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ABSTRACT

Although fluoride is an essential trace element, ingestion of excessive amount of fluoride could have detrimental effect on
human health. Generally, the bioavailability of fluoride in soils was low, but it could be harmful to the environment
depending on the soil properties. Therefore, it is necessary to understand the concentration distribution, and fate and
transport characteristics of fluoride to establish a resonable management strategy for fluoride pollution. This study was
conducted to evaluate nationwide fluoride distribution in soils in Korea, as well as its fate and transport characteristics.
The average background concentration was 204.5 (15.3~504.8) mg/kg, which is lower than the values of foreign soils. For
the three regions of different land use, the average concentration was 229.6 mg/kg in region 1, 195.7 mg/kg in region 2,
and 273.4 mg/kg in region 3. The concentration of fluoride was the highest in soils from Youngnam block within tectonic
structure derived from metamorphic rocks. The results of sequential extraction to access F bioavailability showed fluoride
in soils mainly existed as a residual form, which suggests the bioavailability of fluoride was relatively low. Soil properties
such as soil pH, CEC, and clay content were found to affect F bioavailability of soil.
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Eol EAlsle B4s3tEe] e 200014 73 my
kg7 tieFsHA] HarEar 91om(Davison, 1983), Yk
o8 B9 F EAE 20-500 mgkgd] B E¥ES Ho)
= ALZ ¥¢HA Jdti(Kabata-Pendias and Pendias,
1984). 1,000 mg/kg oo IFEEE HolE BA 9E
S AR o R Bl 2 X0 ZRE WAIFA
U 19420 B4 edee] Fojo = s (Yaday et
al,, 2018). YKo 2= BEY T Eibve FARE X
ol AU HE e isEd S3E] e FEHE
EAEH, vl A gto] Ere &= Uk
(Pickering, 1985; Cronin et al., 2000). Z1# EF
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pH, W3 EFHAE (exchangeable sodium percentage,
ESP), FE(clay) 3, B (CaCOs) 3 59 EX
EAJel wg} B49] o]FA (mobility)o] FEFS W &
AOH(Yadav et al., 2018), ©] EXEAS] Wzlo] wt
2ol HolE ALY AslrR 8EH= B4 el &
2+ 4= TH(Edmunds and Smedley, 2013).

EY T 240 AdF e Ao F3kEa mAY
B, A5, 559 Agozrng uMISH Weinstein and
Davison, 2004). Al Z3=o] = 54 F=9] 53}
Zgo= sl AAF 0" E4o] Rt dofd 7 e
™ (Fuge and Andrews, 1988; Jacks et al., 2005), 24
£ kL e BES U o) ol2= o= o

] THWeinstein and Davison, 2004). 7}-¢- 3]#a}x]qt
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griceite(LiF) 2R #E2 BAE 73% sk IO

(Weinstein and Davison, 2004), 1 2Jo]] BAE EH3
1 = F8 FEZE fluorite(CaF,), fluoroapatite
(Cas(POy)5F), cryolite(NazAlFg), villiaumite(NaF), topaz
(AL(SiOyF,) 5°] AthHanda, 1975; Hem, 1985;
Apambire et al., 1997, Cronin et al, 2000; Saxena
and Ahmed, 2003; Weinstein and Davison, 2004; Chae
et al., 2007; Edmunds and Smedley, 2013). 42 <l
A4 efdoRE A, GFvlE, e, HE 2 B
Ao Ry Wshk=s 7IA EA(HF, SiFy), PIHA &
Ble] E3}E(AIF;, NaAlFg, CaF,)°]
1985; Skjelkvle, 1994), Q12 HI=, F5A), XA, &
A, AzxA, g2, Ao ¥3E E3-E(eryolite,

sulfuryl

2131 (Pickering,

barium fluorosilicate, sodium silicofluoride,
fluoride, trifluralin) 5% $JTHWare, 1975; Poovaiah,
1988; Weinstein and Davison, 2004; Vithanage and
Bhattacharya, 2015).

BhE Rl D5 mlhzelAT F9H G
247 9P BF v 5 Y= @
(Chavoshi et al., 2011). ¥=3F B4 X|olEHe] Wby
< FAATIAL, QIS H3sAT]E B4 (fluorosisye
HEAIA)ZIC (K owalski, 1999; Fawell et al., 2006; Death
et al, 2015). TESF A& el P wXH(Sun et
al., 2000), &2 A2HS W3k (Peckham et al.,
2015). ATH] EA =E2AZE T 297 7P & 8119]
A|WHEdmunds and Smedley, 2013), &% B4 g
EqflA AplE 2o AdF, B4 I EY RIEA
Y, EX A5, EYH AF To= A SJals
7¥st 4= JthFomon et al, 2000; Erdal and Buchanan,
2005; Chavoshi et al., 2011). W&y 47} H3ld 2
A5 "efsial B4 3] 84 IS ARlE 2t
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2.1.1. BEY T B4 ¥ B4 WY A4
SVt B4 wiAEEE A 98] AEws)

2 A9e a1 8o EYAEE AFSHAL, EA

olfEHE BEA TS Helsl| f8 EYSARAHA 1

A, 229, 3x]|He] Gz A8E 22 2204, 1470

2, 157020 A3t Table 1). ¥178%% ZARA

2 PHTHPEHRE | A, FEE 1273, FHEE

AH, THEE A, FEES 13A3, HEpEs 1A

FEE 1743, Z4d= 72150l

o
> -
7

EF T B2 As 54 A A3

EY T EXx9 AT 5L R SEiA 10719
AHE A3 KTable 1). ©] 5 T84 6XHe 2+
- EoF Ax, A3 i, Al Az,

L4 B4ol = Aol

ol o,

> o\

2.13. B AEAH 2 @Az
7zt ZARAON BEHEE, 0-15 cm)S AFBIITE &
PEE ELLATGAIF7IE(ES 07130.a, 2013)00 w

Table 1. Survey points and quantities for evaluation of F distribution, fate and transport

Survey points and quantities for evaluation of F distribution

s Background Land use (n=51)

Division - - -
(n=82) Region 1 (n=22) Region 2 (n=14) Region 3 (n=15)
Category Forest Upland  Paddy  School  Park Forest Building site  Factory Miscellaneous land
Number 82 6 3 5 8 8 6 7 8
Survey points and quantities for evaluation of F fate and transport

s Land use (n=10)

Division - " .
Region 1 (n=3) Region 2 (n=1) Region 3 (n=6)

Category Upland School Building site Factory
Number 2 1 1 6
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2} AEAFH $ F8AaL, A Wt 2 mm(10
mesh, ©]-3}8H2] E4] 123899} 0.075 mm(200 mesh, =
A B8 AR 4 AAES st

2.2, EQF Y

221 EY & B4 ¥ 4

Ed T EAT ESCATHAIZIFEES 0735114,
2013)°] wt A8 e S AHIRE AR 7%
A BE3g A (Agilent 8453 UV-Vis spectrophotometer,
Agilent, USAYE AR5t

222. BES o] - s3H 54 &4

EF pHe 7 7H] 2o g SHETh EYL AT
ARA7IZ(ES 07302.1a, 2013)0] whe} FAGFE Fegi s
TEo] pHE =43, KSTFAKS I I1SO 10390,
2005 Wt 0.01 M CaCLE HEHS 50| pHE =
Attt 247t 4L EY S5 7F 8vf 25mLE
347 ¥ pH SA7IE AREsl SASIATE A7 1ES
Tyurin®H(Tyurin, 1931)2 o]-83l] B3t} 8E/7]
Bk (dissolved organic carbon, DOCY= EY} 0.01 M
CaCL2] WIES 152 3ko] 2A1F it 3 FE(pore
size 045um)E ©|&3l FE F FH71E(total
organic carbon, TOC) 417](Multi N/C 3000, Analytik
Jena, Germany)Z #2431t} &Fo]- 238 (cation
exchange capacity, CEC)2 Z4F = U O}R(USEPA,

BN

FA) - AT

1986)= ©l831] AT EFUBEAL KSTA(KS
1180 11277, 2005 we} #4311,

223, B F BAFEH) o% B I 24
EF F UAFEo] oF B PFES S FE

e

H

(Rodriguez et al., 200)@ 0.01M CaCl, =4
(Adriano and Donner, 1982y Z-g&3}o] EA3519c} 2}
FEHY ERAES T80 Bl 1:10(w:v)° =& &}
of FAF FE2HE 2443 "Bk, 001 M CaCl, 5
Fo] 9A1E2]71(3,000 rpm, 304
el Felg F 0.45um PTFE ZEE o] 83l o
ST AR F BAh FEE olRARFETHY

e
rE
rlo
2
(L
)
oft
ol

A 23l A5 ARSEE AAK(Tessier et al,
19795 #Farste] 240 31814 el 195 sk &
MO 2 (Zhou and Sun, 2002; Gao et al., 2012), 1
o] B = FeHo EAv Aol FHO B4
(Felar, 2aAle] eitdde] Agte B4 e oMEAL
7 RESt BEY o] gRbdge] §3ljE]o] of 7ol A
o] Y= B4V} I =5 Feolt) 39Al= 3313t

Soil 1 g, <200 mesh
I
Fraction 30 mL DW Continuous
Water—soluble F . .
1 15 hr shaking(30 min, 3,000 rpm) flow analyzer
I
Fraction 30 mL of 20% HAc Continuous
Bound to carbonates . .
2 15 hr shaking(30 min, 3,000 rpm) flow analyzer
I
Fraction Bound to sulfide 30 mL of 15 % HNOs Continuous
3 compounds 15 hr shaking(30 min, 3,000 rpm) flow analyzer
I
. Total F* - (F1+F2+F3)
Fraction .
4 Residues " Determined by Korean standard testing method for soil
contamination

Fig. 1. Analytical scheme for sequential extraction method used in this study.
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FEoe WAEA EE

seldtE A% EAE &3ATh
(Tessier et al., 1979; Xu et al., 2006). 42dAlN = E
ELAFTFAIE 7 ol S F BEA SReIA 1T

A3 B4 S wiA IR B 28t

2% 4

2.3. HIO|HE4 & SHEY

AAzte] gk, ARG - HASHk, T, TEUAL
WEAT 59 SAAE =57 A 4 (correlation
analysis) 2 GAIA T3 A8 (stepwise multiple
regression)=- SPSS 18.0(SPSS Inc., Chicago, IL, USA)
< ol&sl] ArEtt. BARIE & Al, Bt 59
SAAE e HAE] 98] box plotS F3F 34w}
SPSS 213} 08-S B3] o] (outlierS AASATT

T EY S B4
1 Ao A Hol
T 153 mgkgll RAoZ

192.0 mgkgol™, FEFE
m

off

O

AR
3742 mg/kg, SME-GFE 44.8

& 54 37} 93
A7t H BA T 625 mygkeol Bls] ##3] o
ko, Al EY T Hd F52 321 mg/keell Hl
ME e RIS BT sl7] fig
8 SAEY A Fa A g e}
Hlwsl] 2oke w] =2 ¢k A oZ =T Table 2).
AY9Y HAEEE A7]% 248.0 mgkg(201.2~302.1
mg/kg), ZUE 223.0 mgkg(116.1~381.6 mgkg), =8E
= 208.9 mg/kg(129.7~331.2 mg/kg), THEE 204.3 mg/
kg(50.7~332.5 mg/kg), FEEE 262.8 mg/kg(115.5~472.1
mg/kg), FEPFE 145.6 mg/kg(23.9~373.9 mg/kg), 7AE
% 2233 mgkg(15.3~504.8 mg/kg), 7A°FHE 79.9 mg/kg
(29.9~162.2 mg/kg)gl AC=Z ZAFEITHFig. 2).
o] fdo] M7 W F=ot AR, HepdEet 4
=7 B Aol Bl v W2 FEE B

AT o=
EAaE 314392 (lithophile element)2A] §HA1S- FAJa}

=40 nulge] FeEe] EY T =2 §EE

4
=
H2lo|th(Totsche et al, 2000; Naseem et

fr o

ot Fa

al, 2010). Wepr] AHEHZ B4 % zlolg Hole A
oA AR Fo Ve L BEY ETF 5 AL

=490] thrhe 7} o] el 711g

Aos FEEn.

S Foh8)

3.12. EXo]&EY F%
EXolgro W& ) BEY F
ol g71A] EXolexHE 517 AR B

\ 57
’1_[‘_:1_

=]
Eﬁ\— o=

600

500 —

400 —

300 —

100 —

Total F concentrations in soils(mg/kg)

M+%;ii;

ALL: the whole country
GG: Gyeonggi-do

GW: Gangwon-do

CB: Chungcheongbuk-do
CN: Chungcheongnam-do
JB: Jeollabuk-do

JN: Jeollanam-do

GB: Gyeongsangbuk-do
GN: Gyeongsangnam-do

+ average

Fig. 2. Distribution of total fluoride concentration in soils by region.
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Table 2. Fluoride levels in continental crust and soils of the world
Continental crust Soil
Con. Criterion Source Con. Criterion Source
(mg/kg) (mg/kg)
321 world-soil average Kabata-Pendias (2010)
500 upper crust Shaw et al. (1967, 1976)
453 . Wang and Wei (1995)
China
186-388 Fung et al. (1999)
561 upper crust Gao et al. (1998)
95-108 Greece Haidouti (1991)
39-679 Netherlands Roorda van Eysinga (1974)
611 upper crust Wedepohl (1995) . .
30-320(200) Russia Vinogradov (1954)
166-288 Switzerland Polomski et al. (1982)
577 upper crust Rudnick and Gao (2003) 113-475 UK. Fuge and Andrews (1988)
430 Burt et al. (2003), Shacklette
and Boerngen (1984)
625 crustal average Hedrick (1995) U.S.
National Research Council
300-430 (2006)
800
? e ~758.1 mg/kg), U Ok(forest)= 179.6 mg/kg(77.0~278.1 mg/

600 —

200 —

400 —
A +
%+. 1HE
+

Total F concentrations in soils(mg/kg)

0=

O o N\ S ae N &
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o

Fig. 3. Distribution of total fluoride concentration in soils by land
use.

%:E% AL, 1 2 5442 Fig 3o Wehlch
] SrHE HORS uf, WESK(upland)?] H EAF
=% 231.5 mg/kg(143.1~300.8 mg/kg), =E Y(paddy)
268.7 mg/kg(232.4~327.5 mg/kg), SFnl-8-X]|(schooly= 123.1
mg/kg(82.2~149.7 mg/kg), 3 (park) 347.1 mgkg(163.6
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kg), tA](building sitey= 214.5 mg/kg(90.7~337.7 mg/kg),
TEA] (factory = 284.2 mg/kg(153.0~538.3 mg/kg), 3
ZA](miscellaneous landy= 297.1 mg/kg(170.2~422.3 mg/
k)]l o= VEpstt.

o9} e EXol§ER ZAMATNE EPERANS
TEE B 8= we} 149, 24, 3Aqew T

el s EXE iéﬂ"d}%l% o, 1A, |, sk
A, F9ye i FE 229.6 mg/kg(82.2~454.2 mg/kg),

2A S (QJok, A Tﬁ E% 195.7 mg/kg(77.0~337.7
mgkg), 3AHEFEA, FEA)E i F= 2734 mg/
kg(153.0~422.3 mg/kg)o Ao =2 YR
EAAE w2 G 32|99 Fet w57t 7
=%oH, ol 3x|9d sdsie EXol&-E7T <1914
2499 MY 7FsAo] 7K =] wER] AoE §FFH
o 1X]9e] it w57 2A]90)] HIE| w2 A Aol
——ro_]o] EO]V\]_U_ = 01‘:'0"}\1 E—JJ]' TS H%Q&,i
7] WER] AoR A} HFAHES AFAHRA
ZHI(MGEO, F=xAdAddT-delA Agshe Ad=
ol A 23]e} |do] 200 m ool BEstar om EFH
A W sPede] EAlske AREAS B AdHe

=
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2y 24 d¥e 2Y 5 Aom BuHh
(Lahermo et al., 1991; Frencken, 1992; Kim et al.,
2006). HE7F 39, 54| 59 Aol Bol A= vt

A HIEe] AHIR QI EY F B4V FEEAS s
A 9A] 138 4= JATHKabata-Pendias, 2010; Borah
and Saikia, 2011). ESSERAHA 0] 2 i) w2
w5 B7E QA9949] 9ol sf7k Aol Rl H(A
L R
Al A F711) ZAAHE Shaslo] Bl 2
54 siot R GU} Fo) WA Ao o),

3.1.3. AEHH EAdol| e v B
A Qe EAo| mE EY T B4 2]

TEE Rl
A3 = WA EES FRIskaA AV o
£ X|A|F-ZE(tectonic structure) F ESFo]
RSt
AAFE=D A2Es olFE 7IRRke] FH,
o] fARE FHE Uro] e S5, 4
£ ouetH, fEveke A71SY, S35, 99
ZAEAZ =] JqTH(Choi, 2013). 737153
= B EE sl BEAE F = 10709 3]
o, B 210.1 mgkg(125.3~302.1 mg/kg)o] .0.H,
SHFFNE F 39N AE7} SNEEACH, Ht 214.8
mg/kg(23.9~472.1 mgkg)?l Ao® UeHth. da5=
F 14 A87F A=A, H 231.2 mgkg(44.5~
452.6 mg/kgellom, AAEAE F 190 A7} Sl
Aom, Hit 141.7 mgkg(15.3~356.7 mg/kg)l AOZ
YERITHFig. 4).

2ok FRol wel 3Hd<H(igneous rock), E A
(sedimentary rock), H/d%(metamorphic rock)oZE T
3l T% XS ZARIAHFig. 5). WIAEE ZAF 82
N A F sPdgde]l B -] 357 AH, EH Y]
HeR1 AHe] 3370 AH, wAdde] Bl Aol 1471
A7 Aoz ZAEILE. o] Bl AHe] Hit
EY 5 B4 5+ 176.9 mgkg, BZYo] ZUel A
o] B FEE 2123 mgke, BAG0] ZUQ1 A<
Ht 2552 mgkg?)l Ao E JER} Rt w2
B T B4 H e WASEAHSe ] &
ME UERTE WA diE o R w2 wro BEAE
A3t e AR HuEA JOm(Fawell et al,
2006), W28 gl w2t 100 ppmellA4] 5,000 ppm ©]
de] FER AV SHrE] vkl geA tk(Malago
et al., 2017).
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Fig. 4. Distribution of total fluoride concentration in soils by
tectonic structure.
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Fig. 5. Distribution of total fluoride concentration in soils by
parent rock.

32. EY & E40 HE SM ®IL
321 EY & B4 3
B F Bao] ASERS wrlsly] 918 107 A-e)
EYS gos Bao
A&EFEHo) 7 Bao] EAFeE e
AMEE EXo] s} s Tt T

gom, e A B F Bhe) $Er} Tt 29l
@ gl AR ks, eage] AY o Sl
ofdt FFL VAL HFY 5 ot

9k F Bho) 4B fAE 2 S F AT
=49 F257] 981 A%, 001M CaClel ol ©
FEHT ASFEUE 2g3At FAF) <8
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Table 3. Fluoride concentration by selected methods in this study

(Unit : mg/kg)
Soil Total F* Single extraction Sequential extraction
Fater Feacr Water-soluble Fcalzg:)l;::tetso sulﬁljleb(;lcl)llfpéinds Residues
Upland 1 3973 0.11 1.37 0.7 0.0 33.2 3634
Upland 2 445.0 3.73 291 9.2 32.2 13.8 389.8
School 551.7 0.58 0.87 2.1 32 2.0 544.5
Building site 809.5 8.17 341 13.0 243 37.1 735.1
Factory 1 3333 8.10 4.45 19.1 86.5 72.7 155.0
Factory 2 5133 7.32 4.05 13.7 28.5 284 4427
Factory 3 510.6 4.08 2.72 5.9 26.5 81.6 396.5
Factory 4 306.3 0.40 1.38 1.7 455 38.0 221.1
Factory 5 281.7 1.60 1.71 43 14.7 0.0 262.7
Factory 6 358.5 2.72 2.13 4.4 0.0 2314 122.7
* Determined by Korean standard testing method for soil contamination
Table 4. Soil physico-chemical properties
Soil PHuvater PHcace oM DOC CEC Soil texture
Sand Silt Clay
(%) (mg/kg) (cmol/kg) (%)
Uplandl 6.0 53 10.2 58.5 1.09 82.02 17.36 0.62
Upland2 6.7 6.2 2.6 29.1 5.67 11.17 70.61 18.22
School 5.9 53 5.1 60.5 1.98 56.71 39.95 3.34
Building site 8.7 7.8 0.7 16.9 5.01 52.79 37.71 9.5
Factoryl 7.3 6.8 4.8 83.8 9.79 60.05 35.65 4.30
Factory2 7.5 7.0 52 70.8 3.98 57.96 38.62 3.42
Factory3 8.8 7.8 1.2 36.5 7.49 52.15 4413 3.72
Factory4 6.6 5.6 0.5 11.6 2.51 87.61 10.93 1.46
Factory5 6.2 53 6.4 164.6 6.00 41.50 52.33 6.17
Factory6 83 7.5 1.6 18.9 222 76.61 21.77 1.62

i

=3 B4 T (Fyge)= 0.11~8.17 mg/ke] TE=HE compoundsy= 0.0~231.4 mg/kg(0.0~64.5%), 447 (residues)
By, A d¥] = vlEo] 0.03~2.43% Aoz = 122.7~735.1 mg/kg(34.2~98. 7%)§ slslE AH
Ueldth 001 M CaCLel 93 29 249 & B0} ZRE B4l Blgo] w2 Aoz RIS o]
(Feacn)= 0.87~4.45 mg/kg®] F% HIAE B, A3 of o] TAFZHol| o5t BA %%%01 o A A
H] 5% H1E0] 0.16~1.34%<1 A o= LFERITHTable &3E9 Aol Aid o AgEe] 3 g =
3). 7 7 F=H BT A o] 2 HlEe] B4 ks AL EYolA s o] 2471 3E U
7t FEE RS I 5 Y. wR2AEY FHA E Oﬂfﬂ A HE 8l Filslael SR E ] BT
& 27s WeR 3 EY T giA g 2 AA © 2 HHE olslErt 5= B4 vl 543
T F= 5L AN 9A] BAho] HE212~617 mg/ o] Ath(Pickering 1985; Cronin et al. 2000).
kg) ol AAGF F= 55(0.5~4.8 mgkgy} vi-¢- SHA

8 i

=%5]o](Loganathan et al., 2006) ¥ <1723} A 322. BESF o] - g5k EA
ARE Bl As AT F ST dEF=Rl g Eqke] =9 - 315k 2ol wet EAo) 318H4 g

E49 =3 g3 194 (water-soluble F)= 9] W3} dojyar o]l A8 ulg} B0 AE 9]
0.7~19.1 mg/kg(0.2~5.7%), 22-AI(F bound to carbonates) |4 2 2529 B4 . o] ofo] gEkd 4+ Ut
= 0.0~86.5 mg/kg(0.0~26.0%), 3ZAI(F bound to sulfide (Senkondo, 2017). W= BY £ B4 AF EA4S
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53~7.8%0 Aog ZAREALE A71E

5 BEa, S8E171E(DOoC)E |

7 ks 2ol dest
3}54 5435 Table 401
st #Ag EY pHE
|3t A% ES pHe
52 0.5~102%2]
11.6~164.6 mg/kg?]

Aoz Vehdtl BEoizl= 27t 11.17~87.61%, HIAF

7} 10.93~70.61%, FEZ} 0.62~18.22%21
Ot BEYQIAF BEE B

o},

Ao ep}

323, BEok = B 3kl BoF o] - 318 EAJ7Ee]
A
A e WIS olF Ba Bl B
1.6
y=0.07x + 2.61
R =0.335N-S.
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1.2 —
h .
L 08—
©
° J
£
D
S 04—
0 —
B .
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Log(Fwaler)
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.
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R =0.692" P
8 —
I§ 7
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6 —
> \ - e
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3 AE 54 37} 97
3k 54719 S ksl EY F w4 A
ERFAEE Folal A T AsS BolsiA e E
FERE ot st webs] EGEE Wiellxd &
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Fig. 6. Correlations between extractable F (Fyaer, Fcacp) concentrations and soil properties.
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Table 5. Multiple stepwise regression of extractable F against the corresponding total F concentration, soil pH, CEC and clay contents

Constant pHcac CEC Clay r p value
Fuaer = 277 +0.47" 0.779 0.008(**)
= 240" +0.31" +1.21" 0.927 0.001(*¥**)
= 247" +0.33" +0.71" +0.45" 0.949 0.002(**)
Feaci 071 +0.16" 0.735 0.016(*)
= -0.59"™ +0.11™% +0.37"% 0.846 0.012(*)

n.s. Correlation is not significant

* Correlation is significant at the 0.05 level

** Correlation is significant at the 0.01 level
*** Correlation is significant at the 0.001 level
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