyungdae, Nogsan, Jeju and Ido series. ....oooeeveeueeeeeeerenneennnnn. 151
Geological map of Pyosun watershed. ....ooooovviiinie e, 159

Hydrogeologic cross section of Pyosun watershed connecting Gyorae and
Hachun (Jeju Special Self-Governing Province, 2006)......cccovueeveeeeeeienanann, 161

Field sectional profile of teSt SOLIS. .ottt 162

Map of investigating bore for this study. Investigating bore is located less
than 1km from the bores for Jeju samdasSo0.....cccoviiuviiiiiiiiiiiiiiiieieein 163

Drill cores collected from the investigating bore. ....ccovvevvviiviiiiiiiiiieiinnnnn. 164

Sampling positions for rock, scoria and sedimentary clay samples of drill

A sample of rock (a) and scoria (b) from drill COreS.....uuuuiovoviieeeeieeennnn 167

Sedimentary clay samples of drill cores collected at different positions
DELOW SrOUNA LEVEL. e e e et 168

X-ray diffractograms of SOIl SAMPIES. ceuvinvimiieie e 180

X-ray diffractograms for rock (a), scoria (b) and sedimentary clay (c)
SAMPLES OF ATILL COTES. ittt et eaeens 183

Extractable Na, K, Mg, Ca of sedimentary clay, rock, scoria and surface soil
by deionized water(DW), 1.0M ammonium acetate solution(Am-Acetate)
and 0.1N HCl solitf@n(FHECD- ... ... . ks 198

Extractable SiO, of sedimentary clay, rock, scoria and surface soil by

deionized water, 1.0M ammonium acetate solution and O0.1N HCI solution.202

Extractable minor elements, (a) Al, Fe, V, Cr, (b) Ba, Rb, Sr, Mn (c) Zn,
from sedimentary clay, rock, scoria and surface soil by deionized
water(DW), 1.0M ammonium acetate solution(Am-Acetate) and 0.1N HCI
solution(HCRIEE. ... 8. ....ovvvveeeeeennennneeeeeng Bl oo ... 205

X1V

Collection @ jeju



List of Tables

Table 1. Division of drainage basins in Jeju Province........coovvvvieiiiiiiieiiiiiieiieii, 16

Table 2. Description of groundwater bores in Pyosun watershed studied in this
LS AT C ittt 20

Table 3. Description of domestic bottled still water (n=11) used for this study...... 23
Table 4. Ion chromatography operating CONAILIONS. «vuueuueentin et eeeanes 25

Table 5. % of charge balance error for groundwater in Pyosun watershed and
AomestiC DOLLIEA ST Water . iu et e 27

Table 6. Statistical summary of hydrogeochemical parameters of groundwater
(N=47) In Pyosun WaterSHed. woeeeeeeee et eeae e e e e amees 29

Table 7. Statistical summary of hydrogeochemical parameters of groundwater
(n=16) in Pyosun watershed higher than 200m a.S.1. ..coovvuueoeeeeeeiiiinn. 46

Table 8. Statistical summary of hydrogeochemical parameters of domestic bottled
still water (n=11).. 4. 40 20 ........... .. ... 47

Table 9. Statistical summary of hydrogeochemical parameters of Jeju Samdasoo. .48

Table 10. Median value of ratios among major ions of groundwater in Pyosun
watershed higher than 200m a.s.l, Samdasoo and domestic bottled still

Table 11. Water type of groundwater(n=16) in Pyosun watershed higher than 200m
a.s.] and domestic bottled Still Water. coouviuiieiieieie e 53

Table 12. Description of sampling sites for soil pore water.......coocevevvivvivvinninnennn.. 100

Table 13. Physicochemical parameters of rainwater(n=14) sampled in Pyosun
watershed. S ... @ S| ... B 106

Table 14. Statistical summary of chemical parameters of soil pore water (n=77). 111

Table 15. Statistical summary of pH, EC, TDS and hardness of soil pore water
(n=77) according to soil series. The data for groundwater(n=47) in Pyosun
watershed were used as referenCe. . oviviiiiiii e 114

Table 16. Concentration of major ions and silica in soil pore water (n=77) according
£ SOOIl SIS, ittt ettt 115

Table 17. Concentration of minor elements in soil pore water (n=77) according to
SOOI SO LS ettt 118

Table 18. Concentration of minor elements in soil pore water (n=77) according to

XV

Collection @ jeju



Yo 0 BT & (SIS TP 129

Table 19. Ratios of major ions in soil pore water (n=77) of Pyosun watershed
according to soil depth (a) and soil series (b). The data for groundwater

(n=47) in Pyosun watershed were used as reference. .........cccooceevvuveennnen. 131
Table 20. Location of investigating bore for this study.......cccccoovviiiiiiiiiiiiinnnnnn. 163
Table 21. Groundwater geologic columnar section of investigating bore. ............. 165
Table 22. XRD operating CONAITIONS. ..iiuuiiuniieeiiieeeie et e e e e e e e e eanes 170
Table 23. XRE operating COMAITIONS. t.uiiuuiiuniiiniii ettt ettt et et e e e eaeaaeens 170

Table 24. ICP-AES detection limits for analyzing the chemical elements composed

of soil and drill COre SAMPIES. ..iiuiii i 172

Table 25. ICP-AES detection limits for extractable elements of soil and drill cores

samples with deionized water, 0.1N HCIl solution and 1.0 M ammonium

feEtEtc solution. ............ ... 0 L e LR 173
Table 26. Chemical properties of soil and sedimentary clay sampleS.....ccocoeevneenne. 176
Table 27. XRD result of mineral assessment for soil sampleS........ccovvevivieninnennn.. 179

Table 28. XRD result of mineral assessment for rock, scoria and sedimentary clay
SAMPLES OF ATILl COTES . cinniinii ittt et eas 182

Table 29. Content of SiOs, Al and Fe in surface soil, sedimentary clay, rock and
sapria samples.. I e neeenteeeeeene. S e 188

Table 30. Content of SiOy, Al and Fe in surface soils according to soil series...... 189

Table 31. Content of Na, K, Mg, Ca in surface soil, sedimentary clay, rock and
scoria sampleS....oooeee i o JLUEEES L ST e, 192

Table 32. Content of Na, K, Mg, Ca in surface soil, sedimentary clay, rock and

SCOTIA SAMIPLES . . iiniieiei et e 193

Table 33. Content of minor and trace elements in rock, scoria, sedimentary clay and
SUITACE SOOIl SAIMIPIE Sttt ittt ittt ettt ets s st et e e e e teete et et e s esnns 195

XVi

Collection @ jeju



List of Appendices

Appendix 1. Chemical composition of soil and drill core samples analyzed by XRF.234

Appendix 2. Composition of minor elements of soil and drill core samples analyzed
DY IO P = A S o 235

Appendix 3. Concentration of extractable elements by deionized water(DW), 1M
ammonium acetate(AA) and 0.1N HCI(HCD from clay and scoria of drill
core samples. M. 8% . B........ %" . W 8 8 & ... 237

Appendix 4. Concentration of extractable elements by deionized water(DW), 1M
ammonium acetate(AA) and 0.1N HCI(HC) from rock of drill core samples.238

Appendix 5. Concentration of extractable elements by deionized water(DW), 1M
ammonium acetate(AA) and 0.1N HCI(HCI) from soil samples. All values of
concentration are in ME/KG SOTLuuuuueeeeeeeeeeeee e aaaee e 239

XVil

Collection @ jeju



List of Abbreviations

CBE : Charge balance error

EC : Electrical conductivity

IC : Ion chromatography

ICP-AES : Inductively coupled plasma atomic emission spectrometry
[CP-MS : Inductively coupled plasma mass spectrometry

TDS : Total dissolved solids

XRD @ X-ray diffractometry

XRF  X-ray fluorescence spectrometry

XViil

Collection @ jeju



)

A

ok

™

file)

3 fFusA 2

il
Mo

014714

22

w0

e

Ao,

1 5} o}

SAZ okt

T

J|

, 98% o]de] Siks|ER A H o] St

ol

o] BE

o

ez o Y, AlFH

il

ol
At

_EH

53}

T2 A 3}

b=l

)

T °IFPIE <

=
N |

= ol A

_z:
o
®I
oy
Ho
2
5-
W

e

9o} A3t

SRR 2 T4 = o

Aofs) wlae W AolE pehdr)

_Z#O

oMol E-dF=

=

o

b o

S

AFE A

W5

K

il

341

a4

A -3}

s

_?4

SR

3

a4

CRERCEEE

©

=

SRR

AZEAS A

golskA &t

7}&1 717}

3

3

Collection @ jeju



=i
=

ARo] Q= sz o}

2}
H

b ol

J|

s ofug A

S} S|
=Bty

F71 Sl M=

298]

3)

42

ﬂnﬂo

54

2% 5+ 3}

e

=
S

%

st E

s

el
<
il
Ho

o)
Nie
;o_i

N4
olo

)

—_
o

A FAE 425me] A

e
e

374l A

wl
=

b FEaA

S

o

o

il

FSA T

Collection @ jeju



A7}

L A R AFA S Aste s A 7std 54 AT

7} HAAYG Astere] FHATHEE 5Y A7

o

AAAA ez kAo WAL A 34
skt 2 Akl diste] ohddk foke] 47 skl A ghth(Peterson,
1972; Custodio, 1989; Ingebristsen & Sholl, 1993; Cruz & Silva, 2001). 34FA <
of AT EAS eyl A% AFE o|'Eekd]  Sicily,

EE2FZ9 Azores, 12129 Thrace A9 & 3}itedto] £xd Ad9e FHo=

2

o]

B

e AYe gow

A

i

O

] 5}

i

LEA5 el dAFsYTE. olEL& A strE ££ o= AFe gdx9
d\_i}%h;ﬁoﬂ met A g geva 6]—9‘,%;]— T3k ﬂ./lx_%}?_]_ & SLolE o] %‘i}‘ﬂ]

oletg]o} Sicily FA]% Rocca Busambra A9 A dfol] il F80]29)
BEYXGAS AFsEd. A2, Ca/Mg s=HZ7F A9HE=z 371A] f3o=2
UetuE & Had 52 X G A FAAkol7k Bk Ao ZE YETE Cruz &

Amaral(2004)2 X =2

—m
1N
>
N
(@]
~
D
)]
[y
X
AN
12
1o
o
o
AN
ol
o
¥
5
D
2
(@]
=_
D
3
=
8
D
C‘/
=2
)
ol

BolFolth 58, 3 R plE Asee] FHole FES Foli AR
A A1 5 9 ek,

Collection @ jeju



el @ATeN wE, Sadde] Assrs wmE Fe AgeAE
AFekers SAel ul§ AolsAl UEin itk F, 5Kl Aahge
ATsed B4e HAEE o, A9, 84, EF % A4 54 5ol we
Wl RS UEda glvh mebd, sAA e Askie] felA et S4e

Awstsile W ojele Aol

TR A & A, 19895 =g AT A, 19905 s A AT A,
1991; 1 &, 2002b; e=AdALdAT, 2002; 4 &, 2003; °] &, 2003a; A
T, 20045 = AAALATY & AFE, 2005 FHAAALATL, 2006, 2007;

A Ao FAFE AFRofN G = NFL

N

d %, 2008). 53, A
AHA skl Qe AL A ddret 22 Q1A .9 FH &, 19935 4, 1997 & &,
1999; 1 %, 2002; A, 2003; I %, 2004, 2005; Koh et al., 2005, 2007; & %,
2006, 2007; 3L %, 2007b; £ %, 2008; Han, 2009a, 2009b) % aFH A &
74, 2000; A %, 2001; 7 5, 2009) o Wig AHAoldry. i F(2005) Clit
NOsol AF%= Aty o 7Fd @o] s v A= stetFdo = AAg vt 9

B & A(2000)] o8}

6+

AFEol A FHEAA A&7 2 Ao ]

w3k, AFAY A sk ek A SEE s B AGe Aga-A
Ay ATl FAAd(Lee, 1996, 1 5,
2007b), W= AE LFTEA(ZL =, 2006b; TFEAAALATL, 2007), thAZE

BAS Bl B84 FAA (AL 5, 2004; I 5, 2005; & 5, 2008), 7)15AE

Collection @ jeju



b0
R-mode

}

o
pul

o] Na-Mg-HCO; 3=}

T

& =] 7]
182 72l of

9

=<
&

A (olivine), 3|4 (pyroxene)

=
"

3l

%

b &

S

=
=

slx]o]  Na¢t Mg7t
HCO4

Al

3T
&
=

AFze A
=]

o

T

)

°|
[e]

o

=]

T

=)
=
H-A]

—
[¢)

1t

2 (2007)

(2008)

ol
=

o

A7
al

3

==
.
R

e

a

st

=) A7)
Mg-Na-HCO;
o)

T

<
2

d-5-oF thuj=EH, o= o

o

It & 5(2008)

o

u}

=

R

2

AT

ol

0
i)

Jo

=

A A 3t AT

"

)

O
i)

=K

il

7} water

o

=

e =Y

o

=

zone),

N

&3}

(soil

2] 4] -3}

o

=

-
T

Eg

(saturated zone)©o.& A FEZTHGuo,

A

=

o

FEF B =-EF A3AE I

el A o

3}

A
L
hyA
a-

)

]

=il
=

=7)

o] Aats Sl WA

[¢)

=

Collection @ jeju

2. EY
(intermediate vadose zone)

A g el A 1070
oozt



of sigect.

o

sz

2 water table

solH, L3

=

table A}o]2]

d|

il

o
A
T te}

o
oy

°]5 &t

ol 4 2]

oj

#5152 9]

w2 A,

1992).

A4l g4 ol

=
°

7} B9

_#O_H

ol
L

B

!

wK

It (Endelman et al., 1974;

3

tol 2= o

S

5_?4

3}7]

7}
Smith & Carse, 1986; Fuhr & Hance, 1992; Kuamr et al., 2004; 31 &, 2007a).

g

bz

[e)
A(—b] =

2ho] Al mE]

S
T

Endelman et al.(1974)

1
R

st th. Kumar et al.(2004)

o
NF

s}l PAH9
et el PAH

3l 5(2007a)

}

HH

oR
"
alo]

BH

o1

o}
blo

shik3 Eof

A% o o]
ook #(1995)

L
R
5

UTE  2.(2000)

€}
=

!

A7}

s

i 7}& A

|

oko
o}

o
T O

AgE 37t

Ak
=

ojo

chlorothalonil s

Collection @ jeju



A 5= A]

KeR
| SN

(2007)

=
[e)

s

o

ol gate] Aol

39kl groundwater ubiquity score(GUS)#S

2071

85k Boke] Agvt A9 ghREol,

bl

5

o, ey, A

7}aH7]

3

3

)4 7834

—

—_
o

ojy

Jobbagy &

1998;

Sttt (Echeverria et al.,

o el

Jackson, 2001; AstrOm & Deng, 2003; Mann et al.,

S|
<

Sk,

T

2005).

2003; Markovic et

ATE HaPF o] gi(MclLean & Bledsoe, 1992; Kumar et al.,

2007).

al.,

2006; Manzoor et al, 2006; Mumford et al.,

EERISPE

S
T

Markovic

Al ge=

7=

S
-

BolH} Mumford et al.(2007)

9]

bl Eofat A3}

S

R

el

—_
fife)

o,

Fol A

%

= O
[SE=1

3}
5)

3}

]

299

o
a

o of g}

o
a

2]

AT

=2 A7)

s

A AIZE Sl

0

Collection @ jeju



u ik

Els

-3k s A AlA

o
free

)

EE SRR

Al

Astrlel =

3)

A=

‘?4

rt)

ol

W

o
;OO
‘mvo

o
_50

0

wl
=~

~

2]

o] o]5A(Shotyk, 1994), w|=F

A

S

7}
9] o] %A (Heredia & Cirelli, 2009) 5ol 3l

3

b

o] TS
d %=

PN
TE s

=K

L A
ST

%

=

Aol A =,

ol2&E|Y} Buenos Aires

-
1

Heredia(2009)

A

W)
I
]

il

1
R

& ©](2002)

=

, 2008).

4

& o], 2002;

Sl e 3E B T

A

4 AL

5 5}.5] o

H] 3

ol

R8s

3 Abel 7t ele,

—

—_—
fite]

AFAGAN N E EFFF59 A

B

AT ARA

2 5(2008)=-

Collection @ jeju



1] 311k 3] ol A

1
s

bolek el 47 AT

J|

A A

el

il

oj

0]
AR

P
T

H T3 =

-
F

3

A
A

3

=

[e)
%,4

a5 7

] 8

bl

A% tRol A8

ki3

o

=

oAl A Taetd 743

3. AstA 2=

9 (Negrel & Lachassagne,

& A

2000; Appelo & Postma, 2007; Lorite-Herrera et al., 2008).

Ro=z

o=

J

A

,_.@O

7} B4 e AT

J ¥ A tHGislason

3

FEANA AT

X

)|
B
=
!

o

ﬂ

]
H

o

% 5o,
sgolu], o4

& Eugster, 1987; Gislason & Arnorsson, 1993; Gislason et al., 1996).

3

H] 238

A

S
-

Gislason et al.(1996)

o=

e

=
<)

L7t AA

o

ol J

—_
fife)

oF

iy

Mo

il

—_
fife)

oj

Collection @ jeju



Etna

[e=]
=2

oletg]o}l Sicily A

-

T

fA1o] =3 x] = o] dxbA o]tk Aiuppa et al., 2000; Cruz et al., 2004; Peters,
2001).
Ailuppa

o

B

s

T

&

o]

=

=

o

A4, Al, Th, Fe
7 As, Se, Sh,

3 E
el
k=

E

H] 21 M (arsenopyrite) 2}

s ot

<

S|
&

El

5

Faact
"l= New Hampshire?]

=

[e)
V, Zn, Cu

1o

A

o

o

R
.

5=

A A3t9} PHREEQC

59
At} Peters(2001)

=

skeb gaffol 719

=
T

index)

3T

<ol ol STt F-5-H
=

2 AA AT} Cruz et al.(2004)9] <] &)

Hoj

oxo—anion

0 o
31 =2

(scorodite)?]

&
R

al

A

o}
44

0]

o

=

ol ¥l ~(saturation

2
e
527}

M

ofp
100

¢+

=] 5}

ul O
1o -

atell A

=AM A AEA

=0
=1

SRl

&k

ol

Atk e

T-al

atoq

¢}

s

AR E

1
ol

ﬁo
B

o

al

VS
~

5] 4 7813}

bl

A&

A

o]

ol
_10_

[e) X]

(2006)

o

_TJ_C

b g,

&taL, A

<

Collection @ jeju

el WA
7}
gy, AFA

[

=
=
=



, 1 DO o o % 9
- 1_; > Q R il ) _7 \Nﬂ Ln_lvb \._m_ul \ml —
= o GRS R R E 5 g o2 0%
sl T 1_e ™ok s S, & 5o O % ke ) = -
= X = e i 5 = N R g =
0 ~ s —
m T ) oW T § Y = B & ¥ -
= = < W 2 = B T ol X o o B 3
) o T o £, o B S " o I H =T K
< Ir o| MR- o) X B z = gl
~ =% o = 2 9 AR — - YT 0 -
= B ° - %o " .. [0) m HH o Nl o o m ol Wu
— =0 5 0 = 3 13} ‘mﬂ AL —_— 0 0 I~
— X P © M o e o = T N
= S 483 ™ o S S N — ML S o Moo
& our Ve oo N R g oK T SIS i = N o
- ) I - ) g & % T
T Toowm g % 8 £ = ® e T T
o ) Plo = O o) © S N - 2
= ® T8 W M5 w X o o 7 % = 35 X
2 w0 2N 2R R o = 5 2 5w
g g ok NS E R o ¥ i " 23 E R o
o irl PTG 1z 2 3 ® A
° ¥ L Wo e R BT om IS B - RS
o] [n} ~
I mo_w < T % M % o o Mi W 3 E 5 HM s Y
X X s o] W~ o NS K o 3%
oA 5 e UNERL F R @ A% w2 g
o < R o O oW H 3 e
£ ox T N Ny S G g o ' 5 5
o L = < S e, S e I TR
X3 o ™ - Q e ™ - o = g K o £ X
- . ~ o)) g ok e 5 R Xy
SN L . S5 o8 B = R
T A 5 A @ m GO oo X B 5 T
T o= o S bvhL s Tw i TF AT g 28 ook 2
o X . \\w . U_.E N | Jlorﬂ o - :i \—.IJI 1’ m I ‘mwo ‘MM E._ _/A
TR g i - I > 92 N 2 @ E - S S T
T o U B ¥os QoA R = % " ow
2 T BTt EoSRTIL Lz
T i WL M% W Eo dlo S = o m o T W = _zr. ~ oﬁ
LT M 22 REBropdilorzasizly
P B A - T R T TIC - =
W do SIS RO o o Y B ow o o o3 b
= X N XNOR H % o & G W oo o
o = ¥ Hop B oo o &5 ST DB Fr Fow %o o#
S o o 8 =2 8 B O K A
ﬂo OU X X

Ut (Macfarlane &

w3

473

d

o=

7]

g A
_11_

o

=

A5 A

AT EYo R

K7}

f

Collection @ jeju

o

g]



EE
1989;

’

o

T

3

ke

o

&

54 290l
2AthH

1

s

a4 A

Aoz

-

T

2

°©

ol a7)EU(paleoso) o2 x &

=
o

Holland, 1991; Rye & Holland, 1998).

[ T SR ~ T 9 o T WO P 585 & L
T KT prd o Mo oF um To o e ﬁ T 5 2 8 ™ ua
R Tt S el D T
T b m ox = X M X w < Z 8 3 T
= o NeR ofp I o " X o
2 < o B o R o @ =3 {F ) (- R~ w ® Ao o
N W og R B S R T
0 .ox % R — S

Mo Mo == +~ @ o owm oW w. mw Mm W <ome 2 -
Cla o =g e o W T i m o Fo-o o ®» o mom WTM
< = 4l 0 <] e — . dl IS ) NS
CRR AR o T " r BERT 5 2R om ¥

o) ﬂo ,,Ll — ,A —_— ‘UFHI ‘@| oly A 1) 0
o SE LA T qw RS ¥ ) SR M
EECINERE R AN N
S w &® . xR TR T [ S T e &
e s o2 s PR ko T Gl N - S 2 & X
Hlo N, 3 ol Mc = o of- o ol X ‘IﬂM Nro W | Mﬂ N+ %

do — Mo ° T 2 K B = ® T oo ] T W
o o T T8 W T X Mm e T B o B

T o Mo Mg wr ok ) J R O : <
I R o X e T g ET
_% o B _ﬂ MM I+ b o = W o N P & Mﬂ Njo g = g B

—_— ) —~ [

TR oo P ™ K - e A Ar
s & My ® P E TG e B oo = Wom o P
S ¥ P mem Tow R T g R g d < O -
= I o 2 o - B R T < = T T
g B x o0 = 7 o KIKR = B o) et WX -

& oy R S I e N I
i T - oF ) = o 0 o o X x o2
L AR I R X o, B g w o o
Jl,_ Jo o | - R ) ol N i ol Bodo N do P
TN g Mo R oo m T a4 U ) T oo o g
G ST oy iy M I~ I3 tlo bl M5
colliy No X @ = 2 gne K W+ T o oW N
T T o <X My ke T o B = X 3 m % 3 o 3
o o oW F T T R e YT G R S | I BN
R T S B E M AKX YR T X N oz S A A N
ooHN A F T R T B OROWU WA RR o

_12_

Collection @ jeju



7

SEERS

3l

IR ESE
%

-

-

T

[e)

T

(2007)

=
o

o] A%} et

1)

=

]_O

(2008)

=

o

==

AG e el f-2hEol &
T

sheie.

=

o

—_
fi%e)

!

carbonate-rich primary

gz AR
=
SEE

|=]
<
=

LN

Mizunami

w2t 774
A

T
| B

al.(2009)

et

3
3, Gr)Ee AEZhel

ol A

1

=

[¢}
Abdelgawad

3

o

Mo
.*Oﬁl

oy
1l

~

A (fluorite)} +E(mica)et #

(6]

P
il

—_
fiie)

o)
_Zﬁo

=K

No
53!

)

1

S

o

okl

A
_13_

= 2002), 3}
=, 2008)

=

] FAR(AL, 1997; HF
1993; i
Collection @ jeju

AT & 7,

A



P vheda gl

°©

oA T

brel el 73t

S

% )

1A &

—
file)

%

Cdﬂ'. T’q“j/]r/ﬂ, XJ]—T—X]O_:} x]g]__/lzoﬂ

31707}

0
pul

.

s ER A5 o

A &=

7
N

]

HEskaL ITHA

A St

2003a),

=
O b

, 1989; ©]

ful

A

T2

2007; Han,

, 1999; Koh et al.,

=
o

%

blo

1999),

1t

Aol A

et

g

A

°l

T= A

[e)

T

=

SR

T

k)
pil

ol

7= A E A
ojFol A gkom,

B

o
T

—

&+
¢+
—_
file)
Gl
2%

Ik 53, Aot

_14_

Collection @ jeju



S TSR

3)

e 9

oz

[e]

3

Ry

=
=]

vl
=

H, EC, TDS

e D

=

VS|
)

sho]

o

—_
o

il

el

—_
o

_15_

Collection @ jeju



2. Az R WH

7. AR A A%

AFEe] FAE FESY BEA B4R 284 #4989 A8 S99
"AFE A FONE ARl mel, 4718 FAf ols AR 16719
2froow =

TEREAGAFE & TEFFALTAL, 2003). AFA Gl FAHRY
=

Freol o, ATl HeEel fAska st (Table 1,

Table 1. Division of drainage basins in Jeju Province.

Basin Watershed Basin Watershed
Name Area(k) Name Area(k)
North Sub total 466.1 South Subtotal 492.2
Aeweol 85.3 Namwon 133.5
East Jeju 5 East Seogwi 107.1
Mid Jeju 89.8 Mid Seogwi 106.3
West Jeju 89.5 West Seogwi 82.8
Jocheon 126.2 Andug 62.5
East Sub total 494.7 West Sub total 375.3
Gujwa 172.5 Daejung 130.8
Sungsan 114.9 Hangyung 102.8
Pyosun 207.3 Halim 141.7
Total 1,828.3 kn
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FHrdo] A= W 400m II7FA| A HAAF 543 AT} o]F W

i

HA S o] 1 3}F7A] AP HAE A3 Hgasta v BAFH] APk =
1,314mollA HaE o]FH, HA H AxE+E 383.7m, B AFAAE 4.6°

ol H(A 5 E AR 7 iEF AL, 2007).

2) A8l AR A

AW FA4Fe Aste B 4TMAE SEA A A=E 1:25,000

A4 APEet GISE AZEYQ ArcGIS  9(ESRI *hE 283t

MAFE A st BAY FiaE 25~457m, FEFAEE 46~500m AFe] 9 tH(Table
D). Al5aAT g3 Fde IATTU(AEIE=: PS middle)e] X7t 7+

welow  gauials] SAEA(AEIE: Masahoe06)9] a7} 7 Egko)

AstEAlR AE Ask AAFHE 20089 129 (AFLAlT 12/4~12/10),
2009 3¥ (LAl 3/5~3/10), 2009 69 (AMFLA: 6/17~6/23) 2 2009

08 (A5AN: 8/30~9/4 el F 48 FASTh AnpAe wAEE 43
Aol BAR Aol R o §3AL.
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Fig. 1. Sampling locations for groundwater of Pyosun watershed.

SDS1 represents the first bores for Jeju Samdasoo, a bottled still water
commercialized in Korea.
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Table 2. Description of groundwater bores in Pyosun watershed studied in this

research.
Bore Cord. Cord. Use Elevation Dept D(i:aﬁienir Dizﬁgte EZ;DCIE ;}3 23
X Y ¢ (m) h (m) (mm) ( (ton/day (m) (m)
mm) )

PS middle 18324 3 1565 L 25 46 200 50 302 25 25
P-177 18288 32780 A 50 60 200 80 600 47 52
F-179 18é58 30874 A 55 1 76 B 200 100 800 60 57
P-514 18524 31402 A 58 75 ! 200 80 800 56 64
D-037 18290 31531 5 63 95 250 100 1100 64 64
D-259 18236 34311 A 67 101 250 100 1000 67 75
F-051 17841 30178 A 72 110 250 100 750 96 96
R-002 R 32335 L 75 95 200 100 800 - 70 72
D-270 18g89 32882 A 83 110 250 100 800 81 . 81
P-337 17206 31549 A 88 120 250 80 800 81 . 82
F-032 182)34 34098 L 89 114 250 100 1500 85 96
P75 18320 35676 A 91 110 250 80 600 77 93
R-003 1851)12 e | 3 96 116 250 100 900 89 92
W-028 17281 34521 A 98 105 = 200 100 800 85 91
F-395 1012 S8 A 103 149 250 100 900 102 108
D-148 17234 32927 A 105w ldomio50 100 800 104 120
F-392 ERLE 9T A 105 130 250 100 900 102 108
R-015 18532 35520 A 112 140 250 100 800 107 118
R-026 17251 32997 A 114 150 250 100 800 110 128
F-490 17218 31858 A 114 152 250 100 900 111 114
D-314 17580 33667 A 117 144 250 100 700 79 84

KIM Aloe 18(1)87 DT A 100 15 150 50 224 115 10
D-020 18(1)52 38724 A 126 143 250 100 850 117 116
D-224 17221 35710 L 130 143 250 100 1200 114 130
P-178 17719 3336 L 133 160 250 100 600 115 130

_ o0 -
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F-339
R-006
F-271
F-269
R-011
D-309
F-270
Haerim
Havichi
F-549
Cyprus CC
R-014
BY CC

LineNongsan

DongbuWisen
g

TheClassic
Sangumburi
YH Hanwoo
Minimini
MasahoeO7
SDS1

Masahoe0O6

2
17723
1
18085
8
18109
5
17771
5
18045
8
17979
6
17875
4
17579
L
17450
8
17731
8
17631
1
17424
6
17259
1
17295
8
17193
8
17051
5
17081
1
16811
2
16970
7
17045
0
16932
0
16941
3

1
3429
0
3669
6
3598
2
3546
5
3864
6
3830
3
4105
)
3543
5
3494
9
4084
7
4063
4
3863
5
3577
3
4254
7
4376
0
3664
3
4318
2
4278
4
4318
5
4102
4
4163
4
4095
5

138

140

140

149

180

193

203

207

232

238

268

327

337

368

390

394

409

415

415

434

440

457

170

156

150

170

200

200

230

250

250

255

290

320

377

270

390

421

330

480

400

500

400

500

250

250

250

250

250

250

250

190

200

250

250

250

250

200

250

250

250

200

200

300

250

300

100

100

80

100

100

100

100

50

65

100

65

100

65

50

100

65

80

50

65

65

100

65

800

900

1000

800

600

900

700

134

500

800

700

700

600

133

359

300

500

141

150

568

1300

556

120

133

72

134

147

177

187

235

192

213

205

275

310

303

213

295

262

307

294

314

125

134

135

150

163

180

191

240

195

213

256

276

243

360

305

223

295

263

307

294

314

A, B and L represent agriculture, bottled still water and water in daily life, respectively.
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Table 3. Description of domestic bottled still water (n=11) used for this study.

Brand Factory location Production date(year.month.day)
D1 YunChun 2008.06.13 2008.09.09 2009.03.20
I1 YangJu 2008.06.11 2009.01.13 2009.05.17
G1 SanglJu 2008.03.12 2008.10.08 2009.05.20
G2 OkChun 2008.05.26 2008.12.16 2009.06.09
P1 GoeSan 2008.06.18 2009.01.30 2009.05.20
S2 NamYangJu 2008.10.29 2009.01.27 2009.05.07
S3 PyungChang 2008.05.11 2009.03.02 2009.05.17
S4 YangJu 2008.01.29 2009.02.03 2009.03.14
S5 WangJu 2008.04.14 2008.05.13 2009.05.14
S6 ChungWon 2008.06.04 2009.02.11 2009.04.24
Y1 HongChun 2008.06.17 2009.02.01 2009.05.07

Sampling was done three times at Dec. 2008, Mar. 2009 and Jun. 2009.

o BN R AR

Fole THE MNEE FYAEH STl HE 5 =HEE 656% 1% FA4H(Sigma,

ua)S AR 100ml 71EeZ Iml H7bsled pH 2 otz dHojrmd &

23k Aol (Appelo & Postma, 2007; B. Frengstad et al., 2001).

Fol=(FEAt A9 A8 MNE= 77187 H2 F FARAsIH. TOC

=48 AE= Vesper(2002)7F AAIEE WS Fxsto] 100ml F2]8710] &

Ao

A

Firol 719 gl=F A F IN HCl 0.05 mis ¥ § JduasiuA

_23_
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2.+
1) pH, EC, TDS ¥ ZA%E #4

A7 - =X (electrical conductivity, EC)+ conductivity meter (model: Orion 5
Star, Thermo Scientific’h& ©]&3te] ZA3I3Tt.  pHE pH meter (model:
Orion 5 Star, Thermo ScientificAhE ©o|&3ste] pH 4, 7, 109 FFgHoF
BAZ F ZA83 . TDSE mgL™! ojo2 A5 Cl, NOs, SO4, HCOs, Na,

K, Ca, Mg ¥ SiO, 4% & Hitslo] 8 H(Nojiri et al, 1993; % 5, 2008).

gEaa, ABAAA, S duizAl dw, s AR Abolst =4

©
n
o
kS
o
Mo
i

T2 Yo]2 Ca, Mg, Na, K¢ SiO,°] =%+ inductively coupled plasma
atomic emission spectrometry(ICP-AES)(Varian 720-ES)S o] &3}o] A=

3k Fedste] A8 th (RSD < 10%).

—

7t Al e EEEAS EAAS F8tFe] v=7F 47 100 mgl el

rlo

HE] EF=8 N (PARMA-CAL-415, Inorganic VenturesAh)S A3t %5 89
TLEE Ax

4@

Na, K, Mg, Ca, Si o] Z+Z} 0.1, 0.5, 2.0, 10.0, 40.0, 100.0 mgL™"

=
HEFAE 0.2 mgl' 9. FrE

AR 4ol olgagth. BAW
ARIFHSIO,) From Sabate] Avg AT

@ F8 gole B4
Sol 4L T8 Fol2o=ZA HCO; NOsz SO, Clo s #Astiem,

_24_
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njgk So]&9l F, Br, PO, #483t}.

HCO3& A& 50mlE #F3lo] ulojAd] Y BRrIdEad xAfs 33
74 5 wlavgnts go] mylby] 9ol wwksbHA 0.01N HCl fojo=
A Aste] Aol

NOs, SOy, Cl, F, Br, PO, ©]-2-& IC(Dionex ICS-2000, USA)Z o] &3}o] Table
4 o] Z7ol| & Al A A8 NOs, Cl, SOy POEFEENLS 0.1,
0.4, 2, 10, 50, 100 mgl 'S #A|Zde] B4 = ALA DA o]L3 9. F, Br
BAg FFELAL 0.1, 05, 2, 10, 50, 200 gl ! FE& ZAlste] A F kA
2ol o] g3t e BFEEAS 6NHE FYES W AUEE 2%
oliitt. Agts Almel digh IC ®ARe HEeAE NOs Cl, SOy 2 PO,

100gL Y, F2} Br& 0.1 ugl™! o).

Table 4. Ion chromatography operating conditions.

Item

Analytic condition & setting range

Mobile phase flow rate (mL min™")
Injection volume (x0)

Applied current (mA)

Mobile phase composition

Eluent Source

Analytic column

@ YL BEXS
n S A
820-MS)E o] &3lo] HA3}t}.

g ICP-MS ¥4 =

1L(0)

25

g

20mM KOH

EGC-KOH II Cartridge

Tonpac AS19 Analytical (4X250mm)

A

1

inductively coupled plasma mass spectrometry(ICP-MS)(Varian

Ak Alas AW Mgdas Ag, Al As,

B, Ba, Be, Cd, Ce, Co, Cr, Cu, Fe Ga, Ge, Mn, Mo, Ni, Rb, Pb, Sb, Se, Sr, Ti, TI,

)

Tm, U, V, W, Zn, Zr & 30
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ICP-MS &4 #8l Al Fe, Ca, V, Ge T& A& HA=49 Wallgat=

HAH3A 7171 938t  CRI(collision reaction interface) Al28lS 24835}

Egdae]  REELL EAOY sEEe] =7t A 1000 mel 'l
HE] 8N (PARMA-CAL-415, Inorganic VenturesAhS ARESAt. X+
g9S 0.1, 0.5, 2.0, 10.0, 50.0, 100.0 pgL™ ©¢] HEZ Axste] ¥4 F
HEEAEE Scb Th(E%: 5wl He AREslth

=]
"
Byl AZes BAUE §81% 25 0.1 gl A

3) EXdxe] AHAG AT

wAaAd3e] Ao Yt ASTS Hdl Faol2e] o A wWH~
o # ¢k(charge balance error, CBE)E 7|} tHvan den Brink et al., 2007;
Ozcan et al., 2007). A3pWA X~ o H ke Ao o8l F38}3it).

3 Z-Me =5 T M,

. 100,
S Z-Me+% z2-m,

% Charge balance error =

z © absolute value of the ionic valence
m, - molality of cationic species
m, - molality of anionic species

shuesge wol wolglt FAskel A Fe BT Mol

>10% #tol&
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Table 5. % of charge balance error for groundwater in Pyosun watershed and
domestic bottled still water.

Groundwater in Domestic
Pyosun watershed bottled water
Number of samples 188 33
% of CBE ( >10%) 4.3% 2.6%

) BAAR) B4 2 4By B

2 Ao ot HMANE HAFEEE o] FH &v FAYgE] Y EAE T
EXANS HAHE Fd@HT 2 BEXE Hol: 949 292 (skewness) dAfo]

FE #EEJY. FARRY AR HEFEAR i 224 ks g
Kolmogorov-Smirnov(K-S) WH<S o]&3te] 95% Al F1toA St
(Shrestha & Kazama, 2007). =241 Ao gk tE kS ot gk o2l
SRk ol &3 ATHE &, 2008).

B FAS dARC dis) vES GHEARQL Spearman v WS

A3t 95% = 99% A E|FHAA AAEA S 83 tH(Mahlknecht etc.,

2004; Shrestha & Kazama, 2007).
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3. 2% 2 1%

7 BAFY Astre Eud FEA T 54 W3

\}—l/
53]
K
i1
o]

jav
™
O
H
o
wm
%2
o
iy
fo
‘B
ot
A
o,

K At 47 A&l dist 284 Ay(Table 6), pH, EC, TDS %
Are Fud=E 544 443t dEgE vERllthFig. 2). £31 200~300m
A= R37F A4S EC, TDS, AX, pHZF &Alel S7ksksith. ol&
AA Y] FLFAGORFEEH FiL 200~300m AHZA ASFTE frEetHA E-
a}

B2 BRG] o3 §ERAF FEI SRS ek

¢

middle(EXZF g a)2 TDSY el F77 BZE(AY. TAFY A a9
TDSE dlFzdoel dovs A3 At i 300m F-ZolA Hulghs
Hola 9t} ¥ 200~3008 AHo = o] ¥ 200m ©|5tY @l ekA A tjel A

0

pHE= EC, TDS, AE¢= g8 Zi 200mE AAoz FaAAUzE 4=

[¢]

AREAT o= o] §(2003a)°] AFA ATt fFEAGeR fEshe #A
gol pH7F 8.0 o]Fo® AEsitrt vAl shdte Baeh dXse Aot
a2y, Banks et al(1998)e] ok =2 glo]e] 16047H49] Askgel  oieh
EAOIA BtAHell A pHYF dsdtths Aatebs dASA Tk ol RARY
A7t AN NAN == wheo] fady] WEoeR BoXith pHi &-
FE g AXEA(Banks et al, 1998), frArgt AAAWAA E-F=
IS Et Fdathd Askge] pHE FAME ghe uEhd Zlelr] wiEelth
Ao sl Eed o] g o3 B¢ Agste JFE v 5 s

Aoz HAXtHTable 26). Agt2] pH AL UF%

Lo
v
7
ro
oy
1o
o\
o
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FEEEE Aol @tk AoA o

<93} (Banks et al., 1998).

Table 6. Statistical summary of hydrogeochemical parameters of groundwater
(n=47) in Pyosun watershed.

Unit Mean StDev Min. Q1 Median Q3 Max. Skew.
pH 7.74 0.13 7.50 7.69 7.71 7.7 8.23 1.79
EC pscmt 120.41  24.32  68.26 110.23 119.64 134.63 207.43 0.63
TDS mg L7 121.90 1698 77.38 115.23 124.12 132.40 166.46 -0.45
Hardness mg L7 34.37 6.15 18.13 30.56 35.88 38.00 45.13 -0.82
HCO; meq L} 0.77 0.11 0.50 0.71 0.76 0.83 1.05 0.07
NO; meq L} 0.11 0.09 0.00 0.03 0.08 0.16 0.35 0.91
Cl meq L} 05 0.08 0.15 0.20 0.23 0.26 0.68 3.15
SO, meq L} 0.05 0.01 0.03 0.04 0.04 0.05 0.10 2.00
PO, peq L7! < 1.04
Br peq L™ 0.55 0.12 0.38 0.47 0.53 0.62 1.07 1.98
F peq L! 3.02 0.39 2.30 2.78 2.93 3.28 3.97 0.21
Na meq L} 0.47 0.10 0.32 0.41 0.45 0.51 0.90 1.98
Mg meq L} 0.41 0.10 0.15 0.34 0.42 0.46 0.61 -0.40
K meq L} 0.07 0.04 0.05 0.06 0.06 0.07 0.32 6.49
Ca meq L} 0.30 0.06 0.13 0.27 0.31 0.34 0.44 -0.47
Si0g mmol L' 0.55 0.05 0.41 0.52 0.56 0.58 0.65 -0.64
Ag pg L7 0.66 1.07 0.19 0.34 0.37 0.41 5.18 3.70
Al pg L7 2.32 2.02 0.60 1.10 1.53 2.37 9.79 1.99
As pg L7 0.86 0.20 0.56 0.73 0.82 0.96 1.80  2.31
B pg L7 9.71 1ol 7.61 8.90 9.46 10.28 14.93 1.54
Ba pg L7 6.65 0.62 5.04 6.32 6.70 7.06 7.63 -0.36
Be pg L7 <0.1
Cd pg L7 <0.1
Ce pg L7 <0.1
Co pg L7 0.19 0.05 0.11 0.16 0.18 0.21 0.35 0.90
Cr pg L7 0.96 0.32 0.46  0.74 0.88 1.12 1.89 1.02
Cu pg L7 0.79 0.84 0.28 0.46 0.53 0.86 5.87 5.12
Fe pg L7 5.27 (6517 2.00 3.43 4.07 4.97 4533 6.22
Ga pg L7 0.85 0.37 0.57 0.65 0.73 0.88 2.52 3.21
Ge pg L7 0.36 0.19 0.11 0.23 0.31 0.45 1.07 1.41
Mn g L7 0.47 0.75 0.21 0.26 0.29 0.39 5.25 6.03
Mo pg L7 1.41 il 0.85 1.04 1.18 k. 36 5.33 3.56
Ni pg L7 1.14 1.18 0.18 0.37 0.74 1.48 6.35 2.57
Pb pg L7 <0.1
Rb pg L7 10.72 4.60 6.07 9.69 10.12 10.84 4049 6.09
Sb pg L7 0.39 0.12 0.22 0.29 0.35 0.52 0.60 0.43
Se pg L7 1.36 0.94 0.21 0.41 1.35 2.02 3.61 0.43
Sr pg L7 35.37 8.12 15.75 30.99 36.67 40.97 49.44 -0.70
Ti pg L7 0.53 0.23 0.36 0.44 0.48 0.53 1.82 4.63
Tl pg L7 0.29 0.09 0.19 0.22 0.25 0.35 0.54 1.05
Tm pg L7 0.20 0.02 0.14 0.19 0.19 0.19 0.26 1.09
U pg L7 <0.1
\Y pg L7 8.57 1.90 4.85 7.12 8.57 9.46 13.34 0.58
W pg L7 2.78 5.54 0.73 1.14 1.24 1.81 33.32 4.53
Zn pg L7 29.54 57.48 0.66 3.23 6.22 2574 280.59 3.21
— 29 _
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Zr pg L7 0.26 0.06 0.20 0.21 0.23 0.30 0.41  0.73

200 ¢ 200
e o0 * ‘o
3 100 2z \ ~.__v.:‘°
8ol M | N & 50 -y
0 0
0 100 200 300 400 500 0 100 200 300 400 500
50 wves,
— . s "-".
g L H ®
5 0|9 oy £
=] e A &
w & ._-.. {1
%‘} 20 AL
& 10 7.0
I H
. 6.5
0 100 200 300 400 500 0 100 200 300 400 500
Elevaton (m) Elevation (m)

Fig. 2. Chaging patterns of EC, TDS, hardness and pH according to elevation
in groundwater samples (n=47) of Pyosun watershed.

Diamond dots represent PS middle located at 25m a.s.l.
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200~300m olstid A= AHAAFHAY L38ld  Hadske Agoldu. mARY
A% i Ca, Mg, HCO; ¥% W& pH, EC, TDS, A% w1l

PPt AR ot A%

g
o

=

< 7Fshy, 323 200~300m A HS 7|Ho =
sto] o5 3tetFel FE=EFIIE AdE = SA FolA HASS AAvdH

FAFA Ak o] Fa 200~300m FZol A Zeki-e] o] WIS

= 1dE FaeErt w2 AEFE Fda 5, 2007b),

#3120 AGE Asre] fEAR R ARAN B (ee, 1996) FOE

FAFY AsrS Na, Cl, SO.8 FE= A3t 24 71kl v (Fig. 3 (a),
(). olx= Aty FFAFGAN =-F= F2E&I HAANANA AFHd =

s4ZE o HEAEY #dol HFHom #AEsIs7] "WEd Ao=

(A}

HAZY(AL 5, 2005; 3L 5, 2006b; 3L 5, 2007Db).

Agud 4T Zarb 26mE 7B W ZASSu(AEsas PS

middle)ol A= Na, SO4;, Cl =7} oldHo= FA

o
o
30

JtHFig. 3). °ol&
24719l 2008 129 ®AFStal(code: PS  Middle) ¥  AAIE A
sl del o8] Na, SO4 Clo] A HEHW] WEo =2 A o= ATk
SHA e bAoA ATl sgAdEe]l mokve i 519973 #

5(2008)¢] Aot AA|Fhr},

o
o
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2o 29x acld osjr gdgke Wi 318 YEFAT(Koh et al., 2007).
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Fig. 3. Distribution of major cations(a) and anions(b) according to elevation in
groundwater samples (n=47) of Pyosun watershed.
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Fig. 4. Spacial distribution of Cl (a) and NOs (b) in groundwater of Pyosun
watershed.
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Fig. 5. Distribution of SiO, according to elevation in groundwater samples
(n=47) of Pyosun watershed.
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Fig. 6. Distribution of minor elements according to elevation of groundwater
samples (n=47) in Pyosun watershed.
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(b) Concentration is lower than 10 ugl.”! : Al, Ba, Mo, Ni, Se and Fe
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Fig. 6. Continued.
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(¢) Concentration is higher than 10 xgl.”™': B, Rb, Sr, V, Zn
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Fig. 6. Continued.
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(a) Groundwater (n=31) lower than 200m a.s.l

Cl+NO3

(b) Groundwater (n=16) higher than 200m a.s.l
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Ca Ma+kl HCO3 Cl+NO3

Fig. 7. Piper diagrams showing water quality types of groundwater in Pyosun
watershed.

_43_

Collection @ jeju



D BAHY Asre] v esed 54 29

EC, TDS, 4%, Ca, Mg, Na &9 4352 ®i 200~300mE 7[Ho=
AAANRE A55E w27t AAFAY SV £3HE vk pHEF HCOs+= 33
200m olaloll A $38]8] wE7t 7Aasgrh NO; o] &L %il 200mE 7|Ho=
AAANAA sEZF7E o] FHEGT. FAFIE X3 200mE VHoRE
EA4AQ AolE YErlYh. AT A (A 7] PS middle) 2o] 3jtwiel
ARG A st e Pl AEHA

EAGA Aol4s AAFOR B 200mE 7|Fow FREE FokA X g9
FSAEA| Ao A FHEA Q] Apo]7F YEIYE Ao R HILEAY. wEkA, o] & =
™

& EAFY A FABHL EL 200m oFe Assw

o

3, BAHY Ases T G £954 M

1) pH, EC, TDS % 3=

kA

3L 200m o)’dell $1A1% ;EAF Askrel EC, A%, TDSY Fitake 44
108.1 pSem™, 30.0 mgL™!, 113.4 mgL'2A U] HEAES] 146.0 uScm™!, 48.9
mgL™!, 137.9 mgL'el wH]a] w¥StH(Table 6, Table 7). pHO 2%+ ®AH
Aetare] FAgho] 77224 wul HeAlE 74400 HlS =3t

_IR

2) F80],Si0; & "Fe29 T

O F8 Fo|2F Fol2

b
o

9 A5 Na, K, Mgel 73S 0.39 meql™, 0.06 meqlL™}, 0.33
meql.”t )3, ] HEMZAE 0.41 meql!, 0.02 meql™!, 0.22 meql™! &
UEbgtH(Table 6, Table 7). K9 Mge] A9-E ZAGY Adt5oA] Aoa oz

_44_

Collection @ jeju



=9tk Cad AS$E U HEAEY Ftol 0.93 meql! 22X FAFY
A8t F7H4E 0.26 meql.™t Bt} 3

sl Mgel sX7F w2 AL AFsEHoR Mges ddez I3

M

AEFE(mafic mineraDQl #H4 7 14 So] 2-F=2 kSl doshr] wE<l
Aoz HoZHRabemanana et al., 2005; Pawar et al., 2008).

A
1A

9}

9 Ak HCOs9F SO, %9 F7gke 27 0.74 meql™!, 0.04

¢

meqL.™ 24 = HEMEY T 1.13 meql!, 0.18 meql™ ¢ B]m3Eto
Uk tH(Table 6, Table 7). NOs&= ZAF9 #3149 F3rgke] 0.03 meql™' ZA
U HeENE T 010 meql! ®Bu wdd Cle ®AHFY A 4o
F3%kol 0.19 meql™ 224 ] HEANES FHgk 0.11 meql ™t Btk oF 2w)
t& =oktt.

N
off
Hir

_45_

Collection @ jeju



Table 7. Statistical summary of hydrogeochemical parameters of groundwater
(n=16) in Pyosun watershed higher than 200m a.s.l.

Unit Mean St Dev  Min. Q1 Median Q3 Max. Skew.
pH 777 019 750 7.69 772 776 823  1.64
EC pscm’t 104.63  21.92 68.26 89.83 108.10 118.43 142.73 -0.08

TDS mgL'  111.89 21.10 77.38 91.65 113.39 126.85 149.30  0.00
Hardness mgL™ 30.69  7.58 18.13 23.41 30.00 36.31 42.00 -0.07
HCO®  meqL™ 0.77 0.11 050 0.71 0.76  0.83 1.05  0.07
NO? meq L7} 0.11 0.09 0.00 0.03 0.08 0.16 035 091
Cl meq L7 0.25 0.08 0.15 0.20 023 026 0.68 3.15
SO* meq L~ &05L Mol 003 6.02 0.04 005 0.10 2.00
PO! neq L~ < 1.04
Br peq L7 055 0.12 0.38 0.47 053  0.62 1.07 198
F neq L 3.02  0.39 230 278 2.93 328 397 0.21
Na meq L 0.47  0.10 0.32 0.41 0.45 051 090 1.98
Mg meq L} 041 0.10 0.15 0.34 0.42 046  0.61 -0.40
K meq L ! 0.07  0.04 005 0.06 0.06 007 032 6.49
Ca meq L} 0.30  0.06 0.13 0.27 0.31  0.34 044 -0.47
Sio? mmol L' 32.31 424 2441 2851 33.48 3525 3872 -0.20
Ag g L7! 061 098 0.19 0.34 0.36  0.41  4.26  3.97
Al pg L7 2.43 1.96 0.66 1.17 164 275 739 156
As g L7 0.80  0.28 0.56 0.69 0.74  0.81 1.80  3.26
B g L7! 9.15 1.29 7.61 8.30 873  9.42 1199 1.22
Ba pg L7 6.29 064 504 5.86 6.38 6.72  7.46 -0.09
Be 1g Lt <0.1
Cd pg L1 <0.1
Ce pg L7 <0.1
Co pug L7 ONR 1 003 0711 0.15 0.17 0.20 0.25 0.32
Cr pg L7! 0.87  0.35 10.46 | 0.64 0.76 1.01 "7 I1.25
Cu pg L7 0.79.% 0.45 Jo23 0 448 0.60 1.13 1.82  0.84
Fe pg L7 4.37 124  Zadel.55 420 550 6.66 0.21
Ga pg L7 069 0.11 057 0.62 066 076  0.92 0.89
Ge pg L7 031 0.11 0.12 0.24 0.30 040 052 0.11
Mn pg L7 0.32  0.10 0.22 0.26 0.28  0.33 055 1.46
Mo pg L7 140 058 0.94 1.01 1.18  1.69  3.09 1.90
Ni pg L7 0.93 D30 0.2Gs @ 0.32 0.74 0.99 266 1.29
Pb pg L7 <0.1
Rb g L7 1200  7.66 801 966 1005 11.17 40.49 3.89
Sh pg L7 0.35 0.11 022 0.28 0.30  0.37 056 1.10
Se pg L7 149  0.87 0.27 063 1.63 202 294 0.03
Sr g L7! 29.10 891 1575 21.87 27.20 38.10 4141 0.12
Ti pg L7 054 0.19 0.39 0.46 0.49  0.53 1.20  3.27
Tl pg L7 0.26 0.06 0.19 0.21 0.23 0.29 0.39 1.07
Tm pg L7 0.19  0.02 0.17 0.19 0.19  0.19  0.25 2.56

g L7! <0.1
\Y g L7! 843 221 4.85 6.71 837 947 13.22  0.40
W g L7! 2.33  3.15 0.73 1.09 1.25 1.86 13,51  3.39
7n pg L7 4474 7716 1.14  4.19 6.34 56.13 280.59 2.34
7r pg L7 0.25  0.07 0.20 0.20 0.22  0.26 041 1.48
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Table 8. Statistical summary of hydrogeochemical parameters of domestic

bottled still water (n=11).

unit Mean St Dev Min. Q1 Median Q3 Max. Skew.
pH 7.42 0.24 690 7.32 744 756 7.81 -0.57
EC pscm b 169.09  69.84 97.99 101.69 145.98 188.79 335.78 1.56
Hardness mgL™'  61.07 29.93 34.44 34.81 4889 67.33 137.00 1.82
TDS mgL' 152.94  55.27 100.73 103.63 137.91 168.81 297.51 1.99
HCO; meq L™ 1.29 0.64 074 077 1.13 1.31 3.04 2.40
NO;  meqL™  0.10 0.05 004 0.04 0.10 0.11 0.21 0.91
SO, meqL™? 029 0.18 0.10 0.15 0.24 0.36 0.75 1.76
Cl meqL'  0.12 0.13 0.03 003 008 0.12 051 291
PO, peg L7 <1.04
Br peq L7! 0.15 0.07 005 0.10 0.16  0.20 0.27 0.20
F peg LY 1811 1452 355 563 12.34 2378  54.24 1.73
Na meqL'  0.38 0.15 0.19 028 041 0.44 0.65 0.49
Mg meq L' 0.32 0.33 0.11 0.16 022 0.30 1.24 2.64
K meq L' 0.02 0.01 001 0.02 002 003 0.04 0.08
Ca meq L' 0.99 041 055 056 093 1.20 1.94 1.19
Si0y  mmol L™ 0.31 0.08 0.18 029 0.32 037 0.43 -0.34
Ag g L7! 0.28 0.20 0.00 0.00 025 0.30 0.68 0.82
Al pg L7 1.80 183 0.53 076 111 1.78 6.72 2.33
As pg L7 3.37 340 029 060 198 380 1255 2.27
B g L7! 4.81 1.37 299 389 455 6.27 6.74  0.21
Ba pglL”h 1838 2859 097 341 3.84 1494 8192 1.81
Be s Lt <0.1
Cd pg L7t <0.1
Ce pg L7 <0.1
Co pg L7 0.41 0.16 021 027 0.38 048 071 0.68
Cr g L7! 0.75 0.26 038 1047 0977 0.92 1.21 0.17
Cu pg L7 0.48 020 029 031 036 064 0.78 0.76
Fe pg L7 5.92 243 329 355 595 697 11.57 1.20
Ga pg L7 0.54 0.16 035 036 055 061 0.83 0.45
Ge pg L7 0.86 061 0.16 ..0.30 065 1.05 245 1.91
Mn pg L7 0.64 0.17 037 050 062 073 0.99 0.53
Mo pg L7 5.42 473 064 166 364 946 1278 0.76
Ni pg L7 0.47 025 0.15 029 040 0.63 0.88 0.74
Rb pg L7 1.43 064 069 121 . 127 "166 2.61 0.90
Pb pg L7 <0.1
Sh g L7 1.07 061 039 053 103 1.27 242  1.09
Se pg L7 0.54 027 027 035 042 0.67 1.01 1.06
Sr pg LN 201.59  147.69 46.03 59.33 185.46 244.68 532.72 1.27
Ti pg L7 0.75 0.16 058 060 0.69 0.84 1.09 1.09
Tl pg L7 0.43 0.06 033 039 044 0.46 056 0.46
Tm pg L7 <0.1
g L7! 0.93 0.84 0.11 018 0.72 1.08 3.26  2.35
\Y g L7! 0.65 0.44 0.18 039 049 0.74 1.67 1.54
W g L7! 1.61 1.20 076 086 1.32 1.52 487 2.38
7n pg L7 1.26 1.33  0.18 053 077 1.25 456 1.96
7r pg L7 0.41 0.07 034 035 040 047 0.54 0.59
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Table 9. Statistical summary of hydrogeochemical parameters of Jeju Samdasoo.

Unit Mean  StDev Min Q1 Median Q3 Max Skew
pH 7.72 0.15 7.60 7.63 7.67 7.76 7.93  1.56
EC ps cm’! 73.74 438 69.90 71.25 7255  75.04  79.95 1.39

TDS mg L 84.81 5.15 79.66 80.93  84.54  88.43 90.51 0.15
Hardness  mgL™ 18.69 1.28 17.00 18.13  18.88 19.44  20.00 -0.75
HCO;  meqL™! 0.31 0.02 0.28 0.30 0.31 0.32 0.33 -0.75
NO, meq L™} 0.52 0.07 0.44  0.48 0.52 0.56 0.60  0.00
Cl meq L™} 0.03 0.00 0.03 0.03 0.03 0.03 0.03  0.20
SO, meq L™} 0.12 0.01 011 0.11 0.12 0.12 0.12 0.21
PO, peq L7! < 1.04
Br peq L7 0.60 0.28 0.20 0.52 0.70 0.79 0.80 -1.55
F peg L7t 2.82 0.46 2.32  2.65 2.78 2.95 3.43  0.62
Na meq L™} 0.33 0.03 0.30 0.32 0.33 0.34 0.38  1.22
Mg meq L™ 0.21 0.02  0.19 0.20 0.20 0.21 0.23  1.45
K meq L7} 0.05 0.00 0.05 0.05 0.05 0.05 0.05 1.56
Ca meq L™} 0.16 0.02 0.15 0.15 0.16 0.18 0.18 0.13
Si0,  mmol L™ 0.48 0.01 046 0.47 0.47 0.48 0.49  0.93
Ag pg L7 0.19 0.11 0.08 0.09 0.18 0.28 0.30 0.03
Al pg L7 1.78 1.80  0.10 0.29 1.74 3.23 3.52  0.02
As pg L7 0.71 0.30 0.50 0.53 0.60 0.78 1. 00—, 74
B pg L7 8.62 1.64 645 7.94 8.85 9.53 10.31 -0.76
Ba pg L7 5.73 470 017 2.67 6.54 9.60 9.68 -0.41
Be pg L7t <0.1
Cd pg L7t <0.1
Ce pg L7t <0.1
Co pg L7 0.13 010 ) Gk e T 0.17 0.17 0.18 -1.98
Cr pg L7 0.65 ULl e | e i 0.56 0.85 .22 0.95
Cu pg L7 0.39 a7 o023 0.37 0.53 og #%0.38
Fe pg L7 2.88 258 0.63 0.66 2.81 5.04 5.26  0.01
Ga pg L7 0.86 0.49 =#0B4 «F Rs? 0.83 1.17 1.44  0.24
Ge pg L7 0.33 041 OPHED.14 0.16 0.36 0.95 1.94
Mn pg L7 0.26 0.09 0.18 0.18 0.24 0.32 0.37  0.41
Mo pg L7 3.09 3.17 ™=Q:02uuilliiiPr 1.85 3.83 7.73  1.73
Ni pg L7 0.34 0.27 0.10 0.14 0.30 0.50 0.67 0.58
Rb pg L7 9.56 0.93 8.76 9.10 9.29 9.75 10.90 1.51
Pb pg L7t
Sb pg L7 0.50 0.53 0.09 0.16 0.32 0.65 .26 1.55
Se pg L7 0.32 0.24 0.10 0.17 0.26 0.41 0.66 1.23
Sr pg L7 16.59 1.23 1520 15.73 1673 1759 1771 -0.26
Ti pg L7 0.39 0.31  0.10 0.18 0.32 0.52 0.81  1.00
Tl pg L7 0.39 0.37  0.13  0.20 0.25 0.44 094 1.86
Tm pg L7 0.18 0.06 0.09 0.17 0.20 0.21 0.22 -1.94
U pg L7t <0.1
\Y% pg L7 8.14 0.78  7.47 7.77 7.90 8.27 9.26  1.56
W pg L7 13.51 2449 027 0.73 1.77 1454  50.20  1.99
7n pg L7 1.14 2.08 0.10 0.10 0.10 1.14 4.27  2.00
7r pg L7 0.41 0.27 0.08 0.25 0.46 0.62 0.63 -0.59

Sampling was performed four times from Dec. 2008 to Sep. 2009.
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Fig. 8. Difference of concentration of SiO, in groundwater(n=16) of Pyosun
watershed higher than 200m a.s.l, Jeju Samdasoo and domestic bottled
still water(n=11).
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Mg/Ca, (Na+K)/(Mg+Ca), SO,/Cl ¢ s%XHE w243 Zi}E Table 109
e

K/Na, Mg/Ca, (Na+K)/(Mg+Ca)v ZEAFY A5 S7kgkel 0.15, 1.29,

0.760.24 ZU HE=AME =7kzF 0.06, 0.26, 0.42R Tt} z+zF 25 5.0, 1.84)

SO,/CL Blell tigk EA 43, 79 Ao ek
Zhgk 1.398. 0 oF 6.3u) Yokt o= FAFH Ak
ot W2 S0, vE= 2%s ®oFT 8919

A%+ o8 Hashimoto et al.(1987)7F A|¢tet O-index7} &3] AFE-¥ Il d+=H|,

=
Jtt. O-indext & WS =7 = &< Ca, K, Si0; ARE9 = s &

g obsbA7)E Al Mg, SO el e e geln.

Table 10. Median value of ratios among major ions of groundwater in Pyosun
watershed higher than 200m a.s.l, Samdasoo and domestic bottled
still water.

Groundwater in Samdasoo Domestic bottled
Pyosun water
K/ Na 0.15 0.18 0.06
Mg / Ca 1.29 1.27 0.26
(Na+K) / (Ca+Mg) 0.76 0.96 0.42
(Na+K) / HCO4 0.61 0.67 0.39
(Ca+Mg) / HCO; 0.79 0.70 1.03
SO,/ Cl 0.22 0.21 1.39
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Table 11. Water type of groundwater(n=16) in Pyosun watershed higher than
200m a.s.l and domestic bottled still water.

(a) Groundwater(n=16) in Pyosun watershed higher than 200m a.s.l.

Water type Number Water type Number
Na-Mg-HCOs3 10 Na—-Ca-HCO3 1
Mg-Na-HCO3 4 Na-Mg,K-HCO3 1

Water type of Samdasoo was Na—Mg—HCO:s.

(b) Domestic bottled still water (n=11)

Brand Place Water type
D1 YunChun Ca-Na-HCO3, Ca-HCOs3
G1 SangJu Ca-Na-HCOs3
G2 OgChun Ca-Mg-HCOs3
11 YangJu Ca-Na-HCOs3
P1 GoeSan Ca-Mg-HCO3
S2 NamYangJu Ca-Na-HCO3
S3 SoonChang Ca-Na-HCOs3
S4 YanglJu Ca—-Na-HCOs3
S5 WanlJu Ca—-Na-HCOs3
S6 ChungWon Ca—-HCOs3
Y1 HongChun Ca-Na-HCOs3
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© Domestic bottled water
+ Groundwater in Pyosun

O Samdasoo

Ca Na+K HCO3 CI+NO3

Fig. 9. Piper diagram showing water types of groundwater(n=16) in Pyosun
watershed higher than 200m a.s.l, Jeju Samdasoo and domestic bottled
still water(n=11).
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(a) Groundwater in Pyosun watershed higher than 200m a.s.l.
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Fig. 10. Contribution of major ions to TDS in groundwater of Pyosun
watershed higher than 200m a.s.] (a) and domestic bottled still

water (b).

@ represents R-140 in Pyosun watershed located at 350m a.s.l.
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(b) Domestic bottled water.
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FAFE AstarolA pHeE HCOz3tol= o] Awd<s dehdtk(Fig. 11 (a).

ol FE-= k3ol o&) H' &vlgoeEXR pH7E S7letal, HEe HCO; =7}

L

S7hsh7] w9l Ao HolZlth(Frengstad et al., 2001). ®AF 2|3kl A
HCO;, Ca, Mg, Sr< pH Ao wel 5571 A&EH oz F7ksitrt pH7F 8.2
o]l 27 & Aol e &allrt Sk B EFolAn. o= pHIF AeetA
Ca, Mg, Sro] A3 17} o]23e] ol

B o]zt (Frengstad et al., 2001). pH Z7}o] W& Mg 5EASZLS Caol v &)
Ao Z Yt os FAFY tFsolA Mgd &=rF Cadl Hls Ha+
et B pHO ST EFST &3Ee EAE dFS vEH o=
Bo] At} Frengstad et al.(2001)+ x=2¢o] Ao A sl izt ZUEH
ANE Fotol Mg Caoll Hl8] pHOll S7kell & deddde] =2A 3=

Ul Hedese dvs F479 Aol pH Aol wet HCO;, Ca, Mg,
Sr =7k #Aaske @2 FEHEA FdFig. 11 (b). ol= A1 o =Wl

H=AlEe pH7F 7.8 olstE HHde doer7lde nlad ) WEoes HojXit

_60_

Collection @ jeju



(a) Groundwater in Pyosun watershed higher than 200m a.s.l.
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Fig. 11. Relationship of pH with major ions in groundwater of Pyosun
watershed higher than 200m a.s.l (a) and domestic bottled water (b).
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(a) Groundwater in Pyosun watershed higer than 200m a.s.l.
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Fig. 12. Relationship of Ca and Mg with other major ions in groundwater of
Pyosun watershed higher than 200m a.s.l (a) and domestic bottled

water (b).

@ jeju

_63_



HCO3 (meqg/L) Mg (meq/L)

S04 (meq/L)

(b) Dometic bottled still water.
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(a) Groundwater in Pyosun watershed higer than 200m a.s.l.
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Fig. 13. Relationship of pH with major ions in groundwater of Pyosun
watershed higher than 200m a.s.l (a) and domestic bottled water (b).
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B &, A represent G2, P1, S6, respectively.
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(a) Groundwater in Pyosun watershed higer than 200m a.s.l.
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Fig. 14. Relation of pH with SiO, in groundwater of Pyosun watershed higer
than 200m a.s.l (a) and domestic bottled water (b).
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(a) Groundwater in Pyosun watershed higher than 200m a.s.l.

12
. 104 r=0806%x* (r=0.000) o
Sha -~
T 081 ® %
g : ’/// .. [ J
— 06' //“
s o 7o
S 04+
T
0.2+
0.0 T T T
0.3 04 05 0.6 0.7
SiO2 (mmol/L)
0.6 0.6
051 r=0683%* (5=0006) 05 r=0703+ (p=000
—~ & o 2
= 041 o g 041 o ®
o' [ ] @ [ ] — ///
2 037 oo 2 031 T 8
~ _.’// ~— ///.
= 021 ,—ﬁ . 50 021 -
© ° = ([ ]
0.11 0.11
00 - - - 00 . : :
0.3 04 ' 0.5 06 0.7 03 04 05 06
Si02 (mmol/L) Si02 (mmol/L)
06
[ J
054 r=0702¢+ (p=0002)
~ ° ® 40
S F P Ve
3 _--y
L 031
E
s 027
Z,
0.1
0.0 T T T
03 04 05 0.6 0.7
Si02 (mmol/L)

(b) Domestic bottled water.

_70_

@ jeju

0.7



3.07 L4
) 2.57
T 2,01
g .
; 1.57 ° .. .o
O 10' L4 . P
Q
L 0.57
0.0 . . i . . .
020 0.25 030 035 040 0.45
Si02 (mmol/L)
3.01
307
- 2.5 251
= 20 o = 201
g 1.5] o -]
= ° [ ] ® = 15 °
< L0l @ e = 10
@) ® op L
0.51 i L E 051 [ )
o, EEEEEE—— e 8 o°%,
020 0.25 030 035 040 0.45 020 025 030 035 040 045
Si02 (mmol/L) SiO2 (mmol/L)
1.0
r=0.736%* (p=0.000)
—~ 0.8
= o
g 0.61 ° ,—
= 0.4 ° -9 ©®
= =
d eo_---71 ®
0.21 ® ®
0.0

020 0.25 030 035 040 0.45
Si02 (mmol/L)
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(a) Groundwater of Pyosun watershed higher than 200m a.s.l.
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Fig. 16. Relationship of TDS with minor elements in groundwater of Pyosun
watershed higher than 200m a.s.l (a) and domestic bottled water (b).

(b) Domestic bottled still water.
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HYHFig. 18(a)). T3, Sr& n#EdL FoA §dstA4 pHeE %o AAAHS

U HEAES Sr TDS, Mgoh 49 434S yeldllt(Fig. 18(b)). Sr<
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Zrlele Agolddth. wahd, =l HEABAA Sre B-9H4 wgHAoA
8
Zgwo] 9lo] Cash Srol ATFEEA A%e] FAR ASE <delx UrkNegrel &

Lachassagne, 2000; Markovic et al., 2006). Sr< dl=2d4 T M= Baol 49

A4S B ATHFig. 18(h).
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Fig. 17. Relationship of pH with Sr in groundwater of Pyosun watershed higher
than 200m a.s.l (a) and domestic bottled water (b).

B represents I1(YangJu), domestic bottled water.
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(a) Groundwater of Pyosun watershed higher than 200m a.s.l.

_76_

)Collection @ jeju



Na (meq/L) Ca( meq/L) SiO2 (mmol/L)

Al (ug/L)

08

08 LAJSF SRS 4
o e ©

041

021
r=0528% (p=0.035)

0.0l T T T T T T
15 20 25 30 35 40 45
Sr (ug/L)

061
05 09125+ (b=0.000)
04 L
031 ° ,/—”‘.1
P o
024 o _-o%
&
0.11
0.0-I T T T T T T
15 20 25 30 35 40 45
Sr (ug/L)
061
°
051 & -
e L ]
04 .”___‘_.,——.—. [ )
03{ @ @
021
011 r=0646%% (p=0.007)
00+ . : : . : :
5 20 25 30 35 40 45
Sr (ug/L)
10
r=0526% (p=0.036)
8e
6 °
i ~~._@® ©®
. oo
21 @ ——— @
o % ° ;'a
oL, : : : : : :
15 20 25 30 35 40 45
Sr (ug/L)

@ jeju

12
~ 107 d ® o
~ ////‘ '
o 081 _—-
) /.,’f.
E 06{ o0
= " d
O 4
S o4
T 021
r=0.809%* (p=0.000)
00+ : : : : : :
15 20 25 30 35 40 45
Sr (ug/L)
061
05| O8I (0000 %
~ ’ //‘/
g 041 Y 2%\ o
o
g 03 -
:o 0o ’//.0
= e
0.1
0.0I T T T T T T
15 20 25 30 35 40 45
Sr (ug/L)
10
r=0.821%* (p=0.000)
81 M -
3 o ___--%
S 6].e--e9e%
= [}
5] 41
m
2.
O. T T T T T T
15 20 25 30 35 40 45
Sr (ug/L)

_77_



201
r=0612% (p=0.012) °
—~ 151
S oo
° P
2 107 e ©
_——"" @ Y
S o_-9® °
© o5le @@
001

15 20 25 30 35 40 45
Sr (ug/L)

Fig. 18. Relationship of Sr with major ions, silica and other minor elements in
groundwater of Pyosun watershed higher than 200m a.s.l (a) and
domestic bottled water (b).

(b)Domestic bottled still water.
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(a) Groundwater of Pyosun watershed higher than 200m a.s.l.
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Fig. 19. Relationship of V with major ions and other minor elements in

groundwater of Pyosun watershed higher than 200m a.s.l (a) and

domestic bottled water (b).

R(correlation coefficient) between V and Ca

coefficient.
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Fig. 19. Continued

Rectangular dots represent P1, domestic bottled still water.
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Fig. 21. Relationship of Ba with major ions, silica and other minor elements of
groundwater in Pyosun watershed higher than 200m a.s.l.
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(a) Groundwater of Pyosun watershed higher than 200m a.s.l.
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Fig. 22. Relationship of Cr with major ions and silica in groundwater of Pyosun
watershed higher than 200m a.s.l (a) and domestic bottled water (b).
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(b) Domestic bottled still water.
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Fig. 22. Continued.
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Fig. 24. Average annual rainfall distribution in Pyosun watershed measured at

weather stations located in Pyosun watershed and nearby from 1994

to 2008.
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Fig. 26. Map of soil series in Pyosun watershed.
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. EFTIF A9 AF 2 Y

D AEES AA

SRS ER A= ATE, G2 HSAISIERA = o]EFS HAASISTHTable 12,

TR DA AT 1:25000 A= GISE AZTEYOICl  ArcGIS 9

(ESRIAP= &85}t

Table 12. Description of sampling sites for soil pore water.

Soil series Property of Soil Land.use gy AL Cord. X Cord. Y
geographical features (m)

Black Forest land

Pyungdae : 1 (Foot of Dombae- 440 169,046 42,007
volcanic ash soil
Oreum)

Black Forest land
Nogsan volcanic ash soil (Foot of Nogsan—-Bong) 350 173,968 39,219
Jeju Very Cogiown Farmland 190 179,906 40,386

volcanic ash soil

Ido Dark brown & Rl 72 177984 31,013
non-volcanic ash soil
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- Nogsan series
- Ido series
‘ Jeju senes

" Pyungdae series

Fig. 27. Map of soil series and sampling sites for soil pore water in Pyosun watershed.
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2) EFFIF A% 2 HEEA

, AlFE B ol Bk W B

A A& 4 = vacuum

Cirelli, 2009).

EYF=9 A57120 suction cup sampler (Model 1900 Soil Water Sampler,
Soilmoisture Equipment Co., USA)& A& A Fo| A FH FALE AAste] EA
0.3m, 0.6m, 0.9m= Z}7} A3t A7l HAE flste] ESARE AFHE
AR Fa, Aty R Eke] s8] HEHEE Bl s ik(Fig. 29).
Suction cup sampleri suction cup (Z°]: 8cm, ¢|7: 5cm)¥} PVC 3fo]>x(Zol:

0.3, 0.6, 0.9m)Z T E A} (Soilmoisture Equipment Co., 1999).

ESETFTe A 20099 69% 89 Aloldl B AxwEE 53 oy
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[Nogsan series]

[Ido series]

Fig. 28. Soil pore water samplers set up and neighbored view.
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Fig. 29. Pictures of soil water sampler put into test soil and degassing the
sampler to collect pore water with manual degassor.

3) A3 AT R AEEH

= AF A7l EY

BANEE ESTSS

AxE Im ARl AedhE dAsto] 143
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3. 2% 2 1%
7F A9 F2AEA

%% pH, EC, TDS, Axe HzkS z+7; 553, 16.95 uSem™?, 11.80 mgl?,

1.25 mgl.™! ©]ltH(Table 13).

Table 13. Physicochemical parameters of rainwater(n=14) sampled in Pyosun

watershed.
Variable  Unit N  Mean StDev Min. Q1 Median Q3  Max. Skew
pH 14 5.53 0.45 4.73 5.21 5.70 5.85 6.32 -0.3

EC pScm’™! 14 1695 11.82 4.70 6.73 15.70 21.33 46.30 1.31
TDS mgL ™! 14 11.80 3.37 750 893 11.15 13.60 19.90 1.04

Hardness mgl™" 14 1.25 1.28 0.00 0.00 1.25 250 350 0.4

%0l FaARAE BEE Higt 7122 HCO; 7t 0.09 meq L7 (5.5 mL™H=
7Hg EUTH(Fig. 30). ol 371% olibsterao] &afo] ofgk Ao R A .
Na, Cl, SO4¢ H#5%EE 242 0.024, 0.031, 0.023 meq L™ 0], Mg, Ca
K& 0.005 meq L' 1] ok olgdk Ax= A 5(1994)0] AF

A
ARG AFEA S drdEe Aaete] 243 Aol AR B &l

(e

O
HU
A
e
i

Ao FooleFel: Nask Cl %29 WatEe] 744 Zth ol EAF
A37h ael dge wom, wsk Ao wet AolE el wWEOE

AZrET o] AFRbel 9l wirlel JAFS Ao Fe-& s gdEgs v
Aoz 24 drH(Banks et al., 1998; Negrel & Lachassagne, 2000; Banks et

= Si0.= 0.002 mmol Lt (0.12 mL HEA w$ Aoz AZHYL

o}
=

o
¥

FTEEstEE ol (Fig. 30), FFole SiO, 7F A9 XA &S
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Fig. 30. Concentration of major ions and SiO; in rainwater(n=14).

All values are in meq L™ except  SiOs (mmol LY

H3F nFALe 3

o,

#E55E= Mn 32.64 ugl™!, Zn 27.16 ugl™!, Ba 20.55
pgll, B 1244 puglt Qom0 wre] mgdAE 10 el mnte =z

H 9 Fig. 31). MnY &%= 2.3~157.1 wl ! #HYg=E FEwslEo] 71%
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Fig. 31. Concentration of minor and trace elements in rainwater (n=14).
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B

G

H

A A H(Table 6).

Na > Mg > Ca >» K
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= EFEILe A

=7 M =kt K
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Table 14. Statistical summary of chemical parameters of soil pore water (n=77).

Unit Mean StDev  Min. Q1 Median Q3 Max. Skew.
PH 6.07 0.36 545 5.79 6.01 6.31 6.83 0.18
EC uS em™ 64.11 25.09 27.52 49.10 55.40 79.50 138.40 0.74
TDS mg L7 44.71 15.12 16.33 34.95 42.51 53.92 8046 0.62

Hardness mg L' 12.32  5.35 1.50 8.50 11.00 16.50 23.50 0.16
HCOs meq L™ 0.16 0.03 0.10 0.13 0.16 0.17 0.24 0.56
NOs3 meq L™ 0.09 0.13 0.00 0.00 0.01 0.15 0.40 1.28

Cl meq L™ 0.22 0.12 0.00 0.13 0.21 031 062 0.64
SO, meq L7 0.11 0.09 0.01 0.04 0.08 0.13 037 1.35
Br peq L' 099 076 0.05 0.33 1.03 159 272 047
F . e 144 071 045 0.87 1.29 177  3.84 1.02
PO, peq L7 <1.04
Na meq L™ 0.20 0.07 011 0.15 0.18 0.24 045 1.44
Mg meq L' 0.12 0.04 0.05 0.08 0.12 0.15 0.23 041
K meq L' 0.05 0.06 0.01 0.01 0.03 0.06 019 1.29
Ca meq L™ 0.13 0.07 0.01 0.10 0.12 0.19 0.28 -0.03
Si0, meq L 0.10 0.05 0.02 0.05 0.08 0.16 0.20 0.33
Al pg L7 8.81 1496 0.08 1.05 2.43 8.10 73.19 256
As pg L7 0.22 0.09 0.03 0.15 0.22 0.27 051 0.66
B pg L7 22.65 853 832 1574 21.87 27.39 46.60 0.51
Ba pg L7 4194 2853 4.06 23.36 37.86 54.97 147.32 1.30
Co pg L7 0.53 058 0.06 0.17 0.38 0.62 357 285
Cr pg L7 0.55 0.49 0.04 0.23 0.39 0.75 267 2.00
Cu pg L7 1.74 257 005 @ 0.10 1.02 2.03 17.93 3.75
Fe pg L7 3.86 4.37 0.10 1.42 2.82 440 2857 3.44
Ga pg L7 0.55 0.32 0.10 '0.28 0.61 0.70 1.47  0.37
Mn pg L7 24.20 19.42 070 770 21.05 34.39 88.00 1.11
Mo pg L7 1.09 0.90 0.23 0.53 077 1.35  5.18 2.30
Ni pg L7 1.72 170 0.01 0.62 1.09 226 872 203
Rb pg L7 2.83 230 044 1.00 2.18 369 816 1.3
Sh pg L7 0.62 066 0.03 0.21 0.29 1.08 3.38 1.76
Se pg L7 0.56 0.31 0.05 0.31 0.58 0.80 1.28  0.14
Sr pg L7 18.28 9.53 3.61 10.70 17.00 24.39 37.54 0.48
Ti pg L7 0.57 0.33 0.09 0.39 0.48 0.75 1.51  0.93
6] pg L7 0.14 0.11 0.05 0.09 0.10 0.11 042 1.72
\Y% pg L7 24.04 1472 6.22 1278 19.72 32.10 69.54 1.24
s pg L7 0.64 051 0.02 0.24 0.48 0.87 2.68 1.44
7n pg L7 20.50 14.76 2.24 10.28 16.59 27.10 70.78  1.37
Zr pg L7 0.34 0.18 0.06 0.10 0.37 048  0.68 -0.29

For the concentration of Ag, Be, Cd, Ce, Ge, Pb, Tl, Tm, more than 50% of results is less than 0.1
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¥} pH, EC, TDS, A% W3}Zo] ZItH(Table 15). EC,
EAHE O]

o

T

SRTRd

8

O EYSEH T34 pH,EC, TDS ¥ A=
74 =9

TDS,

o]

)

5

2 &= (macropore)S %

o] Flth(Eguchi & Hasegawa, 2008). A|F=FolA EC, TDS, A% jto] &2

]2l

[e)
32
1

o

Hol|x| ¢Fkti(Table 15).

A5 pH7E A

=53

]

| oAl 2 St oj=F 3t AFFolA pHZF Aoz vt
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S o
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sl H
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Table 15. Statistical summary of pH, EC, TDS and hardness of soil pore water
(n=77) according to soil series. The data for groundwater(n=47) in
Pyosun watershed were used as reference.

Unit Nogsan Ido Jeju Pyungdae Groundwater
Mean 6.22 5.80 6.04 6.25 7.74
Stdev 0.28 0.32 0.29 0.34 0.13
pH Min 5.75 5.45 5.52 5.77 7.52
Medium 6.29 5.71 6.01 6.23 A1
Max 6.64 6.55 6.63 6.83 8.23
Mean 37.60 58.02 96.88 60.74 120.41
Stdev 12.53 12.71 18.87 12.63 24.32
EC Min crlxlls—l .52 35.40 62.30 48.80 68.26
Medium 33.05 54.40 101.70 54.30 119.64
Max 74.90 90.30 138.40 87.60 207.43
Mean 28.75 45.07 65.46 37.74 121.90
Stdev 8.07 7.42 9.17 5.04 16.98
TDS Min mglL— 16.33 35.39 52.21 30.96 77.38
Medium 26.79 43.53 65.04 36.50 124.12
Max 51.90 64.53 80.46 49.90 166.46
Mean 5.91 12.90 15.53 13.74 34.37
Stdev 2.89 4.29 4.74 4.32 6.15
Hardness  Min 5 150 | 750 800 7.50 18.13
Medium 5.50 11.50 15.50 13.00 35.88
Max 13.50 23.50 22.00 21.00 45.13
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Table 16. Concentration of major ions and silica in soil pore water (n=77)
according to soil series.

HCOs; NOs Cl SOy Na Mg K Ca Si0;

Nogsan Mean 0.152 0.008 0.139 0.071 0.187 0.069 0.015 0.032 0.072
Sthev  0.024 0.008 0.081 0.023 0.076 0.019 0.007 0.016 0.029

Min 0.112 0.000 0.003 0.008 0.146 0.047 0.006 0.012 0.028

Median 0.152 0.007 0.125 0.069 0.161 0.064 0.013 0.029 0.075

Max  0.192 0.028 0.403 0.121 0.449 0.120 0.032 0.063 0.143

Ido Mean 0.169 0.031 0.136 0.201 0.147 0.122 0.044 0.152 0.146
Sthev  0.034 0.038 0.062 0.127 0.023 0.028 0.009 0.053 0.044

Min 0.112 0.002 0.055 0.025 0.109 0.068 0.028 0.071 0.077

Median 0.168 0.016 0.108 0.2561 0.147 0.120 0.042 0.133 0.164

Max  0.244 0.152 0.242 0.370 0.208 0.184 0.062 0.284 0.202

Jeju Mean 0.124 0.306 0.300 0.080 0.270 0.151 0.141 0.163 0.128
Sthev  0.014 0.061 0.124 0.026 0.065 0.051 0.036 0.039 0.044

Min 0.104 0.168 0.166 0.042 0.191 0.082 0.079 0.114 0.049

Median 0.124 0.310 0.248 0.086 0.258 0.175 0.151 0.179 0.149

Max  0.156 0.403 0.623 0.110 0.405 0.233 0.193 0.220 0.178

Pyungdae Mean 0.172 0.007 0.309 0.068 0.205 0.124 0.013 0.147 0.049
Sthev  0.022 0.007 0.037 0.053 0.040 0.031 0.005 0.049 0.023

Min 0.144 0.001 0.210 0.020 0.134 0.076 0.006 0.106 0.020

Median 0.168 0.003 0.302 0.034 0.203 0.139 0.011 0.119 0.045

Max  0.232 0.021 0.370 0.163 0.277 0.158 0.022 0.236 0.126

Total Mean 0.155 0.087 0.224 0.108 0.201 0.119 0.053 0.128 0.100
StDev  0.031 0.131 0.116 0.092 0.069 0.044 0.055 0.065 0.054

Min 0.104 0.000 0.003 0.008 0.109 0.047 0.006 0.012 0.020

Median 0.156 0.013 0.207 0.079 0.181 0.116 0.032 0.119 0.083

Max  0.244 0.403 0.623 0.370 0.449 0.233 0.193 0.284 0.202
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All values are in meqL ™, except SiOz, mmolL ™.
©® EYTE 39 Si0; %
2 a9 S0 wEE AT A, WFEIEQ] o]kFol
SASEE EQl HAkE ) FojEol Hls o 2~3u) Ax A 45 JAH(Fig. 32).
E9| SiO, gaFe] Hlghtg Eel nls] W& Ao v|detia B & Q)
SAbE I FoES AT 7 wel x3E S SRS ERA Fstel ofat]
ol Si0y7b &2Eel ESfT FEFol el Zow dMHn. dwtHow

spate B Bl sks] Bl Bla SiO, o] v Aom dEA Ar(Sr 5, 2006).

0.201
|

g 0.151 ® |0.15 *
Té ® 10.13 R
£ 0107 _l [
o~
O | 007 |
N

0.051 —2 1005

|
0.00- . . T T
Ido Jeju Nogsan Pyungdae

Fig. 32. Concentraton of SiO, in soil pore water (n=77) according to the types
of soil series.
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Table 17. Concentration of minor elements in soil pore water (n=77) according to soil series.

Al As B Ba Cr Cu Fe Mn Mo Ni Rb Sr \Y Zn

Nogsan Mean 2.94 0.19 1353 21.26 0.30 0.86 1.30 6.87 1.14 0.50 143 7.46 23.90 11.66
St Dev 2.05 0.09 2.90 13.94 0.28 0.97 1.44 2.24 1.06 0.34 1.00 3.38 18.53  4.92
Minimum 0.08 0.03  8.32 4.06 0.04 0.10 0.10 290 0.33 0.01 044 3.61 7.98 3.56

Median 2.57 0.17% 11831 22.63 0.22 0.53 0.59 6.68 0.72 045 1.06 6.75 17.95 11.90
Maximum 7.92 0.37 18.31 52.43 0.97 3.70 5.05 11.14 4.05 1.20 4.22 15.14 69.54 21.22

Ido Mean 25.22 0.22  31.11 33.65 0.81 2.78 5.67 4494 0.84 3.10 2.43 16.89 2856 21.35
St Dev 20.70 0.10  5.66 15.53 0.59 3.90 3.61 19.10 0.63 228 0.41 5.86 13.68 16.59
Minimum 3.75 0.08 21.53 8.23 0.14 0.05 0.10 2246 0.26 0.63 1.70 9.46 9.36 3.58

Median 16.85 0.23 31.63 3538 0.68 1.69 541 4561 0.65 2.26 240 17.29 26.60 18.92
Maximum  73.19 0.50 4090 56.26 2.67 17.93 16.06 88.00 2.89 8.72 3.49 33.64 5813 70.78

Jeju Mean 1.86 0.27 2297 73.20 0.58 1.63 3.04 2486 1.06 2.11 6.39 30.86 20.23 24.53
St Dev 2.00 0.10 5.48 3142 JREF, 7 a8 109 1.45 14.62 0.75 1.31 1.47 4.97 13.64 16.99
Minimum 0.10 0.12 1498 32.87 0.08 0.10 0.40 3.31 0.45 046 3.69 19.46 7.46 4.79

Median 1.07 0.26 2192 7440 0.36 1.11 2.84 23.00 0.82 2.12 6.98 31.54 17.48 18.96
Maximum 8.10 0.51 3395 14732 2.28 6.32 5.98 50.26 3.44 6.29 8.16 37.54 67.94 65.10
Pyungdae Mean 3.16 0.20 20.85 37.70 045 1.46 4.76 16.06 1.32 0.93 1.07 16.52 23.08 22.73
St Dev 5.03 0.07 8.12 21.74  0.28 1.94 6.76 10.46 1.10 0.36 046 5.52 13.24 13.80
Minimum 0.10 0.07  9.07 9.33 0.19 0.08 0.44 0.70 0.23 050 0.46 9.40 6.22 2.24

Median 1.27 0.20 20.70 36.94 0.39 0.15 2.82 13.14 1.00 0.86 0.99 16.42 19.72 17.07
Maximum  18.31 0.35 46.60  79.89 1.22 557 2857 40.13 5.18 1.50 2.18 34.71 48.81 44.34

Total Mean 8.809 0.223 22.650 41.937 0.548 1.739 3.861 24.198 1.087 1.723 2.830 18.276 24.043 20.497
St Dev 14.960 0.093 8.530 28.529 0.490 2.566 4.367 19.415 0.899 1.701 2.301 9.527 14.721 14.760
Minimum 0.076  0.028 8.320 4.061 0.037 0.052 0.100 0.704 0.234 0.007 0.444 3.611 6.218 2.240

Median 2.433 0.217 21.876 37.864 0.393 1.023 2.816 21.053 0.767 1.093 2.181 17.005 19.717 16.593
Maximum 73.189 0.506 46.602 147.323 2.672 17.931 28.569 87.996 5.181 8.715 8.157 37.541 69.544 70.781

All values are in ugl™

1
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Fig. 33. Changing patterns of pH, EC, TDS and hardness in soil pore water (n=77) according to soil depth. The data for
groundwater (n=47) in Pyosun watershed were used as reference.

- 121 -

@ jeju



(a) Major cations (Na, K, Ca, Mg) in soil pore water (n=77) according to soil depth.
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Fig. 34. Changing patterns of major cations (a) and anions (b) in soil pore water (n=77) according to soil depth. The data
for groundwater(n=47) in Pyosun watershed were used as reference.
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(b) Major anions (HCO;, SO,, NO3, CD in soil pore water (n=77) according to soil depth.
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34. Continued.
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(a) K in soil pore water (n=19) from Jeju series.
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(b) NOs in soil pore water (n=19) from Jeju series.

0.4 | ]
& 10.34

0.31 -
0.28

o

w
h
]

NO3 (meq/L)
o
[N}

)
—
A

o
=)

30cm 60cm Ocm
Depth (cm)

(c) SO, in soil pore water (n=21) from Ido series.
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Fig. 35. Box—whisker diagrams showing abnormal increase of K, NO3; and SO,
in soil pore water according to soil depth by the anthropogenic effect.
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Fig. 36. Changing patterns of concentration of SiO, in soil pore water (n=77)
according to soil depth. The data for groundwater (n=47) in Pyosun
watershed were used as reference.
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Table 18. Concentration of minor elements in soil pore water (n=77) according to soil series.

Al As B Ba Cr Cu Fe Mn Mo Ni Rb Sr \Y Zn
Mean 16.06 0.22 24.15 47.18 0.66 2.43 5.06 35.36 1.43 2.82 2.53 20.90 29.68 27.70
StDev 22.04 0.10  8.10 23.55 0.64 3.62 455 23.92 1.14 2.38 1.60 9.11 17.11 19.02
30 cm Min 0.31 0.12 10.18 6.27 0.06 0.10  0.40 6.55 0.51 0.01 0.54 5.00 9.35 3.56
Median 3.97 0.20 23.01 46.73 0.42 1.28 3.73 34.16 1.03 1.90 2.06 19.59 25.13 26.12
Max 73.19 0.50 46.60 83.37 2.67 17.93 20.05 88.00 5.18 8.72 5.75 37.54 69.54 70.78
Mean 7.42 0.22 20.69 43.15 0.47 1.58 4.06 20.02 1.01 1.48 2.87 17.42 22.17 19.43
StDev 9.68 0.09 8.91 39.39 0.38 1592 5.52 15.38 0.80  0.95 2.74 10.85 14.55 11.74
60 cm Min 0.08 0.07 8.32 4.06 0.07 0.08 0.10 3.34 0.35 0.06  0.44 3.61 7.98 3.58
Median 2.30 0.23 20.39 28.74 0.39 1.00 2.83 15.61 0.73 1.53 1.94 16.48 19.35 17.23
Max 33.51 0.41 40.34 147.32 1.47 6.70 28.57 54.05 3.44 2.97 8.10 36.37 67.94 50.41
Mean 2.71 0.22 23.13 35.22 0.51 1.19 241 16.94 0.81 0.83 3.10 16.44 20.13 14.12
StDev 2.67 0.10 851 17.48 0.41 1.58 1.79 11.93 0.56 0.37 2.48 8.16 10.32 8.35
90 cm Min 0.10  0.03 9.01 al 20| 0.04 0.05 0.10 0.70 0.23 0.12% (53 6.84 6.22 2.24
Median 1.60 0.22 21.87 35.47 0.36 0.34 2.13 15.64 0.62 0.81 2.37 13.48 19.13 14.75
Max 9.23 0.51 38.75 74.56 1.37 5.45 5.98 40.13 2.36 1.59 8.16 32.71 44.63 39.53
Mean 2.32 0.86 9.71 6.65 0.96 [eFrAY) 5.27 0.47 1.41 1.14 10.72 35.37 8.57 29.54
StDev 2.02 0.20 1.31 0.62 0.32 0.84 6.17  0.75 0.77 1.18  4.60 8.12 1.90 57.48
Groundwater Min 0.60  0.56 7.61 5.04 0.46 0.28 2.00 0.21 0.85 0.18 6.07 15.75 4.85 0.66
Median 1.53 0.82 9.46 6.70  0.88 0.563  4.07 0.29 1.18 0.74 10.12 36.67 8.57 6.22
Max 9.79 1.80 14.93 7.63 1.89 b'@ 45z 5.25 o 3 6.35 40.49 49.44 13.34 280.59
All values are in ugL™".
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Table 19. Ratios of major ions in soil pore water (n=77) of Pyosun watershed
according to soil depth (a) and soil series (b). The data for
groundwater (n=47) in Pyosun watershed were used as reference.

(a)

30cm 60cm 90cm Groundwater
K / Na 0.20 0.25 0.31 0.15
Mg / Ca i1 3 1.53] 0.97 1.34
(Na+K) / (Ca+Mg) . 174 1.16 1.31 0.78
(Na+K) / HCO3 2.03 1.69 1.63 0.71
(Ca+Mg) / HCO; 2.13 1.69 1.19 0.93
SO,/ Cl 1.12 1.12 0.31 0.20
All values are in meq L'/ meql. ™!
(b)
Ido Jeju Nogsan Pyungdae
K/ Na 0.30 0.56 0.08 0.06
Mg / Ca 0.85 0.91 2.46 0.89
(Na+K) / (Ca+Mg) 0.73 1.39 2.09 0.86
(Na+K) / HCO3 1.93 3.36 1.34 1.29
(Ca+Mg) / HCO; 1.73 2.57 0.65 1.58
S0,/ Cl 2.14 0.31 0.67 0.22
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(a) Water type of soil pore water (n=21) from Pyungdae series

Ca Ma+K HCO3 Cl+MNO3

(b) Water type of soil pore water (n=16) from Nogsan series
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Fig. 37. Water type of soil pore water from Pyungdae (a), Nogsan (b), Jeju (c)
and Ido (d) series according to soil depth. The mean value of
groundwater (n=47) in Pyosun watershed were marked in diagram as

reference.
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(c) Water type of soil pore water (n=19) from Jeju series
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(d) Water type of soil pore water (n=21) from Ido series
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Fig. 37. Continued.
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Fig. 38. Relationship of Na with TDS and HCO; (a), and Ca with TDS, HCOs,
Na and Mg (b) in soil pore water (n=77).
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Fig. 39. Scatter plots for Na, K, Ca and Mg according to TDS in soil pore
water(n=77) from Pyungdae, Nogsan, Jeju and Ido series.

Data in dotted circle suggest the concentration of K, SO, and NOs in pore water
increased by anthropogenic effect.
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(a) Pore water (n=40) from Pyungdae and Nogsan series located at forest
land.
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(b) Pore water (n=37) from Ido and Jeju series located at farm land.
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ZAMASAL FdEEolETAd &9 dFEte  AFFolE IFEHA
wasth. 2ARSol X (9L AFATS H5FH GE lkm A A
A5ke] tH(Table 20). & Aol AMSH AlF30] Al5E 4, ~3g o}, H A
SeolTor Este] wHA e 2ARSH FHAA NN 3]4kTHFig. 53, Fig.
53, Fig. 54, Table 21). & A+F st AF3olF A 9F, =30} 55,

A EYo] 655 AFASk] Aol o] &3+ Fig. 55 (a), (b), Fig. 56).

Table 20. Location of investigating bore for this study.

. Elevation Depth
Location (ELm) (BGL.m) Cord. X Cord. Y
2K —ri, Jocholiol
San70-2, Kyorae~ri, Jochgiglg 467 125 169046 40756

Jeju-si, Jeju Province

es5amdasoo #1
Investigafting Bore

Fig. 52. Map of investigating bore for this study. Investigating bore is located
less than 1km from the bores for Jeju samdasoo.
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Fig. 53. Drill cores collected from the investigating bore.
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Table 21. Groundwater geologic columnar section of investigating bore.

Depth (m) Thickness(m) Lithology Structure and Texture
0~0.8 0.8 Soil Dark gray, dark brown top soil
0.8~50 49.2 OB Series Gray-brown, vesicular, joint
Pyroclastics(12.5m)
Phenocryst: Augite and Olivine
50~84 34 FB Series Gray-brown, vesicular, joint
Pyroclastics(6m)
Phenocryst: Feldspar
84~241 157 OB Series Light—-gray, massive > vesicular, joint
Clay (3sheet: 18.5m), Scoria(14.0m)
Phenocryst: Feldspar, Augite, Olivine
241~251 10 Ap—B Series Light-gray, massive, flow band
Trachytic Andesite
251~280 29 OB Series Dark-gray, vesicular, joint
Clay(1m), Scoria(5m)
Phenocryst: Feldspar, Augite, Olivine
280~293 13 Ap-B Series Light—gray, massive, flow band
Trachytic Andesite
293~377 84 OB Series Light-gray, massive, joint
Clay(8.5m), Scoria(2sheet, 6.0m)
Phenocryst: Feldspar, Augite, Olivine
377~414 37 Ap-B Series  Light-gray, massive, flow band
Trachytic Andesite
414~425 11 OB Series Light-gray, vesicular, joint

Clay(9.0m)
Phenocryst: Feldspar, Olivine

% OB : Olivine Basalt, FB : Feldspar Basalt, Ap—B : Aphanitic Basalt
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e 790m

ez 323M
ke 345m
- K 366

{44y (e 366M

P— 3 7 7 M

EZRock
415m | [l:Clay

el 715 i .
21 gﬁ 425m 4% Scoria

Fig. 54. Sampling positions for rock, scoria and sedimentary clay samples of

drill cores.
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(a) A rock sample of drill cores collected at 8m below ground level.

(b) Scoria sample of drill cores collected at 227-232m below ground level.

Fig. 55. A sample of rock (a) and scoria (b) from drill cores.
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[depth: 132m] [depth: 218m]

[depth: 144m] [depth: 257~258m]

[depth: 377m] [depth: 414~417m]

Fig. 56. Sedimentary clay samples of drill cores collected at different
positions below ground level.
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th B 2L AFTe) AR THFE 74 2L 4Ry 24
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EG B AFFY AR F8 FAFEL dFd HES dmAAAdAdTd
o]#sle] X-ray diffractometry(XRD) (PHILIPS X'pert MPD)E ©]-&3}4
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Table 22. XRD operating conditions.

[tem XRD conditions Item XRD conditions
X-Ray tube Cu tube Scan speed(s) 0.04
Scan angle(2 theta) 3-65 Generator tension(kV) 40
Step size(2 theta) 0.02 Generator current (mA) 30
Time per steps(s) (5
2) XRFel &3 EF R AF3] A5 F4% 24
Ed 9 AmFol AR F8 T8RRI SiOs, AlOs, Fex0s, CaO, MgO, K:0,

Na.O, TiOz, MnOdl

fluorescence
By At
XRF 7]7]%4

el 2 S

st &4
spectrometry)(Model:

A2 A 1100CZ 1057 88A1A

ol st} XRF(X-ray

o] &3}¢]
o] 833t}
A| €] 5} H

32F(meq kg HO.E FA 8T

3h= A A AL A - ol

ke
|

MXF-2400, SHIMADZU)E

=4l
A%

239 e

ofl
off

mg kg™ =

Table 23. XRF operating conditions.

Item

XRF conditions

X-Ray tube
Max. Power
Measuring mode
Detector

X-Ray irradiation Holder

Measuring condition

Rh tube of end-window type

60 kV/140 mA, 4 kW

Vacuum Mode, Multi-Channel type
Fixed monochromators detect (24 ea)

¢ 30 mm

Aperture : 30,
Atmosphere : Vacuum 40 kV / 700 mA, 2.8 kW
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A Hlol A=A WS ARESRIT BAYY steEE Ag T T 26
Zo| Y tHTable 24).

100ml HZ& njo]Ae] <F 100mg ¢ A &¢F HF, HNO; 2 HCIO, 2] H]&o]
4:4: 1/ A dml & AT § TME¥eA 200C BES 2EE
71GstEA BlZE Blol#A nigo] ek AR Eo] BY w7hA] S FHA T
ChAl 2mle] &3S H7FsGith o] 22 A4S 49 wESa wpx| vt A9

AZAE7HA] FHA| AT o 7)o 1% A4 oF 20mlE #H7Fsle] 100T A XA

o

208 A& 7tESSith AEE AY F 1% dAEde® 100ge] HES 34
% Whatman No.2 32 ¢} 0.2um W H 221D E (Chrom Tech, USA)E x4 o=
o] IA)A H o] A3 glo] AL [CP-AES(varian-720ES, USA)o| A|EH =&

3WHE F9ste] #A45QTHRSD < 10%).

HERE TS A PARMA-CAL-415) A&t Al § 4o o]&3}3l

A FH¥TF(meq kg hoz Yeplon, ICP-AESZ 3§

of
lo

FEmL Dl AANE10008 T ol EAFOE the F ASHE Fokol
Faglh AWl % EF R AFmo] A@F M2 AFWAE Table

25 ERAT
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Table 24. ICP-AES detection limits for analyzing the chemical elements
composed of soil and drill core samples.

Detection limit

Elements (as mg kg™ )
Ag, B, Ge, Mo, Ni, Sr, T1l, Tm, U, Zn 20
As, Pb, Se, W 50
Ba, Be, Cd, Ce, Co, Cr, Cu, Ga, Rb, Sb, V, Zr 10
2 EY R AFF A5 &5 AF
B 9 AF3 A5 FEAFS 98] Zol5, 0.IN HCI &9 % 1M
ammonium acetate NS 0|83} flask shaking WHol o8] &FA|71 &=

Z79 BAAE 528 100 ml A7t flaskoll €31, 50 mle] &€&=8& & do
30T, 150 rpme] Fx=Z 3083 3ot gL Whatman No2 & 7x] 2}

0.2/m B HALE (Chrom Tech, USA)ZE

2t A2l FU)Ee] mEEAe ENUA et =7 Zhz 100 mgl 'l
HE] X +8N(PARMA-CAL-415, Inorganic VenturesAhS Ab&ste] FF8&d9S
ZA & B0 o] &tt. AEIHS THTH(meq kg HOE YERHOH,

Fx(mgL el AMF(1DE FE ol BAgoR
e & Ash7be weke] Fepgith. Bl 3 EY H AFFE ARF

PO gteE o AESHA= Table 250 YERA T
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Table 25. ICP-AES detection limits for extractable elements of soil and drill
cores samples with deionized water, O.1N HCIl solution and 1.0 M

ammonium acetate solution.

Detection limit

Elements (as mg ka™Y)
Na, Ca, Mg, K, SiOq 2.20
Ag, Al, B, Fe, Ge, Mn, Mo, Ni, Sr, Tl, Tm, U, Zn 0.22
As, Pb, Se, W 0.55
Ba, Be, Cd, Ce, Co, Cr, Cu, Ga, Rb, Sb, Ti, V, Zr 0.11
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Table 26. Chemical properties of soil and sedimentary clay samples.

(a) Soil samples

Exchangeable cations

EC OM -1
Soil samples Depth(cm) pH o (meq kg™ )*
WScm™) (%)
Na Mg K Ca
0-30cm 5.47 22.3 19.1 1.62 3.29 3.63 8.43
Pyungdae Black volcanic
) : 30-60cm 5.88 26.2 3.5 1.52 3.94 041 2.12
series ash soil
60-90cm 5.83 18.9 3.5 1.10 3.06 0.61 3.99
0-30cm 5.01 46.3 20.2 1.71 3.76 1.26 5.93
Nogsan Black volcanic
. . 30-60cm 5.95 35.1 5.7 1.03 4.22 4.01 5.96
series ash soil
60-90cm 6.48 50.2 2.6 2.17 1223 1.12 14.59
Tei Very dark 0-30cm 5.74 40.2 9.8 227 536 0.83 5.05
eju )
serimm brownish 30-60cm 5.16  59.1 11.0 091 1.22 4.30 3.06
volcanic ash soil go-goem 571  43.1 5.8 066 238 278 6.95
Ido .
< — non-volcanic ash 30-60cm 4.91 54.8 5.8 0.41 0.72 244 1.89
soil 60-90cm 5.89 68.3 6.8 088 090 2.28 212
Total 0-30cm 5.33 45.1 14.3 1.78 4.11 2.37 7.61
ota
30-60cm 5.48 43.8 6.5 0.97 2.53 279 3.26
(mean)
60-90cm 5.98 45.1 4.7 1.20 4.64 1.70 6.91

meq kg ! was calculated by formula of ((mg/MW)*charge) / kg sample.

(b) Sedimentary clay samples

Exchangeable cations

?ﬁﬁﬁ PH (1:5) usEgm‘l) ?71:/)[ (meake ) -
Na Mg K Ca

132m 7.32 38.1 0.2 3.2 84.5 10.0 171.5

144m 7.74 50.2 0.3 4.7 86.1 10.2 195.7

218m 7.76 48.7 0.3 5.1 76.0 14.0 150.2
257-258m 7.86 61.4 0.3 5.4 149.2 13.8 320.0

377m 7.76 59.8 0.1 5.2 57.6 12.8 139.2
414-417m 7.19 283.6 0.2 9.0 64.7 13.9 216.6
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Table 27. XRD result of mineral assessment for soil samples.

Soil series Depth

Minerals

0-30cm Quartz, andesine, hematite, diopside, chlorite, magnetite
30-60cm Quartz, gibbsite, andesine, forsterite, diopside,
Pyungdae magnetite, chlorite

60-90cm Quartz, andesine, gibbsite, diopside, chlorite, hematite,
illite, muscovite, magnetite

0-30cm Quartz, andesine, hematite, magnetite, chlorite

30-60cm Quartz, andesine, chlorite, hematite, magnetite, gibbsite,

Nogsan diopside

60-90cm Quartz, andesine, chlorite, hematite, magnetite, gibbsite,
diopside, illite, muscovite

0-30cm Quartz, andesine, diopside, chlorite, gibbsite, hematite,

Jeju 30-60cm

60-90cm

magnetite

Quartz, andesine, hematite, diopside, chlorite, gibbsite,
illite, muscovite, magnetite

Quartz, andesine, hematite, diopside, chlorite, magnetite

0-30cm
Ido 30-60cm
60-90cm

Quartz, chlorite, andesine, magnetite
Quartz, chlorite, andesine, gibbsite, diopside, magnetite

Quartz, andesine, chlorite, gibbsite, magnetite
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[ Pyungdae Series] Ueju Series]
Q

o 20 40 60
[ido Series]
Q
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0 20 40 60 Q 20 40 60
2 Theta degree 2 Theta degree

Fig. 57. X-ray diffractograms of soil samples.

Q: quartz, A: andesine, H: hematite, M: magnetite, C: chlorite, G: gibbsite, D: diopside, I: illite, Mu: muscovite, F: forsterite.
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Table 28. XRD result of mineral assessment for rock, scoria and sedimentary

clay samples of drill cores.

Sample type Depth Minerals
Om Andesine, diopside, magnetite
8m Andesine, diopside, sanidine, hematite, magnetite
15m Andesine, diopside, magnetite
88m Andesine, diopside, sanidine, hematite, magnetite
Rock 215m Andesine, diopside, sanidine, hematite, magnetite
287-292m Andesine, diopside, sanidine, hematite, magnetite
323m Andesine, diopside, sanidine, magnetite
366m Andesine, diopside, sanidine, magnetite
425m Andesine, diopside, sanidine, magnetite
227-232m Andesine, hematite, diopside, illite, muscovite
232-236m Andesine, hematite, diopside, goethite
Scoria 237-241m Andesine, hematite, diopside, goethite, magnetite
258-263m Andesine, hematite, diopside, illite, muscovite
344-348m Andesine, diopside, hematite, sanidine, magnetite
132m Quartz, andesine, diopside, chlorite, illite, muscovite,
magnetite
144m Quartz, andesine, illite, muscovite, chlorite
Sedimentary 218m Andesir.le, quartz, diopside, illite, muscovite, hematite,
clay magnetite
257-258m Andesine, quartz, montmorillonite, illite, muscovite
377m Sanidine, quartz, diopside, illite, muscovite, chlorite,
kaolinite, hematite, magnetite
A414-417m Sanidine anartz illite mnsecovite dionside maonetite
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(a) Rock samples

Al L D
425m \ ﬁ si M

366m

323m 1 ﬂ
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Fig. 58. X-ray diffractograms for rock (a), scoria (b) and sedimentary clay (c)
samples of drill cores.

A: andesine, S: sanidine, H: hematite, M: magnetite, D: diopside
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(b) Scoria samples

A
A D
Al
344-348m H
Mu
258-263m \M.MWWM
237-241m 3
232-236m G
Mu
227-232m !
0 20 40 60
2 Theta degree

Fig. 58. Continued

A andesine, S: sanidine, H: hematite, M: magnetite, D: diopside, Mu: muscovite,
G: gibbsite
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(c) Sedimentary clay samples

414m

377m

257m

218m

144m

132m

2 Theta degree

Fig. 58. Continued

Q: quartz, A: andesine, S: sanidine, H: hematite, M: magnetite,
Mo: montmorillonite, C: chlorite, D: diopside, I: illite, Mu: muscovite, K: kaolinte
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Table 29. Content of SiO,, Al and Fe in surface soil, sedimentary
clay, rock and scoria samples.

Sample type Si04 Al Fe
Mean 383.9 93.9 98
StDev 86.9 16.3 1.8
Soil Min 293.2 72.1 7.1
Median 352.0 97.1 9.2
Max 526.0 121.2 12.7
Mean 517.8 103.8 7.5
StDev 31.7 9.1 1.2
Sed_Clay Min 480.0 94.9 6.1
Median 518.2 99.9 7.1
Max 555.8 116.8 9.4
Mean 482.1 86.8 8.8
StDev 17.6 7.8 1.1
Scoria Min 455.5 76.0 8.0
Median 49141 91.7 8.1
Max 499.1 92.7 10.4
Mean 488.9 84.8 8.4
StDev 37.3 5.9 1.2
Rock Min 443.0 78.9 5.6
Median 478.0 81.8 8.8
Max 575.6 94.1 9.8

All values are in g kg .
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Table 30. Content of SiOs, Al and Fe in surface soils according to
soil series.

Soil series Si0q Al Fe
Mean 326.4 101.8 980

StDev 41.2 25.0 2.8

Pyungdae Min 293.2 73.5 gt
Median 313.5 110.6 98

Max 372.5 121.2 12.7

Mean 376.3 94.3 8.6

StDev 73.0 19.3 1.1

Nogsan Min 293.8 72.1 7.4
Median 402.4 104.0 9.2

Max 432.6 106.7 9.2

Mean 324.1 99.7 10.8

StDev b 4.5 0.3

Jeju Min 316.4 96.5 10.5
Median 324.5 ST/ 10.7

Max 331.4 104.8 11.1

Mean 508.8 79.9 7.7

StDev 26.1 1.1 0.1

Ido Min 478.8 79.0 7.6
Median 521.6 79.6 7.7

Max 526.0 81.2 7.7

All values are in g kg .
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Table 31. Content of Na, K, Mg, Ca in surface soil, sedimentary clay, rock
and scoria samples.

Sample type Na K Mg Ca
Mean 203.5 425.8 1370.2 273.1
StDev 77.0 245.1 788.7 199.8
Soil Min 129.0 178.9 575.7 139.1
Median 193.5 335.4 1079.4 233.6
Max 383.9 922.2 2967.9 870.2
Mean 584.9 392.2 1262.2 610.4
StDev 229.2 290.7 935.6 478.7
Sed_Clay Min 348.4 152.7 491.3 231.8
Median 580.6 299.2 962.8 365.6
Max 961.2 917.6 2953.0 1251.8
Mean 1129.0 [/ P 2507.3 2748.2
StDev 233.8 295.9 952.2 758
Scoria Min 841.9 8481 1712.2 2542.8
Median 1293.5 586.0 1885.9 2571.4
Max 1309.6 1127.3 3627.9 3134.8
Mean 1106.0 926.9 2982.7 2736.6
StDev 292.9 342.9 1103.3 605.4
Rock Min 774.2 243.7 784.1 1294.6
Median 1070.9 1053.3 3389.7 2860.2
Max 1745.1 1323.2 4258.2 3273.9

All values are in meq kg %,
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Table 32. Content of Na, K, Mg, Ca in surface soil, sedimentary clay, rock
and scoria samples.

Soil series Na K Mg Ca
Mean 229.0 2000.1 621.5 425.6

StDev 134.4 1259.7 391.5 390.4

Pyungdae Min 141.9 575.7 178.9 180, 1
Median 161.3 2456.7 763.4 267.5

Max 383.9 2967.9 922.2 870.2

Mean 25244 1546.8 480.7 286.5

StDev 58.2 694.0 215.7 60.1

Nogsan Min 196.8 804.0 249.8 2178
Median 248.4 1657.6 515.1 313.8

Max 312.9 2178.7 677.0 328.1

Mean 193.5 1204.3 374.2 234.2

StDev 0.0 223.7 69.5 43.1

Jeju Min 193.5 1022.4 317.7 185.5
Median 193.5 1136.5 353.2 249.6

Max 193.5 1454.1 451.9 267.5

Mean 138.7 729.6 226.7 146.2

StDev 11.6 61.0 L 2HO) 6.2

Ido Min 129.0 660.1 205.1 142.7
Median 135.5 754.4 234.4 142.7

Max 151.6 774.2 240.6 153.4

All values are in meq kg %,
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Table 33. Content of minor and trace elements in rock, scoria, sedimentary clay
and surface soil samples.

B Ba Ce Co Cr Cu Ga Ni  Rb Sr U \Y Zn 7r

Rock Mean 558.2 514.5 93.552.8160.1 72.426.2 88.1 79.2 666.6120.9136.6 140.8 219.0
SD  814.0 204.6 36.2159 77.7 196 3.7 46.4 48.1 2408 23.2 53.2 17.2 92.1
Min  20.0 221.3 54.212.7 29.2 42.722.0 10.5 124 394.8 629 10.0121.4115.5

Max 2540.5 885.2164.265.6 258.0 96.632.3154.3160.6 1234.4 138.2189.0 174.5 369.8

scoria Mean 283.3 523.6 93.452.6 83.4 88.524.6 56.7 51.1 738.9114.6112.8174.9188.5
SD  100.6 126.6 1791456 64.3 255 1.1 48.0 171 49.3 20.2 52.7 66.1 34.4
Min 155.5 324.3 63.039.2 34.4 50.923.5 20.0 33.0 665.4 82.5 54.3136.7133.4

Max 407.7 612.3106.168.4 159.5122.726.4119.6 79.4 785.7136.0177.4 292.56228.2

Clay Mean 863.4 703.5128.045.7101.2 85.730.6 66.2158.1 342.8109.1135.6 167.4 253.7
SD 666.0 296.5 45.313.8 54.7 32.6 3.0 38.9 83.5 177.1 32.4 46.5 25.3125.0
Min  20.0 450.5 80.927.5 40.1 52.027.7 22.5 62.9 1290 63.4 62.4125.0122.3

Max 1646.7 1224.1198.861.3185.8136.235.2118.6314.6 636.9 139.4 188.7 197.4 453.9

Soil Mean 141.0 244.2 67.046.0127.6 87.926.3 88.9 80.3 ©55.2120.9124.3229.2133.8
SD 1128 56.5 12511.8 24.3 149 3.6 26.5 16.7 16.1 43.0 18.5191.8 27.1
Min  20.0 168.1 45.928.8 924 72.820.7 47.7 54.7 39.0 51.2 93.1 99.7101.3

Max 316.9 338.4 82.965.8161.5115.732.0123.6109.8 95.2164.9152.2662.1186.0

All values are in mg kg ! .
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Fig. 59. Extractable Na, K, Mg, Ca of sedimentary clay, rock, scoria and surface soil by deionized water(DW), 1.0M ammonium
acetate solution(Am-Acetate) and 0.1N HCI solution(HCI).
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Fig. 60. Extractable SiO, of sedimentary clay, rock, scoria and surface soil by deionized water, 1.0M ammonium acetate
solution and O.1N HCI solution.
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(a) Al, Fe, V, Cr
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Fig. 61. Extractable minor elements, (a) Al, Fe, V, Cr, (b) Ba, Rb, Sr, Mn (c) Zn, from sedimentary clay, rock, scoria and
surface soil by deionized water(DW), 1.0M ammonium acetate solution(Am—-Acetate) and 0.1N HCI solution(HCD).

Minor elements were grouped by the difference of extractability with deionized water and 1.0M ammonium acetate solution.
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Fig. 61. Continued.
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