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Abstract

Project Title (Fala39n13): IﬂsaﬂW'iﬂwa:@@sﬁ’ULLa:ﬂWSﬂw HAILLLUUITH NIZINLAILR
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Investigator (Za¥¥nI98): HTomaaantd a3 eSife lrawusian medm
FIHINGT AULINLENEAT ag‘wmamﬂimﬁﬂmé‘ﬂ

E-mail Address: csrilert@gmail.com

Project Period (3¢81212811A39N19) : 15 4.8 2554 — 14 .41 2556

One of the most agricultural areas, Tambon Hua Rua, Ubon Ratchatani Province, has
long been intensively applied agrochemicals in agricultural activities, particularly for
planting chilli and rice that may in turn impact negatively to the environment including
human health. In few decades, there has long been used agrochemical, i.e. fertilizers, in
many areas in Thailand. Heavy metals contained in such chemicals may release into
soils and may eventually transfer into the food chain or reach through shallow
groundwater. The concentration of detected metals in each well and the overall mean
were below the acceptable groundwater standard limits for As, Cd, Cr, Cu, Hg, Ni and
Zn, but Pb levels were higher of 4 wells with an overall average Pb concentration of
16.66 + 18.52 yg/L. The batch experiment was designed to derive sorption coefficient
(Kd) value yielding 0.0004 L/kg for Cu and 0.043 L/kg for Pb. The results of the
desorption of the previously sorbed Cu and Pb show that the desorption coefficient
value yielding 0.0003 L/kg for Cu and 0.0008 L/kg for Pb. Mobility potential of heavy
metals in soils was analyzed by the BCR scheme, divided into four sequential
fractionation phases and then measured the amount of heavy metals by ICP-MS. The
results showed that summation of fraction 1 (exchangeable fraction) and fraction 2
(reducible fraction) of Cu and Zn in most soils were higher than 50%, ranged from
50.32 to 78.13%, except soils collected from point no. 6, 8 and 11, indicating such
metals may be easily leached into shallow ground water. The decreasing of mobility
potential of metals is in the order of: Zn (66.85%) > Cu (59.47%) > Pb (53.34%) > As
(27.85%). Finally, the results of the HYDRUS-1D combined with MODFLOW simulation
showed that the percentile 25, 50, 75 and 99 of amounts of Pb to groundwater wells

located in the fields were 11.50, 34.15, 54.97 and 212.37 ug/L, respectively and



amounts of Cu were 14.86, 35.52, 59.11 and 283.99 ug/L, respectively, which were

corresponding to observed concentration in shallow groundwater wells in fields.

Keywords (ﬁ'mé'n) : Shallow groundwater, Heavy metals, Hua Rua, Sequential

extraction
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‘ﬁuﬁﬁﬂwﬂa%ﬂu%mwﬁuummimu (Maha Sarakham Formation) ﬂizﬂauﬁmﬁumﬁaﬁu (Rock
salt) iiusnwaeian sauumdufiunmeuds Sihenauas Fdu ANWIEAUITHN saufulaauiinanauas
st IuTunin ﬁ%umﬁmmiﬂﬁmqﬂs:mmqﬂﬂ%'mv’ﬁﬂmauﬂmy (Upper Cretaceous) wanafiuit

N72AUAITENINNINRAN @]ﬁ‘lﬂﬂﬂﬂi’l@ LLE\W‘H&J?@ﬁ%Q‘ﬂE}ﬂ
> 1 3‘ wa > > ~
3.1.4 ¢n Elﬂ'l‘wLL‘V]ad%’li(ﬂﬂ%i%i]ﬂﬂ')ﬂaqﬂai']‘ﬁﬁ'l%

aznawiiwt  dsznaudisaznanfusiusastunmiauaznolasmaimnsasmainluadauss
U990 asnugwihenalaun Aufnuguzesuaimeian i uitle wiind wezuaviya sa9a9n

ldunudiiay udiaisanuuazdvomolng udu dniudunalesguanoniazlddninainan
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1. fuahnuisudeg fifisadas ARBAIBTBYAEN fsndudedltlunuise LLNu‘ﬁIQﬁ
Uszine Lmuﬁqﬂﬂﬁiﬁ’?ﬂm WHASTOANN wnuiinsldian udu Weldlumsnsunulumyisouas
WALA28EN

2. fFnmasuiarmuaduniestatnanaluiuidnunlasdmua 15idu 2 ﬂ@;wﬁ?uﬁ"lﬁl,m
u'ammas:@i"u??uﬁagluﬁuﬁmwsmmLLa:uaﬂﬁuﬁmwmmmluﬁwumﬁaﬁwLLanTwﬁwmﬁ%uﬁ
Lﬂwsnﬁu@”{ummlugﬂﬁ 2 PINNATIUIUTIAS 12 UaFainannyol

3. Audaisduniuuuynaslasaiediang  (disturbed soil sampling) uazuuyluvinane
Tns9a19@aaens (undisturbed soil sampling) NIWRRANHATNTINRINLIUEIWIN Fr0ENIuaNUTIRaN
AN EAINTINAWIUUNIINEIWIN 10 d208n9 uazlt hand auger \fusragsvasdnauanuanials
fMWIUMNINANBINIRATL/MIANUA (sorption/desorption) Uaz BCR sequential extraction waziieldlu
mmawndaasansg Arnmsiasianei 4.1 lasudadn

3 A fiaeifldandredsiiuuuuiaelaseaine 1u Rles (pH) vesdiu @1 CEC Bunse
ATLnAn (organic matter) Lﬁaﬁu (soil texture) bulk density v et uamrm‘ft’?mﬁ:ﬁm Mineralogical
composition I@]ﬂ‘ﬁlﬂ%ad XRF (X-ray fluorescence spectrophotometer) waeIaTzrmYSualanzniinlas
Ifm%iad ICP-OES (Inductively Coupled Plasma-Optical Emission Spectrometer)

3 2winfitaesnsannaaisduiifuuuylivhasdaesng laun bulk density enaudszEndln
MyTaT ANUNTH LLaz‘n@aaamqmauﬂ“ﬁmaaﬁuﬁvlaié"mlwaﬁaﬂﬁ’l‘[mlﬁﬂ%a Pressure chamber ﬁogﬂﬁi
4.1 Wathanahenmanusunussenindsinmenuiuuasanuawuosinlugn  (soil  water
characteristics curve, SWCC) s'fidﬁwaeiamiﬂinﬁumivlmmadﬁﬂLLa:mimﬁau@Tﬁmaﬂamﬂﬁfmjﬁwmma
JeaLdn tamUsinmenuduiiasuwulssnuanuausasinludu au3s ASTM D 6836

8.4 ‘maumma:wwswﬁma%ﬁmm:auﬁa%mﬂqmauuﬁmaaﬁuﬁ%ﬁuﬁaﬁwﬁw (variably
saturated zone) lawlglysunsy RETC (van Genuchen et al., 1991)

8.5 ’“smﬂzﬁ@ﬁamaﬂﬂmﬁ’ﬁﬁmmG] fnsasnslgluiuiiedinnsimusinneslansnnin (total
multi-elemental analysis) *ﬁ'ﬁ'agiuﬂﬂmm@Ulfm”aaﬂﬁaﬂﬂﬁvlﬁu@LLﬁmﬁfﬂ 0.5 WN.UAzeiauaIunNIa HCl
T 3 W8.3MRUNTA HNO, 9 ma.luiA3ad Microwave mmzu@]auﬁizqvlﬂuﬁ“ﬁ EPA 3052 fawfivinn1s

USUUSNNIATHNAL 50 NR. BAIIINWINETAZA187 ba LAz HeLATad ICP-OES

4-1



19199 4.1 WNHeaiane 9 TaIduniinIaTade

property method reference
pH Soiliwater ratio of 1:2.5 (W/W) lasltiiasdinas Ma et al., 2010
CEC 1 M NH,OAc (pH7) solution extraction Pansu and Gautheyrou, 2006
Organic matter Wet oxidation method Walkey and Black, 1934
Soil texture Sieve and sedimentation methods Allen, 1974
Bulk density Determine from soil cores Blake and Hartge, 1986
Porosity Determine from soil cores Blake and Hartge, 1986
Hydraulic conductivity Falling head permeability method ASTM D 7100
SWCC Test methods for determination of the soil water ASTM D 6836-02, 2003

Eﬁﬁ 4.1 \@389 Pressure chamber

8.6  LAUMBLNNHNILIANR N UNLNEATNTTURWILUWLAZ AR ARA LY AN HATNITNAWI LN LT
\Judayadugu  (Background) lumadSauifisuiuiuninsenysuadumbnzyliluzn 1.1 7
lugrsninauuasninuslasraansa HNO, 2-3 woalualatsiuiaafiduluaumuiNesnsan I nwad

o Aa ¥ . o ¥ = A A ' ° o o A wa A o a
T,am%uﬂmaglumLLa:LmVli'LummLLmaﬂqmﬁQu 4 °C nawazinsuiaslJuanmanetadSunmuaslans

Wn Lt e Rz T30
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8.7 A37137A32AU 11’11%‘]_i 21u71a1 a‘ﬁ'ﬂu%ﬁﬂ NIULAZATILES Lﬁﬂﬂi’]ﬂﬁﬂﬂ%‘m’ﬁvlﬁ aUBIINLIANaTEAL

e

S0
=

8.8 sarhuKuALFaITzaiNnIafianinis navesiunanaseaus uiwlug9a16s 9

8.9 Naaay BCR sequential extraction Lﬁammgﬂuuwaamig@‘ﬁu (binding form) 2a3lanenin
LL@'azﬂnﬁmiuﬁmﬂiaﬂiuﬁﬂamaﬁia%zv&ﬁﬂazgﬂ"ﬁ:azawUgﬁuuazﬁﬂmma%ﬂmaaaﬁuﬁ’aamaﬁu%a
muﬁm”'aasi'mﬁuﬁl,ﬁumummﬁﬂﬁamﬂiaﬁmsmgﬂLLuumaami@@sﬁ”n (binding form) vadlansd1dg au
ANMNAN ABWNNIYINNNINAREI BCR sequential extraction 3:@adi@suualadnsdulasnisseudiadneGn

v val =3 1
LL%GI%&I‘U%’]@Lﬂﬂﬂ’J'} 2 Y.

PUAUNIFNABENIGaLHEIAI835  BCR scheme (Perez and Valiente, 2005; Pueyo et al.,

A Aaa o , ' 4 & o X
2008) THITMIRNAENIGaL R 4 IUADUAIH

247 1 (Exchangeable and weak acid soluble fraction) L@ acetic acid ( CH;COOH ) 20 ml (0.11

mol/l) uaz@zNawdn (sludge) 1 N3N asluvIAIUIA 100 ml ﬁﬂ"LﬂlﬁiLﬂ%ﬂdmeﬁqmﬁqﬁ 2245 °C
MEAMULTITAL 30+10 rpm w1k 16 T2 LU nvwiaTazans lUUueieia3ad centrifuge 71 3000
rpm W% 20 Wil dhazasazgnusnaulasdunidusssnainaesinitaaznawazgnuanaan
PUAINTBILENEINIEAIONTZANBNTBILST 41 16 Extract step 1 uaalgaauzdaainainnuiily
Aa ¢ o A \ A A °
NATNTANUN fuaznauiinaadziin lwaw
FNAK 20 ml WALUENAIBLATEY shaker W1t 15 W waztin lUUun 3000 rpm W% 20 WALNEIN
Nasinitaaznanasn

°11°W7‘l| 2 (reducible fraction) t@3 hydroxylamine hydrochloride ( NH,OH.HCI ) 40 ml (0.5 mol/l) (‘.Ll%"i_l

AWLETWINNU1.5 @28 HNO, 2 mollL) Aesoulniasiudminianndunawusnaslunase
centrifuge 2419 100 ml ﬁw"hﬂg&m%aamzhﬁqm%gﬁ 2245 °C 618AMUL3I780 30£10 rpm w1t 16
flus aniwhansazaelududsiaias centrifuge A 3000 rpm ww 15 Wi MyazanLazgn
WENEIBBDNNILEINTBILINEIRIRAIINTEANENTBIUDS 41 |6 Extract step 2 usdlaazuzda
aiinoniwinlUiiensiiud - dueznanfindessinlunauinngs 20 ml uszgeaaies

shaker w1115 w191 wazii1 lUduda 3000 rpm Wt 20 WTiEIUNRBLRLaATNEUBBNLTILALIN

mwuﬁ 3 (oxidisable fraction) L&y hydrogen peroxide (H,0,) 10 ml (8.8 mol/l) A9l UAA DN centrifuge

Aldnniuaand 2 ﬁaﬂfﬁqm%gﬁﬁaamu 1 ﬁﬁimmﬂmﬁuﬂ%mnﬁqmmﬁ 2245 °C LAz 1
ﬁﬁiuo@auﬁﬁqmmﬁ 85:2 °C 1wgdunsinsn devndarhtube uaztRuanuaudninaumslu
tube anadnRaLSNMEBENIN 3 ml dannla hydrogen peroxide (H,0,) 10 ml adludasuaziinll
@ﬂﬁlqmﬁgﬁ 85:2 °C dawn 1 12lus Taoigh danndartube a3l tube anssndnrSanos
1 ml 1§ ammonium acetate (CH;COONH, ) 50 ml (1.0 mol/l) asluansfile (wasvinlwidn) Usudn
lemwinny 2 wazthluldin3eseng 30410 rpm ﬁqm‘ﬂgﬁ 2245 °C w1 16 TAlu9 LONETLIAN?

panIN@IITMTTUAsInuIuaaun 1 'le Extract step 3



YU 4 (residual fraction) ¥inaznanfilndannauaauil 3 (residue) lutasees Aqua regia (2.3

ml. HCl + 0.77 ml HNO, + 11 2.3 ml) ¢28LA389 Microwave digester azlaansazansaananle
Extract step 4 NNHWINFIIAZALTHAUNFNALRINIRUANIILATEAUTU Ml ane NI

ICP-OES ¥mMnaaaddianntui 1 — 4 51 nUaa8198%

8.10 NARBILLUKUAY (batch sorption experiment) iWamIAMFNLAIUMNIgATUUAZINIANLAIVEY
o . . A A a A A ' aN v A
langwtin  (sorption/desorption)  lasWarsananlansnillomaansngnazazansgsrsumdlainouazdl
ﬂ’ﬂ&lLﬂ%ﬁ‘Hgd (toxicity) 1u§uﬂw\‘imiqwﬁmmmﬁm (single metal systems) LRZLULANTUY ST
" d a . e A A ! {
(competitive system) LiNaU3zLUNITUIUNNT sorption reversibility F9zaalunisatursdalaniaiien
lanzninsiiaiuazaisaniiduuazinfonngilddulufiga (Sastre et al, 2007) anaaandiuim

o A (% ' Aa . ° A [ ' Aa % A
vaslansninfaidvagludn (retained metal) lasaansndwislansnasdsagludulasldaunim
3

Aretained = Asorbed - Adesorbed = J‘O KFceﬂdce _J‘ KFd Ceﬂd dCe 3)
0

an - £ ¥, e as . ¥ y
8.11 TN mkENIANIgNNIIAINEVRITUIN 1Tu AFNUTEANENITuuasin Wudu
8.12 siauuaesndaluiaiuazuusinemadiamanilosdszgndlduuuiaaims
AtAAMEA33I8 (Coupled model) TxWINILULTNRBINTIABINTTZAUAZNNTLARDUAIVBI LARTRININTH
fuf laidusadaiin (HYDRUS-1D) shanuuuuiiaasfdiaasms wauazmsiadauaivadlanznsinlusinle
aulutuirunena (MODFLOW/MTSD) lasldwimiiiaeinldanmanasanguantfvesdud ldaudadae
i namfa sunInefuiensinavestihluruaunliduas 1w van Genuchten w38 Brook and Corey
\Judu wszqmiantifvainiigaduvadlanslunsil single waz competitive system
¢ 4o vq a ¥ o X
8.13 MmamIninstadauaa lansninluauuazluiiunanaszauan
a 6 a o & 3 ' Aa A a o
8.14 Aanzilazdziliunanmsdmmaniuanndayadis g NlnasUnan s

8.15 C‘TE?L] NALAZIN Lauaﬁaaalugﬂum’;mﬁh ﬂﬁiﬂiz"q&l"j“ﬁﬂﬂﬁ‘iLLaz’J’]Sﬁ’]TﬁJ“ﬁ’]ﬂ’]'ﬁ



uni 5
- ¥ ¥
wﬂmam{lwamaammmau,a::qmmwmmma

5.1 HANNIANHINIATHIN

misanmaswwiiiagdszasdiaiudiaing do duuaztiuiedienzidianadansnining lay
misanmaswwaiin 1 usidansngdanwinuazeanmeaswinnian 2 ilusisszazwndulasiinig
Uanirnyudsuunuianazisudulanwinluggaald dtusasluzufl 5.1 uaza13199 5.1 usasduniissa

Qv dql’ a = s [ = a a d? A o 3 et 1 o n:ql/
‘].I’]ﬂ’mit(ﬂ‘u@]%‘ﬂl,ﬂﬂ@]'lEJEJ’NIQEJSJ?TWUQZLE]EJ@‘IJad‘].liL'me%VWW]']ﬂ'ﬁLﬂ‘U@l')ﬂEI'N@N%
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A15191 5.1 GILAUILALNIANRIZAUAWNYNNNIALA D8N

Location Grid (x) Grid (y) Name Ground surface
Elevation*(m)
1 482809 1700103 T lng 124
2 482543 1700208 NoIa 121
3 481445 1701485 VY1 125
4 479334 1698338 1903 126
5 483768 1699325 Ao Bugn 125
6 483218 1699760 Wel OURIF 128
7 483186 1699127 dyzme 1ua 132
8 483615 1698930 Ay 128
9 484076 1700218 3 129
10 486499 1698419 1TnTok 126
11 480622 1702595 unuastislng 119
12 487854 1697752 Tuwe 126

* ﬂ'nuﬁdmnim’”ﬂﬁwmmmunma

5.1.1 VWABUNNTNVINGI 88 I UNIARUIY

1. Wandunbstiaiuneafiagluunaiuidnmn (U0 5.2)

mmasz@i”uﬁuagfluuaamﬁuﬁ NEAINTIN

2. w3pualaddanltlumeaauin laud tesasdiotadianuiduniasd (pH) smanuzusalung

[
a

i lWwN (electric conductivity, EC) wazialadfiatannudnvasinldan

& e . ¥ . v o ¥ o & vy
3. iiumagaiuianaluuia polypropylene las¥inmsiaseausinuiana wasanuwlusiuunieg

. a o4 Tr o goq o ¥ d . a . o .
sz 5 -10 wifl Wedwihndsludasenuuazliihuneananaguiinasandalnadn ldununndiann
WUREANTA HNO, Uszanmw 2-3 woatNaliaimesdszanas 2 wazih lddwszidSunalanzniinle

ﬁaaﬂﬁﬁamiﬁwm%ad Inductively Coupled Plasma Mass Spectrometer (ICP-MS): Perkin Elmer SCIEX

ELAN 6000
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Ell‘YI 5.2 LLN%YIT?J‘]JL?J@]W%VI?IT]H’]LLQ&@]’]LL%%GUBUW@WQI%W%W

a €A %’ 4:‘ n:
5.2 HAILATITHNANIINIS IRAVDIRILIATE LbNwN
A o ¢ . o ¢ a, <& ' ' A
AMNMIDONAAFWINNBETITZAVINNUINATZAUINTAAING 112-132.1 1was (3NN.) ALafe
AU lwAuYAL 123.12 was (Inn.) wazilliathaszauanaiuauins inasasiimanauaadlugla
Qq/’ H 4 té =) ™ ™ v =)
53 (AN 1 — 4) Uazen3 9N 5.3 Fafiianans maluwmasiuenidosnile-aziusandiold uwaziia
~ v $ L v Q Qs a A v =) { “q: 1 :’
ATha-Nele %aanwmzmivlmaaa@ﬂaadﬂuaﬂﬂmzmaguﬂs:mﬂ FINIUNFALRBBLTUNAIVaI8NIADIN
P o & A ) A o
LR ALWIRITINN Al waz I waantsudla



a)

b)

c)

d)

= A a S & Ao .
Eﬂ“{l 5.3 LLNWYW]?W]’NW]SVL‘HG"DE]G%']‘]J']@’]ﬂluwuﬂﬂﬂ‘iﬂ"] (RWIE: LUAT INN.)

a) A3371 1 27 .61, 2010 b) A3IN 2 8 &.A. 2010 ¢) AT 3 29 W21 2010 d) AFT 4 19 W.A. 2011
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' 4 v
A1FNN 5.2 im‘ummm@meuumm\uﬂﬁmmmmma ﬂ”]Lﬂ‘ﬂLfl@Q @QMQ@QU@?WTﬁWﬁ

Station 1 2 3 4 5 6 7 8 9 10 11 12 Ave.+SD
Elevation 128.00 127.00 129.00 122.00 128.00 126.00 131.00 132.00 130.00 124.00 137.00 115.00 127.42 +5.50
pH 3.93+0.18 4.02+0.06 4.18+0.18 4.26+0.5 4.20 +0.09 4.60+1.29 4.30+0.58 4.68+0.74 4.64 +0.35 4.17 +0.17 7.25+0.93 4.74+0.19 4.78+1.14
Groundwater Level 11158
. +
123.88+0.18 123.40+0.14 125.85 +0.07 120.18 +1.52 125.40+0.14 122.45+0.71 127.70 + 0.99 128.40 +0.85 127.38+0.18 121.35+0.21 132.55+0.64 0.60 - 124.18 +5.23
Wet (m MSL) .
Season
Conductivity 127.45 + 254.00 + 209.50 + 141.10 + 1104.50 + 106.25 + 225.42 +
196.20 + 31.40 85.00 +9.90 85.05 +3.46 235.90 +41.15 97.30 +30.97 62.75+7.42
(uS/cm) - 41.37 25.46 - - 53.32 - - - 15.98 156.27 16.33 284.13
Well Depth (m) 4.13+0.18 3.60+0.14 3.15+0.07 1.83+1.52 2.60+0.14 3.55+0.71 3.30+0.99 3.60+0.85 2.63+0.18 2.65+0.21 4.45 +0.64 3.43 +0.60 3.24+0.73
pH 4.01+0.16 4.03+0.11 4.74+0.57 4.64 +0.02 5.40 +0.64 4.19+0.21 4.24+0.32 4.21+0.07 4.72+0.03 4.61+0.59 8.29 +1.47 5.24 +0.01 4.65+0.57
Groundwater Level 112.66
. +
125.75 +1.06 124.50+0.71 126.80 +0.99 119.75 +0.49 126.25+0.35 123.66 +0.76 128.94 +0.08 128.87 +1.60 127.70+0.42 121.85+0.49 132.70+0.71 048 - 124.95+5.17
Dry (m MSL) .
Season
Conductivity 299.00 + 209.25 + 1220.00 + 101.80 + 239.44 +
205.50 +4.95 110.8 +7.35 95.75 +8.27 92.50 +2.97 179.55+8.41 223.50 +12.02 80.70 +4.24 54.95+5.73
(nS/cm) - - 74.95 - - - - - - 73.19 289.91 10.04 317.36
Well Depth (m) 2.25+1.06 2.51+0.71 2.20+0.99 2.25+0.49 1.75+0.35 234+0.76 2.06 +0.08 3.13+1.60 2.30+0.42 2.15+0.49 430+0.71 2.34+0.48 2.46 +0.66
pH 3.97+0.14 4.02 +0.07 4.46 +0.47 4.45 +0.36 4.80+0.79 4.40 +0.49 4.27+0.38 4.44 +0.51 4.68+0.21 4.39+0.44 7.77 +1.17 4,99 +0.31 4.71+0.72
Groundwater Level
3.19+1.33 3.06+0.77 2.68+0.67 2.04+0.30 2.18+0.60 2.95+0.86 2.68+0.88 3.37+0.33 2.47+0.23 2.4+0.35 438+0.11 2.89+0.77 2.85+0.79
All Year (m MSL)
Round
Conductivity 119.13 + 276.50 + 194.53 + 175.18 + 104.03 +
200.85 +19.12 90.38 +9.70 88.78 +5.04 229.70 + 25.77 89.00 +20.44 58.85+7.04 1162.25 +201.5 232.43+9.92
(1S/cm) - 26.09 52.57 - - 35.64 - - - 58.47 - 11.36 -
Well Depth (m) 3.19+1.33 3.06 +0.77 2.68 +0.67 2.04 +0.30 2.18 +0.60 2.95 +0.86 2.68+0.88 3.37+0.33 2.47+0.23 2.4+0.35 438+0.11 2.89+0.77 2.85+0.79
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5.3.1 auuan i IWwivasiiuiaa

nadlaNzRantavastinuiaasnsi lnuh (EC) @Tmamlugﬂﬁ 5.4-57 WaZA1319N

a a >

5.4 wu'j'lmmiﬁﬂwmumgdqwuamma‘n 11 fedszanm 1,200 US/em Imﬁ@hgdqﬂ
Tutandhudsusslidianfiganuan 9 fdntszanm 60 US/cm uaziduguirinzasdni i
lquuﬁa qgclmm:mmﬁﬂma@ﬁaﬂ (Eﬂﬁ 5.5-5.7) NANANNTATIVIANLIN LTI UNMIAI]

A A da o ] @ & \
L‘V\ua“uadwuﬂ&lﬂ’lﬂ’liu’]vLWWWQE]WIJ’W{I@EGYI\‘J 2 T

1600 |
1400 |
1200 |
1000 |

™ Wet season
& Dry season

O All year round

HS/cm

ety

1 2 3 4 5 6 7 8 9 10 11 12
Station

51N 5.3 a3 lWwasiiunana dnaiiad ﬁ'\‘lmvﬂqumwmﬁ
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1701000
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&
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5.3.2 AALETVIHILINAE
ANLaTIIELIOE (pH) ma\‘il,wiazf*ﬁwqg}maLLa:mmaﬂﬁaﬁ LLaﬂﬂugﬂJﬁ 5.8 LAz
a7971 5.4 waziduturinvasiRiaTuaaslugln 5.9-5.11 drferlwihmanafidnlansiulng

WDunialasianizluuSmaaunasuaInuwnans
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l:. ey = :’ Qo tg’ G dld
M13191N 5.3 ﬁﬂJ‘.LI@W]’]\‘lﬂ'WEIJ']’]‘WLLE\]ZLﬂ?J‘UB\‘]%’]‘U’]@ﬂﬂiz(ﬂ‘]_l@]%luwu‘ﬂﬂﬂ‘]ﬂﬂ

Station 1 2 3 4 5 6 7 8 9 10 11 12 Ave.+ SD
Ground surface elevation 128.00 127.00 129.00 122.00 128.00 126.00 131.00 132.00 130.00 124.00 137.00 115.00 127.42 + 5.50
pH 3.93+0.18 4.02 +0.06 4.18+0.18 426 +0.5 4.20 +0.09 4.60 +1.29 4.30 +0.58 4.68+0.74 4.64+0.35 417 +0.17 7.25+0.93 4.74+0.19 478+1.14
Groundwater Level 123.88+0.18 123.40+0.14 125.85 +0.07 120.18 + 1.52 125.40 +0.14 122.45+0.71 127.70 + 0.99 128.40 + 0.85 127.38+0.18 121.35+0.21 132.55 + 0.64 111.58 + 0.60 124.18 +5.23
Wet
Season
Conductivity (pS/cm) 196.20 + 31.40 127.45 + 41.37 254.00 + 25.46 85.00 + 9.90 85.05 + 3.46 209.50 + 53.32 235.90 + 41.15 97.30 + 30.97 62.75 +7.42 141.10 + 15.98 1104.5 +156.27 106.25 + 16.33 225.42 + 284.13
Well Depth (m) 4.13+0.18 3.60+0.14 3.15+0.07 1.83+1.52 2.60+0.14 355+0.71 3.30+0.99 3.60 +0.85 2.63+0.18 265+0.21 4.45+0.64 3.43+0.60 324+0.73
pH 4.01+0.16 4.03+0.11 4.74+0.57 4.64+0.02 5.40 +0.64 419+0.21 4.24+0.32 4.21+0.07 4.72+0.03 461 +0.59 8.29 +1.47 5.24 +0.01 4.65 +0.57
Groundwater Level 125.75 + 1.06 124.50 + 0.71 126.80 + 0.99 119.75+0.49 126.25 + 0.35 123.66 + 0.76 128.94 + 0.08 128.87 + 1.60 127.70 + 0.42 121.85 +0.49 132.70+0.71 112.66 + 0.48 124.95+5.17
Dry
Season
Conductivity (nS/cm) 205.50 +4.95 110.8+7.35 299.00 + 74.95 95.75 + 8.27 92.50 + 2.97 179.55 + 8.41 223.50 +12.02 80.70 + 4.24 54.95 +5.73 209.25 +73.19 1220.0 + 89.91 101.80 + 10.04 239.44 + 317.36
Well Depth (m) 2.25+1.06 251+0.71 2.20+0.99 225+0.49 1.75+0.35 2.34+0.76 2.06 +0.08 3.13+1.60 2.30+042 2.15+0.49 4.30+0.71 2.34+048 2.46 +0.66
pH 3.97+0.14 4.02 +0.07 4.46 +0.47 4.45+0.36 4.80+0.79 4.40 +0.49 4.27+0.38 4.44 +0.51 4.68+0.21 4.39+0.44 777+1.17 4.99+0.31 4.71+0.72
Al Groundwater Level 3.19+133 3.06 +0.77 2.68 +0.67 2.04 +0.30 2.18 +0.60 2.95+0.86 2.68 +0.88 3.37+0.33 2.47+0.23 24+0.35 4.38+0.11 2.89+0.77 2.85+0.79
Year
Round . 1162.25 +
Conductivity (nS/cm) 200.85 +19.12 119.13 + 26.09 276.50 + 52.57 90.38 +9.70 88.78 + 5.04 194.53 + 35.64 229.70 + 25.77 89.00 + 20.44 58.85 + 7.04 175.18 + 58.47 2015 104.03 + 11.36 232.43 +9.92
Well Depth (m) 3.19+133 3.06 +0.77 2,68 +0.67 2.04+0.30 2.18 +0.60 2.95+0.86 268+0.88 3.37+0.33 2.47+0.23 24+0.35 4.38+0.11 2.89+0.77 2.85+0.79
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neamIasatasitasnui luusssunasvesiuidaanisdunsadesaandasiv
'ﬂ‘%mmIa%mﬁfﬂﬁwmgqﬂfiw{uﬁsauinLﬁaomﬂLﬁ@m?ﬁ:a:mwaqﬂ‘%mm‘[am%ﬁfnﬁﬂuﬁau
sLuﬁusjﬁaani’awvlerﬂUiuanﬁa:ﬂim (acidic condition) WONINAKAIINMTILATIEHAGINEN
wuiwﬁwﬁmm’]mﬂuﬂmga S'fi{lvl,&imm:@iamiﬁnmu’ﬂnﬂLW'i’]zﬂ"]ﬁmm‘ﬁﬂdﬁmmmgmﬁ

fnualasnsuauguuaisiivue lilugisn 6.5-8.2

5.4 wadanzimilsanavadanswinluwilouasiunaalaluiin
5.4.1 Namﬁmmzﬁﬂ?mm‘*uaﬂam%ﬁfﬂluqsJ

W1oNwNIUaLases HFHNOyHCIO, ¢leia3ad Microwave RRIN FARITAZANE
aana NnBwaTarastIdunanandieNziUSInalansrinninuadaluia3as Inductively
Coupled Plasma Mass Spectrometer (ICP-MS) NAT EPA 3052 31nNNTENTIAURRNAHDL

9 + A & A ' o a o ' A o A
insaInIuaziusoafinsasludunnuilesiliinsainsauninltloeg 4 siladat
Yara Mila, n3zéng, Top one, azlnaiwa wanmsianzidinawedlanswinluysiadinuases
uaasluan3n9f 5.5

@13197 5.4 YSanadansninludoadinsasldlunundnm (mgikg)

Fertilizers
Ag Al As Cd Cr Cu Fe Ni Pb Zn
(mg/kg)

Yara Mila 0.24 145.95 0.00 0.07 3.79 2.56 209.03 2.34 0.91 4.58

NIy 0.20 1.20 1.18 0.07 0.00 0.26 1.17 0.00 1.53 0.43
Top One 0.18 848.22 0.00 0.05 22.04 1.20 1552.60 5.38 0.00 49.85
azlnaa 0.15 2352.90 2.14 0.41 13.22 1.21 1817.13 1.54 1.80 4.20

NI 5.5 ﬁ]zé’(@Ln@l‘w&udﬁ‘ﬂ%mmia%:%ﬁnﬁwuiuﬂ%uwmﬁﬁauﬁwqmﬁmﬂ?ﬂmﬁwﬁwﬁﬂ
Bug ldun cu Ni Pb uaz zn awlsfimwdinalanswindansndusinadiiudunasgu
°umﬁuﬁ’lﬂﬁﬂiﬁwﬁlﬁamiaQawﬁmm:mwmmm (UsEmMAn s NITNMIFILIARDNUWITN G
alUfl 25 (W.¢1.2547)) ﬁnnmsmaauﬁaﬂizl,ﬁuiamaﬁiamagjgmmu (form) ﬁmmmﬂqm
panunl@iolusssum@ Exchangeable (F1) Reducible (F2) nanndaaziilomalumstwiionas
giﬁﬁﬁ'sﬁul,l,a:ﬁ'mwnavlﬁdwﬂwu'jﬁﬂﬂm:@hﬂLLaza:TmMmﬁIamm:gﬂ’ﬁmzmﬁaaﬂmvl,@?’dw

ni1)g Yara Mila sz Top one
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5.4.2 HAaNTIATIZALTIN mmaﬂamﬂﬁfﬂluﬁwm AR

nmMsAvinueaanmMseania 4 asalasusain 2 ﬂ%{ﬂuqﬁamm: 2 ﬂ%lquﬂu
MM FILATIERENTAN9 M EMWUEATlaNTI97 5.4 LN TILATIERULEeILSIN AT T
maﬂam%ﬁnhqg%’au qgslml,a:ﬂ"lLaﬁﬂ@maﬂﬂ%ﬂLLam‘l,umiwﬁ' 5.6 uaziilarvmInaTInLgs
Auiie T Inszansamassunalanswin 4 mﬁ@ﬁﬁﬂ’%mmﬁauﬁwgﬂﬁuﬁ Pb Cu As
Waz Zn melugﬂﬁ 512 — 5.15 WAL FLaAuad Zn (86.37 pglL) > Cu (79.81 ug/L)> Pb
(21.35 ug/L) > As (1.06 ug/L)

§13% U (Arsenic, As)

ﬂ'%mmmaamwkl,ﬁﬂmﬂvauiuﬁwmmaiuﬁaaqgNuﬁ@hszij 0.32-8.68 ug/L W8z
ALaapLinnU1.52 + 2.37 gl LLamﬁmmmaumw&ﬁﬂmﬁau‘tuﬁﬂmmalwﬁwqg%&uﬁ@h
321319 0.17-5.87 pg/L wazeaA LY 0.60 + 1.14 ug/L d'na,ﬁiwaamwwaa@ﬂ%ﬁaguﬂmm
0.25 + 0.11 pg/L (8il 5) fi9 6.44 + 3.17 uglL (8anf 11) AUAALWINLY 1.06 + 1.74 gl
ﬂ%mmms%%oq@ﬁﬂa 11 (Wmoﬁ 55 LLQZE‘L]“?]I 5.28-5.29)

mmgm‘*uaamwgﬁwmmaﬁliﬁm%’uﬁwﬁmwhﬁ'u 0.05, 0.01, 0.01 mg/L 3NN
muqma‘ﬁﬂ (PCD), WHO uaz EU AU (Pollution Control Department, 2004; WHO,
1993; EU, 1998) wudﬂmﬂ%mmmi%ﬁluﬁammaﬁm@‘imiﬁmmgmﬁﬁﬁuﬁamma

ﬂ'%mmmaamwktﬁmmwuﬁﬂaﬁ 1 ﬁmqan'jmammaﬁuq B99199 A0 NHETEY

' '
oA a

AAernidwualudaainan luvaendedunianwdunsa annnsdnsvas Takeno (2005)

' A ) A b4 o, AL A A
M ymmwmwwaglugﬂm 89 HASO, Januanauralunisazaissinledn mmwmmgamalu
FAWLLE AILUN aa:a@ﬂvlﬁ'jﬁﬁmﬁl,amqa mﬁmzdaNaluﬂ?‘mmmwk&ﬁ@hgd wanani

M3An®Ua4 Claesson and Fagerberg (2003) wuhgdununazwuluwimanaleun anfilud

(arsenite, As(Ill) ) ldiuri H AsO_ uaz H AsO, wazansimiug (arsenate, As(V)) i HAsO, uaz

2.
HAsO, uazwuInAAernaanulwinunanausiim Santiago del Estero Uszinaansianduwidl

] | ) = a 1a A a X A . A a &
ﬂ’]agluﬂj’m 6.4 03 9.3 I@]Uﬂﬂi&lﬂmmi%}}uﬂ’lLW&J‘H%L&Iaﬂ’]‘WLa’ﬁ&lﬂ’lgﬁl%
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As Concentration (ug/L)
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711846y Copper (Cu)

Usunmmnosuaslwinunanalugrawindudnlugag 4.27 9 751.0 ug/L wasfidadovas
NOILAT 92.49 + 164.27 pglL Ysanmmasuasluinunenalugronfauenlugig 0.58 f9 234.0
ug/L wasfienaduuainasuas 28.03 + 39.47 ug/L @hmﬁiwaammmma@ﬂ%ﬁagjlwﬁaa 10.03
+1.23 g/l (Uafi 5) fila 323.23 + 384.35 puglL (Uail 7) ﬁ@hmﬁlwamﬂﬂa@ma@ﬂ%ﬁwhﬁ'u
60.26 + 90.98 ug/L USinaanasuaifidad 7 ﬁﬁhgdq@ ﬂ'%mmwammuamlugﬂﬁ 5.14-5.15
Waza397 5.5

mmg’m’ua\maaLmﬂui{wmmaﬁlf‘ﬁﬁm?ﬂ?iuﬁﬁhL‘ﬂ"m”u 1.5, 2, 2 mg/lL MNNINAIVAN
VAN (PCD), WHO uaz EU CRERIGH] (Pollution Control Department, 2004; WHO, 1993; EU,
1998) I@ﬂ"l&iwudwﬂ?mm‘nauma’luﬂamma*nqﬂ‘ijavl&iLﬁummmgmmaaﬁﬂau winiIuuuy
YSunanauasvadtadsg laslimnasauuuudl  (t-test) izijqgi’auuazqgNuwm’ﬂ&iﬁ

ANULANEITBIUIN N B ILAIBEIN B EATY (0>0.05)
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@s172 (Pb)

Usunmnosuaslwinnanalugrawindudnlugg 082 #9 9255 pgll uasfidnads
WNTU18.64 + 25.38 pgll Usunmnasuaslwinunanalugraninfauelugag 0.65 to 48.10 pgiL
wazdeniadowiny 14.67 + 4.38 ug/L @hmﬁiwam:ﬁﬁmamﬁﬁa;j‘l,wﬁw 0.95 + 0.42 pg/L 14
66.85 + 36.35 ug/L u,azmLaﬁlﬂmamﬂﬂama@ﬂ%mmﬂm 16.66 + 18.52 ug/L YSanmsuasaznia
wug&a@ﬁﬁaﬁ 1 LLazﬂ'%mm@]:n%ﬁmnwuluﬁammaﬁu6) LLamﬂugﬂﬁ 5.16-5.17 WazA1IN
55

e uatailwinmanldimsaudauitu 005, 001, 0.01 mgl NN
mquuaﬁu (PCD), WHO uaz EU ausaL (Pollution Control Department, 2004; WHO,
1993; EU, 1998) Iﬂleaiwudwﬂ%mmﬂammluﬂammanﬂﬂa"LajLﬁummmgmmaaﬁﬁﬁu wIn
WisuifsudSunmnasuadaastadsg lasldmmasauuuuf (t-test) ITRINNQTDUL N

wu lidenuuandsvasdiunmezmatniineian (0>0.05)
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&N (Zn)

Usunmdanzaluinunenalusremsdudlugag 10.05 f9 509.50 g/l uasfidnads
Wiy 79.53 + 139.27 g/l Usmnmssnsdlutinunenalusiemiindaouenlugas 1.70 A9 424.0
uglL ussfienadowingy 47.32 + 62.89 pgiL ﬁﬁLaﬁﬂmadﬁanzﬁmaaﬂﬁ{iﬁagﬂwﬁaa 6.94 + 573
pg/L 919 302.43 + 292.85 ug/L LLa:@hmﬁlwamﬂﬂa@laa@ﬂ%ﬁwhﬁ'u 63.43 + 87.75 pg/L UFum
maaéﬁﬂ:ﬁwugmﬂﬁﬂaﬁ 7 LLazﬂ%mmmﬁ‘ﬁﬁmwwuluﬁammaﬁu6) LLﬁ@NluEﬁ‘ﬁl 5.18-5.19
WAz T 5.5

wauaazi lwiamanldimiuandiaity 15 waz 3 mglL NNNINAILAN

NaWE (PCD) Uaz WHO enusau (Pollution Control Department, 2004; WHO, 1993) lag'ld
wuiwﬂ%mmﬁ'&n:ﬁluﬁammanm_iavl,a\il,ﬁu@ha\nmgmmaoﬁﬂﬁu winIsunpudSnmsIneg
299186199 lasldnmasauuuuf (t-test) szijm@i’auuam@Nuwm’]vl,ajﬁﬂmul,wm@hwao
ﬂ%uwmm:ﬁaaﬂwuﬁﬁaém@ (p>0.05)
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A1319% 5.5 ﬂ%mmIa%:ﬂﬁfﬂﬁ@ﬁaﬁ]wuaﬁﬂﬂﬁsaaﬂmﬂamwlqum EIER uazananngd

Time Metals Station 1 Station 2 Station 3 Station 4 Station 5 Station 6 Station 7 Station 8 Station 9 Station 10 Station 11 Station 12 Ave.+ SD

As 0.81+0.34 0.68 + 0.44 0.80 +0.02 0.44 +0.28 0.32 +0.02 1.15+0.04 1.00 + 0.36 3.06 +3.87 0.39+0.25 0.36 +0.07 8.68 +0.42 0.56 +0.11 1.52 +2.37

cd 0.13+0.01 0.22+0.13 0.13+0.00 0.13 +0.00 0.13 +0.00 0.25 +0.05 0.31+0.21 0.13 +0.00 0.13+0.00 0.13 +0.00 0.13+0.00 0.13+0.00 0.16 + 0.06

Cr 0.51+0.15 0.15+0.01 3.84 +5.05 0.14 +0.00 0.15+0.01 0.25 + 0.00 0.26 +0.03 0.93+0.30 0.25+0.15 0.14 +0.00 0.78 + 0.51 1.14 +0.00 0.71+1.04
Wet Cu 137.85 + 76.58 50.30 + 16.12 1110+ 1.41 25.55 +3.89 10.90 +2.13 4475 +3.75 ggggg * 134.00 + 22.63 23.40 +24.33 4450 +24.32 16.19 +16.85 16.30 + 11.74 92.49 + 164.27
Season

Pb 2430 +4.81 9.46 +0.28 7.02+0.18 7.20+0.32 7.81+9.04 3210+ 1.13 92.55 + 26.09 25.00 + 6.08 1.24+0.18 13.50 +4.38 2.64 +2.60 0.82 +0.03 18.64 + 25.38

Hg 0.05 +0.00 0.05 +0.00 0.05 +0.00 0.05 +0.00 0.05 +0.00 0.05 + 0.00 0.05 +0.00 0.05 +0.00 0.05 +0.00 0.05 +0.00 0.05 + 0.00 0.05 + 0.00 0.05 +0.00

Ni 8.89 +2.99 473 +0.44 6.15+1.79 5.80+0.18 5.51 +3.54 18.90 + 2.26 12.65 +0.35 427 +1.43 3.88 +2.60 9.07+231 0.91+0.72 1.64 +0.76 6.87 +4.99

Zn 85.85 + 46.88 56.25 + 34.72 20.80+7.21 22.80 +2.69 10.05 + 4.88 52.85 + 6.15 509.50 +21.92  115.50 + 30.41 10.99 +5.68 33.70+28.85 22.10+18.82 1400+ 0.71 79.53 + 139.27

As 0.58 +0.09 0.17 +0.00 0.33+0.22 0.17 +0.00 0.17 +0.00 0.63 +0.07 0.17 +0.00 0.26 +0.13 0.17 +0.00 0.17 +0.00 419 +2.38 0.17 + 0.00 0.60 +1.14

cd 0.14 +0.01 0.13+0.00 0.14 +0.01 0.13 +0.00 0.16 + 0.05 0.17 + 0.00 0.14+0.01 0.13 +0.00 0.13+0.00 0.13 +0.00 0.13+0.00 0.13+0.00 0.14+0.01

Cr 0.44 +0.00 0.44 +0.00 0.44 +0.00 0.44 +0.00 0.44 +0.00 0.44 +0.00 0.44 +0.00 0.44 +0.00 0.44 +0.00 0.44 +0.00 0.44 +0.00 0.44 +0.00 0.44 +0.00
Dry Cu 14.40 + 1.84 17.05+7.71 12.17 +5.98 11.89 +3.41 9.16 + 6.42 26.90 + 10.75 51.45 + 49.30 146.95 + 123.11 0.99 + 0.59 20.35+8.27 13.69 + 13.60 11.33 + 2.64 28.03 +39.47
season - p, 21904863  13.05+361 9494327 8274250  11.30+1259  2415+064 41154983  31.25+1054 0534017 12134449  148+117 128+ 1.89 14.67 +4.38

Hg 0.96 + 0.64 0.07 + 0.00 0.07 +0.00 0.07 + 0.00 0.07 +0.00 0.07 + 0.00 0.07 + 0.00 0.07 +0.00 0.07 + 0.00 0.07 +0.00 0.07 + 0.00 0.07 + 0.00 0.14+0.26

Ni 6.03+1.71 423+0.83 6.29 +0.37 5.64 +1.38 3.25+0.68 12.35+0.07 12.75 + 3.04 5.22 +0.02 1.26 +1.08 6.35+2.59 0.38 +0.00 1.03 +0.02 5.40 +3.95

Zn 47.30 + 14.14 30.70 + 28.14 19.45 + 4.17 14.90 +4.81 22.02 +19.06 50.85 + 26.52 95.35 + 108.40 230.75 + 273.30 2.89+1.68 30.05+20.58 12.80 +15.70 10.78 + 2.44 47.32 + 62.89
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= . a o A % . 4 &
M13197 5.5 (§18) ﬂsmmiamuunﬂm’mwm’mmiaaﬂmﬂamulqudu Q@LLQ\‘J wazaafensd

Time Metals Station 1 Station 2 Station 3 Station 4 Station 5 Station 6 Station 7 Station 8 Station 9 Station 10 Station 11 Station 12 Ave.+ SD
As 0.69 +0.16 0.43 +0.36 0.56 +0.33 0.30+0.19 0.25+0.11 0.89 +0.36 0.59 + 0.59 1.66 +1.98 0.28+0.16 0.27+0.13 6.44 +3.17 0.36 +0.28 1.06 +1.74
cd 0.14 +0.01 0.18 +0.06 0.14 +0.01 0.13 +0.00 0.15 +0.02 0.21 +0.06 0.23+0.12 0.13+0.00 0.13 +0.00 0.13 +0.00 0.13 +0.00 0.13 +0.00 0.15+0.03
Cr 0.48 +0.05 0.30+0.21 2.14 +2.40 0.29+0.21 030+0.21 0.35+0.13 0.35+0.13 0.69+0.35 0.35+0.13 0.29+0.21 0.61+0.24 0.79 + 0.49 0.58 +0.52

Al Cu 76.13 + 87.29 33.68 +23.51 11.64 +0.76 18.72 +9.66 10.03 +1.23 35.83 +12.62 :gi;g * 140.48 +9.16 12.20 + 15.85 3243+17.08 14.94+1.77 13.82 +351 60.26 + 90.98

Year

Round Pb 23.10+1.70 11.26 + 2.54 8.26 +1.75 7.74+1.76 9.56 + 2.47 28.13 +5.62 66.85 + 36.35 28.13 +4.42 0.95 +0.42 12.82 +0.97 2.06 +0.82 1.05+0.33 16.66 + 18.52
Hg 0.51 +0.64 0.06 +0.01 0.06 + 0.01 0.06 + 0.01 0.06 + 0.01 0.06 + 0.01 0.06 +0.01 0.06 + 0.01 0.06 + 0.01 0.06 + 0.01 0.06 + 0.01 0.06 +0.01 0.10+0.13
Ni 7.46 +2.02 4.48 +0.35 6.22 +0.10 572+0.11 4.38 +1.60 15.63 + 4.63 12.70 + 0.07 4.75 +0.67 257+185 7.71+1.92 0.65 + 0.37 1.34 +0.43 6.13 +4.38
Zn 66.58 + 27.26 43.48 + 18.07 20.13+0.95 18.85 +5.59 16.04 + 8.46 51.85+1.41 gg;gg t 173.13 + 81.49 6.94 +5.73 31.88 +2.58 17.45 + 6.58 12.39 +2.28 63.43 + 87.75
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6.1 N1TLAUAIDE19AW AW

1. Tumpumafudagsdulumesw uiadu 2 Usznn ldunimaiudeinsduuuneisnw
LaSLUUUUTRNW @”dl,l,am@‘mmuﬂugﬂﬁ 6.1 Ssfioanduacait

11 \fiudededusuuasamn s matfusiageauiduuriaianssnwaasauliiniauivudin
Tugwin lumsdnwniivhnsifiudegefiszauanuananidfulszana 10 wuiwes smsudunisln
mydeniudagne 2 dunis ldun vSmdwi (ST 11) uaz uShmrhedia (ST 12) éuwniias 3
G889 @Tmamlugﬂﬁ 6.2 LD AATIZHAN B IR NIINN I AN WY DI AU

1) anugunnsrasanuiuluduiuanusuuasinludun (swee)

2) AAUNIUVBIAL (soil porosity)

3) ANAMURUILUUUDIAK (bulk density)

4) ANANNFINITAIUNTTNHIY (hydraulic conductivity)

gﬂﬁ 6.1 FILAUINITINUAIBENIA WML LAIRNIWLRZBUTRATW



dl =3 o 1 a
E‘LIVI 6.2 NMILNUAIDYNAWLULAIRAIN

1.2 ifudadsduuuundiann ademsinmnazamevasiuiazSanalanswinludadin

suuuuenag ludu gﬂﬁ 6.3 GellnwaziBuasait

1) BenUSnmfieslAudaisduninug 12 $0ti3auLe LALLM a8 a5
ﬂQﬂw%ﬂluu%nmﬁuﬁmwmmm

2) q@ﬁuﬁﬂaﬂﬂmﬂﬁaﬁu 5 LTUALNAT mﬂiqumavl,ﬂﬁﬂ 10 LOBALNGT LNUIBENIawL Tz 1
Alaniu lansGudan

3) umatsdumuszauanuindolaofiufissauanuin 15 . 30 3w, 60 Ty, Az 1 1WAT
fidumibs ST2, ST10 uaz ST11 WeSemzAdSanadanszntinluuuwida

4) niwindudaindlianadeds BCR scheme (Perez and Valiente, 2005) wazdnifiunsia

mwLm”w'*ﬁumadﬁWQIa%:%ﬁfﬂﬁaﬂLﬂ§aa Atomic Absorption Spectrophotometer (AAS)

cl I3 . ] a g A=
E‘IJ‘YI 6.3 ﬂ']iLﬂ‘]_l(ﬂ’JE]Sl’N@]uLLU‘LILLﬂiaﬂ']‘Wl%W%‘ﬂﬁﬂH’]



a ¢ < & A
6.2 Nan']i']Lﬂi"zﬁ‘ﬂ%"ﬂﬂazeﬂaﬂLuﬂﬁgﬂa%sl%w%ﬂﬁﬂﬂ’]

ﬁ’l@?"aazi'laﬁuﬁl,ﬁuLLmJLLﬂsamwmmﬂs:mwauf‘taﬁuiuﬁadﬂﬁﬁamﬂ@ﬂmiv‘h Sieve Analysis
Test lagldazunsssauiuas 4, 10, 20, 40, 100 wRaz 200 @y ASTM D 421-85, ASTM D 422-63 L8z
Pipette analysis Test Lﬁiaﬁ’m’ﬁagﬂdﬂﬂwLm@wm@ﬂa:‘uadLﬁ(ﬂau (Grain size distribution curve) U848
Funthon 1 (ST1) Asdunsion 12 (ST12) %aua@ﬂugﬁﬁ' 6.4-6.15 LL@:ﬂi’]‘WLL&@G‘IJ%’]@ﬂazmsﬂluEﬂﬁ

6.16 WunAusIulngLdn sand uaz loamy sand

= A o y oA
:J‘.IJVI 6.4 NINTTAYVUIAVBIAUALLAUIN 1

;sﬂﬁ 6.5 NNINITINLUUIAVDIABGLAUIN 2



3111 6.6 MINTTIVVUIAVBIAUAUNAUIN 3

3111 6.7 MInTTNBVAVIAUAIUAIIN 4

3111 6.8 MINTTNVVIAVBIAUAUNUIN 5



3111 6.9 MINTTNVVUAVBIAUAUAUIN 6

Ell‘ﬁ 6.10 NMINTZANLVWIAVBIAUGIUAUIN 7

311 6.11 MINTTNBVUAVBIAUAUAIUIN 8



311 6.12 MINTTNBVWIAVBIAUAUAUIN 9

3111 6.13 MINTNBVIAVBIAUMURUIN 10

31 6.14 MINTTNBVIAVBIAUMUAUIN 11



;sﬂﬁ 6.15 NMINITINLVWIAVDIAUGILAUIN 12

gﬂ‘ﬁ 6.16 NMINITILVWIAVDINUGIUAUIN 1-12

a Qs ] a o { té v
PNNAMINAFBLFNLAVRIGUNINMEMNLAzIATvdAIat19GumuNY LaadluanTen 6.1 Fala
NNNIHFNAIDENARINNI 12 90 tRadudumImasamMIgadusaslansninluninansiaanamans
(Kinetic sorption experiment) UAZN1INARBIMIQATLUAZNNIAIBGIVEIANERIN  (Sorption/desorption

batch experiment) @a 1y



P an a a A A=
M197191 6.1 ﬁllllgwn(lﬂqﬂfl']wLLﬂZVl’NLﬂN’U@J@uI%W%WﬂﬂH’T

Site Soil texture  Sand Silt clay Hydraulic Organic CEC Bulk density  Porosity
% % % conductivity, Ks  matter cmol kg-1 g em’ em’em”
cm day”’ %
1-12 Loamy sand 77.0 15.0 8.0 11.73+4.57 1.06 23 1.56+0.06 0.43+0.06

mnmiﬁm"'ﬁamaﬁuﬁgmﬁumﬂﬁnmiauﬂaﬁnmmam%mm:ﬁmLLiaa@Tﬂi:naﬂuﬁﬂ@m
\a389ila Xeray Diffractrometer (XRD) wuiusiiiuasdusznavluduluiuidnedudiulngudaduug
Quartz  (Sio,) ﬂ%mmm”agﬂﬁ 6.17-6.19  LIWNANTIATIERUIAIaEIRUAIUIUINA 2, 6 uaz 10 @9
gaansadnulSunmnMefdsasuannuazdsanmifuuesdudenvinny 11.73 ou.dain Geasenuziia
Auwngy B mwmﬁﬂnf,jwaumadLmuﬁﬁumaammw”mmﬁaui@U'«S’@Lﬂumwuﬂw%aam’m (Silt loam or

v v

loam) gawalilanzwindnisgaduadnuiaulates Ssiilemaluniszzazasasgauinduaslagarild

U

Ui aquﬁwmmaIuﬁqa

sample 2

Ny

Lo T B B R B M B B S B B

‘t”}u”ﬁ”k JL Jm.Jh .

ot (B S o B e e e e
5 10 20 30 40 50 60 7
2-Theta - Scale

hAlFile: sample 2.raw - Type: 2Th/Th locked - Start: 5.000 ° - End: 70.000 ° - Step: 0.020 ° - Step time: 0.6 s - Temp.: 25 °C (Room) - Time Started: 6 s - 2-Theta: 5.000 ° -
[®]01-078-2315 (C) - Quartz - SIO2 - Y: 87.50 % - d x by: 1. - WL: 1.5406 - Hexagonal - a 4.91239 - b 4.91239 - ¢ 5.40385 - alpha 90.000 - beta 90.000 - gamma 120.000

311 6.17 NAMTIATzRLSRIAUsznauAulasin3asdia X-ray Diffractrometer (XRD) 9n@iuuSI tusavtia

WA lUARNANE FIURIN 2 (St.2)



3511 6.18 NAMTATIZRLSReAUsznauAulasinIasiia X-ray Diffractrometer (XRD) 9n@iuuSi tusavia

WA lUARNANE F1URIN 6 (St.6)

sample 10

800

700

o L s B B B LA L ez A ooy LIS L S B B B e B B
5 10 20 30 40 50 60 7]
2-Theta - Scale

RAFile: sample 10.raw - Type: 2Th/Th locked - Start: 5.000 ° - End: 70.000 ° - Step: 0.020 ° - Step time: 0.6 s - Temp.: 25 °C (Room) - Time Started: 10 s - 2-Theta: 5.000
[®]01-079-1910 (C) - Quartz - SIO2 - Y: 93.58 % - d x by: 1. - WL: 1.5406 - Hexagonal - a 4.91400 - b 4.91400 - ¢ 5.40600 - alpha 90.000 - beta 90.000 - gamma 120.000

311 6.19 NAMTIATITALIBIRUsznaudulasiaIadlla X-ray Diffractrometer (XRD) 3Mn@ULSIIIaLLID

PR LUANUNANEN FnIIN 10 (St.10)
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6.3 HANIINARDINIATAMNANNWEVDIAMNTW IBARNUAINAKYDIN LAK (SWCC)

NI AUFaE9GUATLULLUAIENW (undisturbed sample) aMANNENRRTVEIA NN TUINGY
Auenuewvasinludn (Swcc) lasld35 Pressure extraction au ASTM D 6836 lagfnwualwe pF
WAy 0.8, 1.0, 15, 1.7, 20, 2.5, 3.0 uaz 4.2 B5ldvnImesssinesfiid malgRdnen nawdzms
NEAT Iﬂﬂl‘fm%iad Pressure chamber (gﬂ‘ﬁ' 6.20) Lfiaﬁ’mi?:‘i_lamﬁuﬁﬁaEiNauL“nyﬁLﬂ%im Pressure Chamber
LLa”a‘fnmiﬂ{ummm@”ﬂﬂﬁmLLan@ (pF=0.8) ialﬁmm@”mmzﬂ%mmﬁﬂu@uﬁm‘@am;a (lgian
dszanae 1 ofiedda 1 @ANaw) é’dm@l"l,@i”mnﬁwwq@"l,maaﬂmnviamzlmaﬁ@iaaaﬂmmnmﬂu
Pressure Chamber 1h@288n9aanangatinen thamananuduuasdin (soil water content) nasaNTiwiin
nszuanifiudiadnadiwd in3es Pressure Chamber LﬁaLﬁumm@”m;@mm@?’miavlﬂ FeUDUABUAINE
ﬁ]uvl,@i”mmm@”uﬁqmme] mnﬂfuﬁﬁ]:ﬁm]”aQamaﬁ”nmwxlmmmé’uw”ufmaamm%ﬂuﬁuﬁummﬁmad
inludin (swee) lunmmesasiinagausagnanisan 18 a2881997n 6 ﬁ;@%aaglﬂﬁlﬁmﬁm‘hmeﬂ_iamma
1 lagifiudiagnagaas 3 18819 WazHaTaIN1INARaIaTN8lABANNTI8Y van Genuchten (VG) Uz Brook
and Corey (BC) WUINRUN1IVAY van Genuchten (VG) aBUNUANUFNWUET1eaNT1 Brook and Corey (BC)
(Brooks and Corey, 1964) lunsafunuyadayaasna1ilealilysunsy RETC (van Genuchen et al., 1991)

NRIINNIINARDIVDIAUALAUIGT 9 LL@@JIugﬂﬁ 6.21- Eﬂﬁ 6.24

31/11 6.20 LAJ84 Pressure chamber LR AL YIARNLTIINa IR A D uAL



R? (VG) = 1.00
R? (BC) = 0.99

zﬂ‘ﬁ 6.21 L&AJ soil water characteristics curve FWAIN 1

’gmﬁm : finwater content I1NNITINARDY

R? (VG) =0.99

R? (BC) = 0.94

3111 6.22 uaa4 soil water characteristics curve ) @unIN 2
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R? (VG) = 0.99
R?(BC) = 0.96

:JiJ‘ﬁ 6.23 L&A soil water characteristics curve @) GULRUIN 3

R? (VG) =0.99
R?(BC) =0.97

;Jllﬁ 6.24 LL§A soil water characteristics curve 4) GLWINTN 4
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0.25

0.3

WG

0.25 e
0.2 AN
0.15 ™~

0.1

0.05

Volumetric water content (volivol)

0 T T T T 1
1 10 100 1000 10000 100000

Suction pressure head (cm)

P ot o 6 1 & a o ‘v 2’ a o y oA
zll‘VI 6.25 LLﬁ@dﬂ'J’]&lﬁ&lW%ﬁiZ'ﬂ']'Nﬂ'J’]N“ﬁul%ﬂuﬂllﬂ'ﬂ&lﬂu"llﬂd%ﬁlu@u@nu%ud‘ﬂ 5

0.35
T
0z L
S
3 \ v
14 0.25 A
=
z S
£ 02 A
=3
o
=
£ 015 \
: ¢ \z
2 ‘\
T o1
£
E .- ,
] - .
= o005
0 T T T T 1
1 10 100 1000 10000 100000
Suction pressure head {cm)

;saJﬁ 6.26 LEAIAMNFNNBTIZHINANNTRIUAUNUAN VAUV DI A UFILAUIN 6

MNMINNANNFNRREToIn MU TRlnAuTDANNGRn UG (SWCC) Wuinaunsuas van
Genuchten Equation (VG) mmsnﬁnma%mslé’nwmwaaﬁuluﬁuﬁﬁﬂm"lﬁﬁnfhawmwaa Brooks and
Corey Constitution (BC) lagg ldaneanaunus aaiwluea0tnef 5 uaz 6 (gﬂﬁ 6.25 LAz 6.26) ATaTUNY
Toeldaunns van Genuchten Y3 31NANINARBIFIANNEINNTRlNIITURN ANl (hydraulic

conductivity) 6 907 ldiiLLUAIRNMNNLIIEILARYIAD 12.22 irudluasiuasdadi 1849 loamy sand



6.4 m‘mmaaoms@lwﬁ'umaafamwﬁfn
6.4.1 NMINABBIIANAATAS (kinetic sorption experiment)

duaenlumInansssanamans dnoaziduaasil

1. Fmsuavasazangasiauasnasuasias o l3iuauluaenasss samsm 1:20 (g: ml) lag
HENENIRTANEAAINUARS NN 33 TIALAHFURIIRTAINEILAIALAUSIUIL 33 170

2. vmawtheneesasasniniag 15, 30, 45 wifi, 1, 2, 4, 8, 12 salud, 1, 2 uaz 3 Sufl
A714L37 200 JaURaMIN

3. fentumnualudssainnsinenanaassfiaIaran sNEN A RN LA WL I TR A UHEY
NaILAIRLAREININLATEIENDENIRT 3 10

4. TRIRTAURENTIINEININNLATIDENNITINMINIBIRIINTZANBNTBIUES 42 ezl
nyasldld@anwmsinuasinnsiarsimdsinmenututusesasazasiinesldlasiadas AAS

5. ihusmnmenudutuiialdurmisPonmifisununsndaewly Lﬂ"amnmﬁmsq@%u
@lzﬂ”"madﬁw:ﬂ”’lgiaw@a

mnﬂﬁmaawawamam’?’wmw:ﬁadﬁwmsmaaagwﬁ‘maawammmam:ﬁ‘ﬁﬁ 1 uar 2

mmﬁm’“uLﬁ'am'ﬁ@@sﬁ’waﬂam%ﬁfﬂ@ﬁﬂmaLiﬁcjamamm;a @TdLLﬁ@ﬂ%gﬂﬁ 6.27 WA 6.28

Kinetic sorption of Cu
0.2
0.16 i
=
& 0.12
£
<" .08
0.04
o . . ; : : ;
o 12 24 36 48 &0 72
Time {hrs)

3191 6.27 LLammigﬂsﬁ'wameLm (Cu) TumMINARBIANAFFATIUTII 3 T



Kinetic sorption of Pb

0.5
0.48 * j
RS e
2
£
o 0.46
0.44
0. 42 T T T T T T
1] 12 24 36 43 60 72
Time (hr)

3111 6.28 UFAINIQATUVBINZMA (Pb) lUNINARRIANAMENT UL 3 %

6.4.2 ﬂﬂiﬂ@]ﬂﬂdﬂ’]i@@‘]ﬁlLLﬂzﬂ’]iﬂ’Wﬂ@uﬁﬁﬂdiﬂﬁgﬁﬁﬂluﬂﬂiﬂ@ﬂadLL‘.IJLILL‘.LI@WT
(Sorption/desorption batch experiment)

7/7&@78%2%7’7’751’1@&8\7

1) FmMILassuaIaragasiaLasnasuasia gty 15, 25, 40, 60, 80, 100 uas 120 mg/L
28198z 100 AadanTuazyinmIUsy pH Iiivinny 4

2) TFNINTANLANNLTUT UGN ) fesonlilaaanaasiatnia: 3 naaa nasaaz 20 Iafaas
3) imyzadn 1 nsuldluzianasesudazin

4) fmIgdsieIoaagiduagm 2 'Y%LﬁiaiﬁLﬁ@anﬁazﬁiaw@;amaamsqwﬁ”y

5) LHanTUMARALIMINENIRT N R FNTITN 88NN ENANFNNNINTaIRIBNTTA BNIaILEY
42 shssazaeiinsaslalgvenaainuazinnisiersimusinuenugute vessnIazansd
nyasldlaniadas AAS

6) HUSumanuEuTuisa launiin1 e anTIHmI AN U FN R ETERINIAN T NT D 84

L v U tﬂ‘n a v
R1INEAY (Caq) ﬂiJﬂ'J']&lL“ll&l“ll%“llﬂGﬁ’]iﬂ:ﬂ’]EW]@%@W’I?UVL@ (Cy)

Nﬂﬂ']i'ﬂ@ﬁaﬂﬂqiﬂﬂsﬁlﬂuﬂzﬂqiﬂqU@T’JT@GV]Q\?LL@\?LLazﬂzﬂ%ﬂuizﬂﬂLLUULaﬂ') (Single metal
systems) uaadlu3LN 6.29 - 6.30 MWAGU NNHANIANENTIGUNUT IUTTDDLDDLAE TR UL TY
[Y an o o o & a ' a v @ a a% o

ﬂqlﬁﬁ&l‘u@]luﬂ’]ig}(ﬂ‘ﬁuLLazﬂ’]U@]'rlla\‘iiaﬁz'ﬁuﬂ"ﬂ\‘]ﬁﬂ{l”ﬂu@u@]ﬂ@nﬂﬁnﬂl’ﬂui@]ﬂl“ﬁﬂ"lﬁﬂﬂizﬁ“ﬂﬁﬂ’]i@@‘ﬁﬂ

(sorption coefficient) G diafunslasauniadaduuaasluiiln 6.31-6.34



Sorption-desorption of Cu

0.16

y = 0.0004x+ 0.089 -

0.12 RZ=07212 /r/”’/‘.
Poe o @ " gD Q.8
S
& 0.08
’ M Sorbed Cu

0.04 y=0.0003x+ 0.07 Sbesorbed Cu

RZ=0.7358
0
0 20 40 60 20 00 o
Caq (mg/L)

311 6.29 mmé’uw"’uﬁiwdwmmLﬁuﬁumaamm:mmm:mmLiwfuﬁ@wﬁ'mmzmﬂﬁwaa Cu

Sorption-desorption of Pb

y=0.0043x + 0.3302 & //,‘,//”’/0
6

R*=0.7964
/ # Sorbed Pb

”’I,,/ & Desorbed Ph

o
o

©
o

Cs{mg/g)
=
I~

0.2 y=0.0008x+0.0125
RZ=0.8121
R °
g Qg O & S
° 20 40 60 80 100
Cag (mg/L)

gﬂﬁ 6.30 mmﬁ'uw”uﬁi:ﬁdwmmLﬁuﬁumadmiazmmmzmmLﬁuﬁuﬁg@%ml,a:mﬂﬁwm Pb
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Sorption of Pb and Cu in competitive system
0.6
y=0.0037x+0.1788 _*
0-5 R?=0.7449 ¢
- 0.4 ° *
S
'én 03 L # Sorbed Pb
- M Sorbed Cu
Y 02 <& y="0.0002x+0.0801
¢ R? = 0.4984
0.1 | E————— — 1 —
0
0 20 40 60 80 100 120
Cag (mg/L)

d' @ a6 ' v v v o A ot aa
;S‘ll‘Yl 6.31 mwauwuﬁszmwmwmewnaamsa:mULLazmmmwuﬂquaa Cu Laz Pbl‘l«lﬁﬁJU‘VlﬁJ

NIUAITH (Competitive sorption system)

Desorption of Pb and Cu in competitive system
0.3
> Desorbed Ph y=0.0015x +0.0511
ODesorbed Cu R2=0.5278
= 0.2
2 o
. 0.1 Q o =
o y =0.0002x+ 0.0673
R?=0.7016
0
0 20 40 60 80 100 120
Cag {mg/L)

-dl Qs et 6 1 v v v v t.dl s ldld
E‘iJ‘YI 6.32 ANMUFUNBITEWRINANULVNTUYDIRITREAVULUIEAMNULVNUWVBY Cu LA Pb“/]ﬂ’]il@l’ﬂ%izﬂll‘ﬂ&l

NN3UBIT% (Competitive desorption system)
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Competitive sorption/desorption of Cu
0.14
012 —y=0.0002x+0.0801
01 R2=0.4984 ¢ )
»200.08 ’_—’_ I &
£ ST y=0.0002x + 0.0673
€ 0.06
3 R?=0.7016
o
0.04
# Sorbed Cu
noe > Desorbed Cu
0
0 20 40 60 80 100 120
Caq (mg/L)

3111 6.33 mmé’uw"’ufsmdwmmLﬁuﬁumaamm:mﬂLLa:mmwj"mTuﬁgwﬁ'uLLa:mwﬁmad Cu

(sorption- desorption) luszuuninisuasin (Competitive desorption system)

Competitive sorption/desorption of Pb
0.6
0.5 y=0.0037x+0.1788 _*
' R?=0.7449 4
0.4 ° & | ®SorbedPb
Eﬂ re > Desorbed Pb
£ 03
Y O
Y 02 &
* Qe
01 DS y = 0.0015x + 0.0511
' Qg™ Y Re=05278
0
0 20 40 60 80 100 120
Caq(mg/L)

3111 6.34 mmé‘mw"’ufswdwmmLﬁuiumaaaﬁazmﬂLLa:mwv&Tuﬁuﬁ@Wﬁ'uLLa:mwﬁmad Pb

(sorption- desorption) luszuuninisuasin (Competitive desorption system)
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6.5 m‘sai"maamﬂv:au,a:m‘smﬁa%ﬁ"swaﬂaﬁwﬁﬂfﬂ H1§LLU1J5'\E~\E]O HYDRUS-1D

nMseaudsilannmnenasldassuuuiraesnsadiamanslasldsunsn HYDRUS-1D
lumsaswuuinaesnssitlamunuadidSunamasna (Pb) Waznaduad (Cu) LSNAULYINAL 0.342 WAz 0.476
o o A P A o ' { a ot { ¥ A4 A

mg/L anuiay Gelasddudwdudnaivaudiinanililonilamaszeanunluiuiinnzdgnlundsd

val o v Qs :/ &l dl o lé v o Qq: g v

wazlddnshdayadunazdannisszmevasihlwiununldluuuudiaes salunseisuuuinasnisitle
P v o ' a A Aa a o A A

finsldtayadu 3 T9mde WWendwaudadwdeuniivSinaduioniga 3 2553 Wauningrauduiu

Lﬁauﬁﬁﬂ‘%mmﬂu@ﬂmnﬁq@’luﬁ 2553

HRIINMIINRBINUIAsEAUIINNaLaA(132  Lndiluas) Anfdulwdeuningiey dadu
Lﬁauﬁﬁﬂ%mmdumﬂwﬁﬂﬁqmiuiauﬁwudﬁmﬁ%ﬁmmL°1T3J°zTu 2.04 x 10° mg/L UazNaILaINANNTUTY
2.27 x 10° mg/L IunIdRaT N TTULLULLG LY éh‘ﬁ%'m*]mmﬁmwamifﬁmaaLﬁaaﬁmmm‘lugﬂﬁ 6.35 —
6.38 ail

6.5.1 HAN13INADI ILADRIRIAN

nséi 1 sruulanzniinuuuLAen (Single sorption system)

Namnmiﬁmamamlugﬂ‘ﬁ' 6.35-6.36 HuanuFuARREIznIN S I Az LA N ILA IR
Wasnudasmualndauduwaafiszauanudndrs g luszuvaeslansninuuuiiios (Single  sorption

system)

Concentration (mg/L)
Precipitation (cm/day)

Time (day)

317 6.32 ugaILSunmaziaNszauaNuand 199 ludeuiwanluszuunuuden



Concentration (mg/L)
Precipitation (cm/day)

Time (day)

= a A o 2 A ~ a
Ell'ﬂ 6.33 LRAIUINIUNDILAINTEAUANNANGS 9 luLﬂauNuqﬂNIujz‘UULLUUL@FJ'J

n3MN 2 szuulansuitnLUUWLIZH (Competitive metal system)
Na%’]ﬂﬂ’]ifﬁ’]ﬂaduﬁ@\ﬂugﬁﬁ 6.37-6.38 LTUANMNIFNABTIZTHINNUSUIUAZAILAZNAILAIN
a A a a o & o | .
wWassudasamunamludandumaunszauanuinens 9 luszuuvaslanenibnuuuLLts (competitive

sorption system)

Concentration (ma/L)
Precipitation (cm/day)

Time (day)

l:' a o til et =3 1 A = 1 a
E‘]J‘YI 6.37 LLﬁ(ﬂx‘]ﬂi&l’]m@IZﬂ’J‘ﬂiz(ﬂ‘Uﬂ’ﬂNﬂﬂ@ﬂ\‘iG] luL@auumﬂulm:‘ummmmwu
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Precipitation (cm/day)

Concentration (mg/L)

Time (day)

317 6.38 usaIlTuanaLaINIzaLANNANG1 9 Tudauiiuanluszuunuuu sty

6.5.2 HAN1391ADI lLAaRNINY AN
N3 1 szuulanernibnuuuLAen (Single sorption system)
KRN TEA0IuaaIlUIUN 6.39-6.40 WuaNuFUN BTz RIS A AILAZN B ILAIN

A A A A o 2 o A . .
L‘llaSluLL‘]Jﬂ\WI’I&JL’Jmlumauwuﬁﬂw‘ﬂR@UﬂT}&laﬂ@’N6] Iuszuumaaia%:ﬁuﬂLLUULﬂﬂq (Slngle SOI"ptIOﬂ

system)
4 3
< ke,
g £
= O
S 5
® ®
3 3
(@] O
5 2
o [a
Time (day)

al a < A o & A a
Ell‘n 6.39 LLﬁ@Nlhlnm@:ﬂ?ﬂiﬁ@u@]quﬂﬂ@n@6] I%L@auﬂfﬂgqﬂuluﬁzu‘ﬂLLUUL@U'J
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Concentration (mg/L)

Precipitation (cm/day)

Time (day)

=:' a A o 2 A a
E'll“ﬂ 6.40 LEAIUIVIUNBILAINTZAVAMNANGEY 9 luL(ﬂauﬂiﬂgﬁﬂuluﬁummm@m
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6.6 HANINANINITENABL1IABLIHDY (BCR sequential extraction)

NANNINARBINNIRNABENIGBLILEY (BCR sequential extraction) UaIGUNT 12 FUAUILEAILUAITN 6.2

LiJas‘t%uﬁmaou@ia:é’@muhgﬂﬁ 6.42

LLazgﬂﬁ' 6.41 WAZWINTILT 1

Metal cacentation ug/g

Ul
Q
[=]

B
=
=]

w
(=]
[=]

~N
Q
o

=
c
=]

(=]

As

1 2 3 a

5

[+] / 8 9 10 11 12
Location

17l 6.41 YSanmlansninlugadind 199 1a9duns 12 dunis

mrl
Hr2
mF3
mFd

Metal concentation mg/g

g
[=]
5]

[
Q
(=}

.00 -

Cu

mFl

1

5

6 7

Location

8

9

10

11

12

mF2
mF3
L
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A o o =

Usinalanswinfiasadensdluduluiuinide mmmqumwmmmmlugﬂﬁ 6.41 UAZANIIIN 6.2
wuinlanewinfiwulu exchangeable fraction (F1) gagafe Nzl fidLafavinny 69.47 mglg uazildnag)
ue19 48.58 — 114.50 mg/g uAzWUTBIRINTL reducible fraction (F2) LIl 45.97 mglg agflusag 29.64
- 84.00 mg/g Usinalansdsnsaninug (F1+F2+F3+F4) ﬁi@lsaawumﬂﬁﬁf‘mﬁ@mmuﬁ 8 deuvinny
317.08 mg/g Lmﬂaﬁzﬁ@lﬂﬁlwuﬁfaﬂﬁqﬂu exchangeable fraction (F1) fo mwwﬁﬁ%aﬁﬂmwﬁu 41.60
uglg uazddnahlugag 13.18-74.73 pgig ﬂ%mmmwk},ﬁmnwumﬂﬁq@ﬁ@hme‘ﬁ 12 dauvinu

1,308.6 pg/g

a19197 6.2 Ysunmlaneniin As, Cu, Pb and Zn Tuaaaiudd s 2a9dund 12 dunid (118 malg,

meanzSD)
Site 1-12 Exchangeable fraction reducible fraction oxidisable fraction residual fraction
As 41.60(19.05)* 156.82(63.38)* 265.65(156.57)* 248.53(105.28)*
Cu 1.35(0.91) 1.58(1.30) 1.05(0.85) 0.94(0.52)
Pb 1.71(0.95) 2.34(1.88) 1.79(1.28) 1.84(0.90)
Zn 69.47(28.19) 45.97(21.85) 55.37(27.13) 1.88(0.88)

*(wie Uglg)

wonanimninsandulefifuduasliinalansminiianadssdluduluiuivade sowia
qumwmﬁuamlugﬂﬁ 6.42 unzan3197 6.3 wuinlanswiniwulu exchangeable fraction 13991NIFA
"I,ﬂ@i‘wqm”aﬁ Zn (40.23%) > Cu (27.41%) > Pb (22.50%) > As (5.84%) wazlanzwinfinsanulu reducible
fraction 13899 ngugaluldngasiil Cu (32.06%) > Pb (30.84%) > Zn (26.62%) > As (22.01%) Uazia13au
NATIUTZ1 IS exchangeable fraction L& reductible fraction G'fjdmm‘mﬂszLﬁu‘[amamam%ﬁfm:ﬂmﬁyau
Tugswraaonldiny (mobilizable and bioavailable forms) Geni3usdrauainunnlustosleasit zn (66.85%)
> Cu (59.47%) > Pb (53.34%) > As (27.85%) (gﬂﬁ 6.43) @”amfué‘an:ﬁmamalumargnma:mﬂaazj@uua:

Twihunaaszauanladineninlanzninoiiadung
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P> ¢ = ¢ ] a oA % . a a < o .
M1379N 6.3 L'l]asl,‘ﬁu@'lmﬂﬂﬂ']LﬂﬂﬁLLa:ﬂ']L']JUﬂluuuqﬂiﬂqumﬂﬂIﬂﬂzﬂuﬂLlﬂazﬂﬁu@ma\‘lﬂuﬂﬂ 12 QLAWY

Site 1-12 Exchangeable, F1 Reducible, F2 Oxidizable, F3 Residual,F4
As 5.84+ (2.74) 22.01+ (7.70) 37.28+ (20.13) 34.88+ (13.62)
Cu 27.41% (16.90) 32.06+ (24.79) 21.43+ (26.86) 19.10+ (9.19)
Pb 22.50+ (21.26) 30.84+ (24.63) 23.52+ (17.17) 23.14+ (11.89)
Zn 40.23% (12.64) 26.62+ (11.93) 32.06+ (20.88) 1.09+ (0.45)

location 1 location 2
7 Zn
o - o uF1
- uF2
Cu oF3 Cu WF3
HF4
As mF4 As
nOI/n znl% 4nl% ﬁnl% sml% mln% nOI/n znl% 4nl% ﬁnl% sml%
location 3 location 4
Zn
uF1 HF1
uF2 Fo HF2
mF3 Cu mF3
HF4 mF4
As
N%  20%  40%  AN%  RN%  100% Mes  20%  40% A% RN%
location S location 6
Zn
HF1 HF1
Fh
HFZ HFZ
mF3 Cu WF3
HF4 HF4
As
n%  20%  40%  AN%  AN%  100% N%  20%  40%  AN%  &N%

3111 6.42 FAFIUVBINGIUAY A2 mwwm:é’oﬂ:ﬁluﬁu 12 Gk
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location 7 location 8

Zn
mFI mFI
Fh
mF2 mF2
uF3 Cu WF3
uF4
uF4 he
nes  aN%  4N%  AN%  RN%  1NN% % 2N 4N%  AN%. A% 1009
location ¢ location 10
Zn
o mFI mFI
HF3 mF2
Cu mF3 uF3
Az e WF4
Moo 2N% 4% AN%,  R0%, - TON%A N%  20%  40%  AN%  RO%  10N%
location 11 location 12
mFI aFi
mF3 aF2
=F3 oF3
mF4 aF4
% 2N%  4N%  AN%. &N%. 10N% N%  20%  4N%  AN%  8N%  10n%

3111 6.42 (di0) FaFIUVDINAIUAY Az MIRLBUAZAINEFLUAN 12 dunils
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As Cu 59.47%
. 27.85% F1+F2
100% F1+F2
80% = mF4
*E 60% HF3 g " mF3
P 0% - WFZ d HF2
20% - mF1
%%
C D
53.34% Zn 66.85%
L00% F14F2 : F1+F2
. 8% BT4 I BT4
< 60% £ .
g NE3 E I NE3
59 40% WEZ 59 I BE?
20% .1 | mF1

0%

1234567891112

-—— Show percentages (%) concentration of heavy metals in a fraction of 1 and 2

zllﬁ 6.43 §AFIBVAY F1 Uz F2 289789Uad a2 mw&ua:ﬁi‘m:ﬁluﬁu 12 AU

AMNNIANBVBY Filgueiras et al. (2002) wuiﬂamﬁ'ag’ fraction 1 daudnaannazdilamalunisse
azmw\q@aanm"l,@i”chﬂ@ﬂﬂszmuﬂ'\maﬂﬂﬁiﬂu"laaau (ion-exchange mechanism)
USNNaIuaIuazfInzd lagnasanfiasawuannnit 50 % meuagu?nmﬁ?uﬁmauﬂma wananit
USanmnasuasfiasranwul exchangeable fraction mnﬁq@ﬁ@immﬂaﬁ 4 fenUszanm 42.39% UWRSRINZH

wulw exchangeable fraction anflgafid Uik 10 dedazanm 53.56% (U7 6.43)
6.7 Anamnlnnisiadonalzaslanzniin (Mobility potential of heavy metals)

@T:]ﬁﬂﬁinmLL&‘T’Ji’]ﬁ'ﬂ:1mw1umsm§'auﬁwaﬂam%ﬁnﬂ%alumamaﬁmﬁaiamﬁgﬂ%uaﬂﬂu
a & | @ A a o i ) o P~ o A a a
AulnagnusUuuuniasiiaueswus: (binding forms) vaslanzniinafianug Audu wanswIouifioy
sluuudasuveslanzninudazsiausadlunnnim 6.4 wuidinzd (zn) azgnazazaseaninldiielu
fraction 1 (exchangeable form) LLaznaJIuad (Cu) ﬁ):gﬂaﬁ’wz}@aaﬂuﬂu fraction 2 (reducible form) 3§70
d’ 23 aq// 1 Y g a = A' v t:i
N asiuanznaldindin® (zn) uaznatuas (Cu) azdlamagnuzeanunlufiuiadauniniga

A o A . . o A ~
wanniilanzniinaglu oxidisable form uaz residual form ludasiufigaazdlamangasaninlu
A v v 1 . A v v l [ A =< d‘p v 1 o
fauadanianad uazdsnanIznudafadenasantuni sslunsdnmildunmmy (as) laaialdlu

&84 residual form a:gnﬁmsmﬁﬂ&iﬁﬂ’lwq@aaﬂuﬂuﬁunm’au (non-mobile fraction)
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P o A @ % A A=
M13191 6.4 ﬂﬂUﬂ’]Wﬂquﬂﬂau@’)ﬂﬂaﬂlaﬁgﬁuﬂluwuﬂﬂﬂﬂ']

Step Condition Mobility
1 Exchangeable fraction Zn > Cu>Pb > As
2 Reducible fraction Cu>Pb>27Zn>As
3 Oxidizable fraction As >Zn>Pb > Cu
4 Residual fraction As > Pb > Cu > Zn
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unn7

HANI391809N13 MaLazIAR awAIuDIlanzritn
7.1 MIEIWULUIIRDILBILWIANARA (conceptual model)

ﬂ’liﬁ%’]dLL?U?J%?’]RE]GLL‘LL’Jﬂ’J'l%Jﬁ(ﬂL‘.I‘juﬂ’lﬁ’wi’.lNﬁ@ﬂﬂﬁ’mq%ﬂ‘ﬁifﬁfjﬂUﬁiiwﬁuﬁagaﬁﬂuédLL’J@]&E]&JEE}‘H;G] LT
iagmm”uﬁﬂﬁﬁu N9 UL BITIIN anwaenddssine myldUselomingn  USunonieu dnnnssime
LLazﬂ'wmwLm”m]”w,?m'fumaﬂam%ﬁfﬂh@uﬁgﬂmwwﬂ@ﬂlﬂ?ﬁagam&hf‘tai”wLLuuﬁmadmimﬁaué’wm
Tanewiineunoazdoasiselui

'
=

7.1.1 1¢1d5unsy HYDRUS 1D WadnaadinTindaualaa9lanzniinazna (Pb)
uaznaduad (Cu) lutulidualsasin (Unsaturated zone) tiavnaNLTNTH AUAUIT UR I FAVBIT
laiduaaaein T,cﬂm”agaﬁﬂLiﬂluﬂﬁiaiﬁol,l,uuﬁwaaamimﬁamﬁmaa‘[amuﬁfﬂlufﬂaﬁmﬁﬁaﬁﬂﬂ@ﬁuam
N3N 7.1 Murualrtiafnlancniniadawa i uw bl auaaevindu 25 1 Imaﬁ”ﬂmum‘haamﬂmm

& ¥ & A=
PUIVAITWIN LN N AN =N

' v @

A1319N 71 @hﬁnL?Tﬁslumiaimaamivlmmlaa‘ﬁnLLazmimﬁau@ﬁmaﬂamﬁﬁfﬂlufuvlwﬁummﬁﬁ,ﬂu

T1/sunsy HYDRUS 1D

Input parameter Value Reference
AT U [mg/L] Pb =1.73 Cu =1.85 1eganwaL (2552)
Adsorption isotherm coefficient, k4 [L/g] Pb =0.226 Cu =0.069 Uy‘nm (2553)
Bulk density [g/cm3] 1.64 Uv‘i’lm (2553)
§ulseAnEn3Turw [cmiday] 7.625 Unan (2553)
Residual soil water content, Q; [-] 0.16 me (2553)
Saturated soil water content, Q; [-] 0.36 N (2554)
Parameter O in the soil water retention function [m'1] 0.007 TN (2554)
Parameter n in the soil water retention function 219 UN (2554)
Tortuosity parameter in the conductivity function [-] 0.5 ‘i_lu“nm (2553)
Freundlich exponent 1 Unan (2553)

7.1.2 MIgsuuUaasmaadauiiveslaveninlusuduaacesii (Saturated zone) 14T1sunsy
éhﬁagﬂ Visual MODFLOW 4.2 %\‘lluj‘jﬂﬁlﬂdIﬂSLLﬂi&lﬁ]ZﬂitﬂaUﬁ’lU Iug}a MODFLOW 2000 L&z MT3DMS
FadumInamues Waterloo Hydrologic Inc.  &319uuusiaasnistafandizaslanznin daaldsunsa
Visual MODFLOW anufinanaiduduillasifudlngd 25, 50, 75 uaz 99 (Pys, Psy, Prs W8tPgo) 71b6070
HaN1391809678113UN58 HYDRUS-1ID  uazenanududuisudufidainans smsusazifunuos

s

. ve X
WUUINRDS LA A%



' ]
a

1 vauafidszauinesfl (constant-head boundary) ﬁmu@slﬁumémqmadﬁ%uﬁ laginuaiean
seauinaefi 120 was

2 gauafidszautinlinefi (general-head) ﬁmu@’lﬁumuuqmaqﬁuﬁlﬁﬁizﬂ‘"ﬂﬁﬁﬂszmm 130
AT

3. awevasnsaluuuuasslusnindadsindmnuaauuwuns X udadn 168 wan Frzpznna
23.1 Alawas unu Y F3zpzn9 154 Alawas utolu 136 aoswsl udazn3adiud 160 a4
was aaduiudinoue 356 aseflawes sawluwwwun z utads 1 5% Wesandnsians
fuﬁﬂmmasz@ﬁ_l?Tuuazqmawﬁ'ﬁ“uaafuauvlajﬁmﬁmmn@mﬁ’u

4 ety usaslanewinlanewinazia (Pb) waznasuas (Cu) IuLL@ia:ﬂ%@ﬁagluﬁuﬁ

1sw3n

D-

=

;S‘ll‘ﬁ 71 ﬁuﬁaﬁwuummmé’nwm:gﬁﬂizmﬂ‘*naaﬁuﬁﬁﬂm enwm'lugamns:ﬁuﬁ’mzmﬂszmm 120-130

LAY FIWNWAITIUE1ITIRBITEAUIUIANR LN WA



. ' , v P
A1519N 7.2 AEuAulunNraTenuLafaaanisaaausnradlaneiin luduanffaesinlunuaiaed visual

Modflow

Input parameter Value Reference
Bulk density [mg/m’] 1.64 x10° nan (2553)
Hydraulic conductivity in 0.6

X-direction, K, [m/day]

Hydraulic conductivity in 0.06 5N (2554)
Y-direction, K, [m/day]

Hydraulic conductivity in 0.06 5N (2554)
Z-direction, K, [m/day]

Specific Storage, Ss[m | 0.00001 TN (2554)
Specific Yield, Sy 0.25 N (2554)
Total Porosity 0.35 %N (2554)
Recharge [mm/year] 214 U (2554)

7.2 nanmsisziinanan e s wlad NAIa LN

anmsldiadasiio IDW In Tsunsy ArcGIS 9.3 shsunufinaasanunmaasswlidudisaoin
(Unsaturated  zone) mﬂﬁaﬁaﬁvlﬁmnmsa%'mamﬂmnm:wmim”uﬁu@uuazszﬁuﬁﬁmmamﬂms
§1379NATINNTBITILINATIRNG 12 o uasFnmITeuruiuAniinsaInysylswsnluusnamuidne

a & : & A g A= A 4 &
ﬁ]’]ﬂﬂ’]i?Lﬂi']zﬁW‘]J'J’]ﬂ'J’]NVIH’]‘I]@G“H%VLNE]N@]'J@'JUu’]luwuﬂﬂﬂﬂq UANANURUILRRYGILA 1.4 — 3.3 LUAT

d’ma@ﬂugﬂﬁ 7.2

=2 a o 0 & a o v 3’
7.3 Naﬂ’]iﬂﬂ‘lel"’lﬂ”lilﬂaﬁ)%@n‘ﬂﬁ)drﬁﬁzﬁ%ﬂi%ﬁﬂlﬂQ&IGI'JG]'JEI‘W'I

anmslgllsunsy HYDRUS-1D @nsnnisadoudavaslanzminasia (Pb) wasnasuas (Cu) lag
AN NTwaslanEnnazia (Pb) WazNasuaI(Cu) AL 1.73 uaz1.85 mg/ll audey D9ldanmyia
anuduTuaslanentinsautatinuneanas ldinenysinsinduuazamszme e s lsluiuninaes
aé*w,mm'haamﬂmmm%mmaa%u"l,;iﬁluﬁuﬁaﬂﬁﬁiuﬁuﬁﬁnmﬁanmmﬂﬂ 25 4 eranundwuesg
lanenin @‘hmeﬁmﬁmqmaafuﬂﬂﬁué’wﬁ”wﬁw:ﬁmwm aaiuiadanmenlesidudlngd 25,

50, 75 Laz 99 Lﬁ'afﬂz"[@i”ﬂsamqmﬂma@hmmLﬁum”u 22 1@a9I0N319N 7.3 Ul 7.4



Thickness of Unsaturated zone of Tambon Hua Rua, Amphoe Muang, Changwat Ubonratchathani

v o

= A v o« 1 ¥ a & A= o A A A

sUf 7.2 unwienunuzesszauTuidadidstihluTnuiundngm awase a.dled 2.9UaT 7M1
VI9IFIB 1:10,000

o o v o o o A A o < a o o ¥ da

mm@mﬂmagammmmmaaiamﬂuﬂm:m (Pb) WALNBILAY (Cu) MLARBUAINIUTU IBNAIRIBINTS

ANMURMNNDLITHAN NN NTY T @hl,mmﬁmémqmaa%’uvlajﬁmﬁé’amlwmnniwﬁ'uﬁﬁmm%mmn

Lﬁaamﬂiam@”\md’rﬂﬁamsl,uﬂflil,ﬂa'au@”mgj@i"mamﬁaUﬂd’] AILRAIlY @195191 7.3 waz 7.4



P ' ¢ & v @ o A K \ A
M199N 7.3 LLammLﬂa‘iLsﬁu@wLﬂa"ﬂE]dﬂ’J’]&JL‘IJ;J’UWIJaG@zﬂ’J (Pb) NANUANG 9 (VVW)U: Nﬂ.@]aa@s)

Thickness of unsaturated P, P, P, Py,
zone (m)
1.4 3.35 3.75 5.86 13.70
1.5 3.26 3.58 5.35 11.10
1.6 3.21 3.49 4.93 9.35
1.7 3.13 3.40 4.61 8.12
1.8 3.1 3.34 4.44 7.20
1.9 3.10 3.31 4.31 6.51
2.0 3.09 3.30 4.20 5.99
2.1 3.09 3.31 4.16 8.96
22 3.08 3.31 3.97 5.25
23 3.06 3.32 3.92 5.88
2.4 3.06 3.33 3.88 5.62
2.5 3.06 3.32 3.82 4.73
2.6 3.07 3.32 3.81 4.64
2.7 3.11 3.33 3.77 5.43
2.8 3.09 3.35 3.85 7.09
2.9 3.13 3.42 3.86 5.39
3.0 3.07 3.33 3.63 4.83
3.1 3.10 3.35 3.76 5.07
3.2 3.09 3.31 3.63 4.30
3.3 3.22 3.49 3.88 4.58
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P> ' 6§ < 6 v v P = ' ' A
M139N 7.4 LLET@]G@]’]UJ@?L‘H%G]WLY]&’Ha\‘lﬂ’J’]NUﬂN‘D%‘UﬂGﬂE}GLL@G (Cu) NANURANAN ) (RWIEL: UN.ADRAT)

Thickness of unsaturated P,, P,(mg/L) P,(mg/lL) P, (mglL)
zone (m)
1.4 3.40 4.34 5.80 16.60
1.5 3.28 4.09 5.31 13.10
1.6 3.23 3.88 4.99 10.90
1.7 3.20 3.73 4.72 9.31
1.8 3.19 3.61 4.57 8.39
1.9 3.18 3.52 4.44 7.70
2.0 3.16 3.47 4.30 7.20
2.1 3.14 3.44 4.34 22.40
22 3.12 3.43 4.18 6.44
23 3.10 3.39 4.14 7.09
24 3.1 3.43 4.14 6.43
25 3.1 3.35 4.09 5.71
26 3.11 3.43 4.08 5.54
27 3.13 3.34 4.07 7.19
2.8 3.17 3.43 4.1 12.30
29 3.18 3.53 4.19 6.65
3.0 3.18 3.37 3.96 6.34
3.1 3.19 3.40 4.07 6.93
3.2 3.20 3.35 3.92 4.94
3.3 3.33 3.76 4.23 5.41
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7.4 HANIIANHINITLARONAIVDIANEHITN INTHD NN

7.4.1 AT VY UYBINSAI (Pb) Uaznaduad (Cu)

NNMIeTERANUTITUD9a2 (Pb) Waznasuas (Cu) lauuusnaas Visual Modflow fitaan 25 1
LL&T’JmmmmLﬁmm”umaﬂamuﬁfnLL@ia:ﬂamﬂ@hg’faq@"lﬂmﬁaﬂ‘ﬁq@Lm:ﬁm’amm@hﬁmaisﬁmﬂﬂﬁﬁ 25,
50, 75 WA 99 (Py , Psy, Poss WAT Pg) T@zJLLﬂdW"ﬁ]’limmﬂﬁaﬁwmmaﬁ'@%agj"luu’%nmﬁﬁagﬂu"h'w'%ﬂ
ldun Ua 1,2, 5,6, 7, 8 uaz 10 Lmzﬁaﬁaguaﬂ"ﬁw?ﬂ lfuri Ua 3, 4, 9, 11 uaz 12 ldayads a31971 7.5

LWae 7.6

A19197 7.5 ANUTNTUVBIALA (Pb) WATNBILAY (Cu) MNNLaNAILWNBA LIWIn

Type of Analysis Minimum P,.(ng/L) P, (ug/L) P..(ug/L) P,,(Hg/L)
Initial 1.57 10.71 19.65 27.10 32.19
Pb Model 0.95 18.17 36.65 57.86 264.97
Monitoring 1.41 11.43 20.80 30.80 111.00
Initial 2.55 12.33 21.88 29.85 35.29
Cu Model 1.05 19.57 39.35 61.88 311.49
Monitoring 4.62 14.80 36.70 85.73 751.00

1Y ¥
o

A13197 7.6 ANUTUTUVBIALNT (Pb) WATNBILAY (Cu) NLaNAIRanNUi bIWSn

Type of Analysis Minimum P,.(ng/L) P, (ug/L) P..(ug/L) P,,(Hg/L)
Initial 0.12 0.11 0.13 2.08 3.17
Pb  Model 0.09 0.10 0.10 0.39 7.21
Monitoring 0.65 0.80 2.11 7.11 11.80
Initial 0.98 0.98 0.98 2.63 4.26
cy Model 0.94 0.97 0.98 1.27 8.47
u
Monitoring 0.58 6.63 11.10 23.18 40.60
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Abstract

Most of agricultural areas in Tambon Hua Rua, Changwat Ubon Ratchatani have long
been intensively applied fertilizer and pesticide in agricultural activities that may in turn
impact negatively to the environment including human health. Results from the analysis of
heavy metal and fertilizer from groundwater wells in the agricultural area found the amounts
of Pb(Il) and Cu(ll) were greater than the standard of the Department of Pollution Control
(PCD). So, this study focused on sorption and transport of such two heavy metals through
shallow groundwater system.

This research divided into two parts. Firstly, the experiment was conducted to
estimate the physical properties of the unsaturated soils, or soil water characteristic curve
(SWCC), and batch experiments were performed in order to describe the sorption of Pb(ll)
and Cu(ll). For batch experiments, loamy sand samples were carried out in 50 mL
polypropylene tubes and were shaken at 180 rpm to homogenize and facilitate the reactions.
The proportion of soil and water (g:mL) was 1:20 and were shaken for 48 hours at room
temperature under the pH 4 (4+0.2). Batch experiments were well fitted by linear isotherm
sorption. Secondly, the parameters obtained batch experiments and SWCC used as input
parameters for simulating by Hydrus-1D to illustrate water flow and transport of Pb(Il) and
Cu(I) through soil throughout a year. It showed that Cu(ll) can move faster than Pb(ll),
which in lined with sorption properties of these metals. At 132 cm deep, average groundwater
level, below ground surface, the amount of Pb(ll) and Cu(ll) contamination was 2.56x10~
mg/L and copper 2.50x10 mg/L for single system and was 3.77x10” and 3.89x10 mg/L for
competitive system, respectively.

Keywords: Freundlich isotherm, Competitive sorption, Hydrus-1D



1. Introduction

Trace substances from anthropogenic activities, for example, industrial activities,
mining areas, agricultural production and atmospheric deposition, has been released to
environment (Kim et al., 2003). Thailand is an agricultural country so that the farmers has
long used pesticides and fertilizers for several decades. The result from using pesticides and
fertilizers may cause the heavy metal contamination. People and animals may be then
adversely affected by touching or drinking those polluted groundwater. One of the most
agricultural areas, Tambon Hua Ruea, Ubon Ratchatani Province, has intensively applied
pesticides and fertilizers in agricultural activities (Chotpantarat et al., 2011). Furthermore, the
results from the analysis of heavy metal and fertilizer from groundwater wells the agricultural
area found the amounts of Pb(Il) and Cu(ll) were greater than the standard of the Department
of Pollution Control. Moreover, the pH of shallow groundwater measured in field revealed
pH values around 3-4, acidic condition, that may accelerate the migration of heavy metals
into groundwater system. In order to propose the specific management practices managing
nonpoint source and protecting groundwater resources, the long-term effect from such agro-
chemical would be derived. The mathematical models are the tool to describe the water flow
and solute movement from ground surface into groundwater. Hydrus-1D is widely used to
simulate solute transport in variable saturated flow system. However, there has been not yet
clearly understood about heavy metals movement and also Hydrus-1D is suitable for chilly
field. Therefore, the objective of this study were: 1) to characterize the soil water
characteristics curve of soil collected from Hua Ruea area and 2) to apply a numerical
modeling to estimate the transport of Pb(ll) and Cu(ll) from soil surface through shallow
groundwater system.

2. Materials and methods

In this study, triplicate cores of undisturbed soil samples of 2 locations from 0-30 cm
depth below the ground surface and cores of disturbed soil samples of 12 locations were
sampled in the vicinity of cultivated chili fields (Fig.1). This research divided into two parts.
First, the experiment was conducted to describe the physical properties of the unsaturated
soils and batch experiments were performed in order to describe the sorption properties of
Pb(11) and Cu(ll) under single metal and multi-metal systems. According to ASTM D 6836,
the pressure chamber apparatus was applied to determine the relationship between soil
moisture and water pressure in soil (SWCC) by using the van Genuchten equations (VG). By
batch experiments, loamy sand samples with the proportion between soil and water (g:ml)
1:20 were shaken for 48 hours at room temperature and controlled by the pH 4. Results
derived from batch experiments were well fitted by Freundlich isotherm and sorption
coefficient (K¢ and n) can be derived. As mentioned, the parameters obtained from the
previous experiments applied as input parameters for simulating by the Hydrus 1D to further
describe the transport of lead and copper in soil throughout a year.



% Locations of disturbed samples
3 Locations of undisturbed samples
Fig. 1 Location of 12 disturbed and 2 undisturbed soil sampling sites

(in red and yellow marks, respectively)

3. Results and discussions
3.1 Physical and chemical properties

The textures of such agricultural soils were classified as loamy sand (Table 1). pH

measurement of soils revealed that all top soils are mildly acid.

Table 1. Physical and chemical properties of soil in the study area

Site Soil texture Sand Silt Clay Hydraulic Organic CEC Bulk density Porosity
conductivity, Ks matter
% % % cmol kg* gcm? cm®cm’®
cm day™* %
1-12 Loamy sand 77.0 15.0 8.0 11.73+4.57 1.06 2.3 1.56+0.06 0.43+0.06

3.2 Soil Hydraulic Properties

By applying the RETC program to fit SWCC results and estimate unsaturated
parameters, the VG model could explain the SWCC behavior superior than BC model (Fig.2).

Fig.2 Soil water characteristic curve of soils explained by VG model



3.3 Sorption-desorption of Pb (I1) and Cu (1)

The linear relationship of Qs versus Ce reveals that the sorption isotherms for Cu(ll)
and Pb(l11) fit well to the linear equation (Fig.3). The batch experiment was designed to derive
sorption coefficient (Kd) value yielding 0.0004 L/kg for Cu(ll) and 0.043 L/kg for Pb(Il)
(Appel et al., 2008; Chaturvedi et al., 2006, Covelo et al., 2007a, 2007b). The results of the
desorption of the previously sorbed Cu(ll) and Pb(ll) show that the desorption coefficient
value yielding 0.0003 L/kg for Cu(ll) and 0.0008 L/kg for Pb(ll).
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Fig.3 Adsorption-desorption isotherms for Cu(ll) and Pb(Il) by a chile soils
3.4 Movement of Pb (11) and Cu (I1) in variable saturated zone

The simulation results of Pb (1I) and Cu (II) transport through loamy sand affected by the
rainfall in March and July, 2009 as shown in Fig.4. The heavy metal concentrations were
found to decrease with increasing depth from the ground surface both summer and rainy
seasons, especially Pb. The mobility of elements in soils depends on the infiltration of water
into the soil domain and also its reaction with the soil and liquid phase could be taken into
consideration. The infiltration rate is influenced by the hydraulic conductivity (K), which is
strongly related to soil texture and water content. So, the distribution of soil moisture content
was affected the degree of water infiltration, based on the weather data in terms of
precipitation. However, since the saturated hydraulic conductivity of sandy loam relative
higher than the rainfall rate, the distribution of water content may not show a constant shape,
but rather was lower at the soil surface and increase with depth. Therefore the sorption



behavior would be more influence on metal migration than that of water content. As
mentioned, the results of metal movement simulation of two scenarios both in summer and
rainy seasons would not show significant different. At 132 cm deep, below ground surface,
the amount of Pb and Cu contamination was 2.56x10”" mg/L and 2.50x10™* mg/L for single
system, respectively, which is in lined with sorption mechanism from batch experiments.
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Fig.4 The simulated heavy metal concentrations at different depths below the soil surface in
(@) March for Pb(I1) (b) March for Cu(ll) (c) July for Pb(I1) (b) July for Cu(ll)

4. Conclusions

The sorption coefficient of soils is quite important for assessing potential of transport of
heavy metals from the ground surface to the subsurface environment, especially shallow
groundwater system. HYDRUS-1D modeling showed that Pb (1) and Cu (Il) transported
through the topsoil with an approximate depth at 132 cm deep below ground surface, the
amount of Pb (I1) and Cu (I1) contamination was 2.56x10”" mg/L and copper 2.50x10™ mg/L,
respectively.
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Effect of Ammonia Concentration on Ammonia-Oxidizing Microorganisms
Population in Nitrifying Sludge

Angkana Jantanaprasartporn

The influence of PROPER Award Towards Products Innovation and Control of The
Waste Disposal by Small and Medium Enterprises (SME) in Bandung

Khairul Huda

Room: Queen’sPark 3

Panel I11: Opportunitiesand Impact of ASEAN Economic Community on the
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Opening Remark: Prof. Suthipun Jitpimolmard, MD, TRF Director

Moderator: Prof. Dr. Methi Wecharatana, New Jer sey Institute of Technology
Commentator: Assoc. Prof. Dr. Sitanon Jesdapipat, Rangsit Univer sity

e Assoc. Prof. Dr. Niramon Sutummakid, Lecturer, Faculty of Economics, Thammasat
University

o Prof. Dr. Mario Tabucanon, Visiting Professor, United Nations University-Institute
of Advanced Studies

e Assoc. Prof. Dr. Adis Israngkura, Advisor, Thailand Development Research
Institute and Dean of School of Development Economics, National Institute of
Development Administration

e Mr. Aboejoewono Aboeprajitno, Former Director, Basel Convention Regional
Centre for South-East Asia (BCRC-SEA)

¢ Dr. Chaiyod Bunyagidj, Technical Advisor, United Analyst and Engineering
Consultant Co. Ltd

e Dr. Peter King, Senior Policy Advisor, Institute for Global Environmental Strategies
(IGES) Regional Centre

15.30-16.00 Open Discussion

16.00-16.15 Closing Remark
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ABSTRACT

Anthropogenic may cause to continuous release of heavy metals in agricultural soils. In few decades,
there has long been used agrochemical, i.e. fertilizers and pesticides, in many areas in Thailand.
Heavy metals contained in such chemicals may release into soils and may eventually transfer into the
food chain or reach through shallow groundwater. In this study, soil samples were collected 12
locations from chili field in Hua Rua area, Ubon Ratchathani Province, which has long been applied
agro-chemicals for agricultural activities for many decades. Mobility potential of heavy metals in soils
was analyzed by the BCR scheme, which was divided into four sequential fractionation phases and
then measured the amount of heavy metals by inductively Coupled Plasma - Mass Spectrometry (ICP-
MS). The study found that the soil was contaminated by arsenic (As), copper (Cu), lead (Pb) and zinc
(Zn). The results showed that summation of fraction 1 (exchangeable fraction) and fraction 2
(reducible fraction) of copper (Cu) and zinc (Zn) in most soils were higher than 50%, ranged from
68.71 to 78.79%, except soils collected from point no. 8 and 11, indicating such metals may be easily
leached into shallow ground water, which may cause harmful to subsurface environment.
Furthermore, the mobility potential in term of sequential fractionation revealed the decreasing of
mobility potential in the order of: Zn > Cu > Pb > As.

Keywords: Heavy metals, Mobility, BCR scheme, Ubon Ratchatani province

INTRODUCTION

Groundwater resources have been currently developed for use in both the industrial sector and
agricultural areas where mostly are far from the irrigation system (Kumar et al., 2007; Manika et al.,
2012). Ground water resourcesare the source of water that is cleaner than surface water (Manish et al,
2010; Carlson et al., 2011) but recent years, many areas found contramination in groundwater such as
high concentration of heavy metals in the vicinity of abandoned and active mines (Rogen et al., 2009).
Moreover, Due to an important approach to increase crop yield in agricultural areas, fertilizer
application may change soil properties and also supply heavy metals in agricultural soils (Smith,
1996; Tsadilas et al., 2005). This consequence may adversely affect on ecosystem such as the loss of
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soil fertility, the erosion of soil, the disease of crop and livestock including health of local people and
associated animals by contacting or consuming these polluted soils and groundwater.

Hua Rua located in Muang district, Ubon Ratchatani province, is an intensively agricultural area with
a lot of chilli farming and farmers have been used of chemical fertilizers and pesticides. Also, we
found different types of chilli farms spreading throughout the area and all groundwater wells are
located in such chilli fields. Most farmers have been consuming water from the groundwater well.
Number of groundwater wells appeared to be increased (Department of Groundwater Resources,
2548) that is currently a problem with the many environments in which environmental issues are one
of the contaminated groundwater (Anat and Paul, 2003) due to modern agricultural practice with the
use of chemicals to increase agricultural productions. As a result, the risk of contamination of heavy
metals, which are components in fertilizers and pesticides, in shallow groundwater may be more
concerned (Yu et al., 2008; Pepijn et al., 2011; Parinya et al., 2012; Pepijn and Prasnee, 2012).

In this research, the objectives of the present study were to assess the contamination of heavy metals
in soil and the mobility potential of heavy metals by the BCR Scheme (Perez et al., 2005) which may
be used to describe heavy metals migration in shallow groundwater.

MATERIALS AND METHODS

Study area and collection of samples

The study area is located in Hua Rua, Muang district, Ubon Ratchatani province, Northern Thailand
(Fig. 1) This area is one of largest areas of chilli farming in Thailand and the use of chemical
fertilizers.

Soil sampling and analysis

Twelve Soil samples were collected from chili field in Hua Rua area, Ubon Ratchathani Province.
Soil samples were disaggregated and sieved through smaller than 90 um to remove plant debris,
pebbles, and stones prior to analyzing concentrations of heavy metal, i.e., arsenic (As), copper (Cu),
lead (Pb) and zinc (Zn).

BCR sequential extraction scheme

The binding forms of heavy metals in soil samples were established according to the BCR sequential
extraction scheme method (Perez and Valiente, 2005). This scheme normally classified heavy metals
in four chemical fractions as follows: exchangeable fraction, reducible fraction, oxidizable fraction
and residual fraction.
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Figure 1. Study areas and soil sampling locations

RESULTS AND DISCUSSION

Fractionation concentrations of heavy metals in soils

The total concentrations of heavy metals (i.e., As, Cu, Pb and Zn) in all chili field in Hua Rua area,
Ubon Ratchathani Province were shown in Fig.l. The results revealed that sum. of fraction 1
(Exchangeable fraction) and fraction 2 (reducible fraction) of copper (Cu) and zinc (Zn) in most soil
samples were higher than 50% ranged from 68.71 to 78.79%, except soils collected from location 8
and 11. Concentration of copper (Cu) are the most at location 12 approx. 88.15% and Concentration
of zinc (Zn) is the most at location 1 approx. 77.66% (Fig.2 and Table 1).
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Figure 2. The total concentrations of heavy metals for 12 locations
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Average percentage (ug / g) of four sequentially extracted phases of As, Cu, Pb and Zn in soils for 12
samples assessed by BCR scheme showed that the proportion in the chemical fraction 1 and 2, which
summation of two fractions were higher than 50%, indicating that such metals could be easily
dissolved in water and finally reach into soils and shallow groundwater. The summation of average
percentage of fraction of 1 and fraction 2 were shown as the descending order as follows: Zn (66.83)
> Cu (59.47) > Pb (52.76) > As (27.87). The study showed that concentrations (Fig.3) of zinc (Zn)
were mostly found in leachable forms or Fractions 1 and 2, which were higher than 50%, suggesting
that Zn can be easily dissolved in natural and eventually percolated through groundwater. The
exchangeable fraction held weakly bound heavy metal species, which could be leached by ion-
exchange mechanisms (Filgueiras et al., 2002).

Site 1-12 Exchangeable, F1 Reducible, F2 Oxidizable, F3 Residual,F4
As 5.84+ (31.169) 22.03+ (54.677) 37.21+ (264.904) 34.91+ (140.582)
Cu 27.42+ (997.459) 32.06+ (1639.728) 21.43+ (1459.204) 19.10+ (451.972)
Pb 22.25+ (1769.748) 30.51+ (2048.848) 23.27+ (1625.211) 23.97+ (834.550)
Zn 40.21+ (26724.428) | 26.62+(20644.042) | 32.07+ (42187.363) 1.09+ (785.204)

Table 1. Average percentage and standard deviation (mean + SD, ug/g) of four sequentially extracted phases of
As, Cu, Pb and Zn in soils for 12 locations
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, 28.84% 1000 Fl4E2
100% F1+F2 00%
80% o2 80% Iz -
3 60% [ 11 - 2 60% — S—
= , NEEEEEEEREEBER 2 )
< 40% | FERL L. mR X 40% =F2
0,
20% .Fl 20% oFl
0% 0%
C D
Pb 50.93% Zn 68.71%
100% F1+F2 100% F1+F2
z 80% BF4 . 80% ol | Lo O el . mF4
S 0% - E 60% -
o 40% - S 40% . E2
20% BF] 20% BF]

0%

1234567289101112

0%

123456789101112

Figure 3. BCR sequential extraction scheme of 12 samples

Show percentages (%) concentration of heavy metals in a fraction of 1 and 2

Mobility potential of heavy metals

The mobility, immobility, and consequently the toxicity of heavy metals in chili field depend most of
all on their types of binding forms. Table 2 displayed the mobility potential of heavy metals in
different forms. All the heavy metals investigated were extracted in the exchangeable fraction zinc
(Zn) and reducible fraction copper (Cu). The Zn and Cu had the highest percentage mobility in the
exchangeable fraction, indicating that they should be the most readily available elements from the
environmental point of view. Zn and Cu had the highest ability, susceptibility, and mobility potential
to be released from the soil by a simple ion exchange mechanism. As represent the highest
proportions in the oxidizable and residual fractions, which indicated that these two elements are the
most non-mobile and thus potentially the least harmful. The residual concentration of any heavy metal
was considered to be the non-mobile fraction.
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Step Condition Mobility
1 Exchangeable fraction Zn>Cu>Pb> As
2 Reducible fraction Cu>Pb>Zn> As
3 Oxidizable fraction As>7Zn>Pb>Cu
4 Residual As>Pb>Cu>7n

Table 2. Mobility potential of heavy metals in chili field

CONCLUSIONS

In this study, the distribution and mobility characteristics of heavy metals (i.e., As, Cu, Pb, and Zn) in
soil samples chili field in Hua Rua area, Ubon Ratchathani Province were investigated. The results
showed that the fraction 1 (exchangeable fraction) and fraction 2 (reducible fraction) of copper (Cu)
and zinc (Zn) in most soils were higher than 50%, indicating such metals may be easily leached into
the shallow groundwater, which may cause harmful to subsurface environment. Furthermore, the
mobility potential based on sequential fractionation results in the descending order of: Zn > Cu > Pb >
As.
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Abstract

Acid mine drainage (AMD) is one of the serious
environmental problems caused by mining activities and
adversely impacts on surrounding environments, especially for

soil, surface water and groundwater. Major AMD problems

Causes and potential acid generation techniques
age (AMD)

may occur after closure of mines. In Thailand, many mining

areas may have not been taken care of properly. They may,
in turn, promote the AMD generation as sulfide-bearing
material is exposed to oxygen and water. Consequently,
other contaminants containing in acidic water, such as some
heavy metals will be easily released and eventually pollute
the environment. This paper described causes of acid mine
drainage and acid producing potential tests, which consist
of acid base accounting (ABA) and net acid generation
test (NAG),

producing potential in mining areas. In addition, the ABA test

including their criteria used to evaluate acid

is used association with the NAG test to verify the acid
generating potential of a sample. As mentioned, the acid
producing potential tests should be encouraged to assess
acid-generating potential to prevent and mitigate such impacts

of acidic water in the future.
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+ FeS,

C——— > Fe(OH),
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ABSTRACT

One of the most intensive agricultural areas of Thailand, Tambon Hua Ruea in the Ubon
Ratchatani Province, has routinely applied nitrate fertilizers at high levels over along time as a part
of the widespread agricultural activities, and in particular in the cultivation of chili and rice.
Unsaturated soil characteristics are important properties for assessing potential nitrate movement
from the ground surface to the subsurface environment. In this study, twelve undisturbed soil
samples were collected, three from each of four sites, at 0-30 cm depth below ground surface in the
vicinity of cultivated chili fields. By applying the retention curve (RETC) program to fit the
experimental results of the soil water characteristic curve (SWCC), the van Genuchten (VG) model
could explain the SWCC (correlation coefficient, R > 0.99) better than the Brooks and Corey (BC)
model (R > 0.94). The simulations of the water content distribution did not show a constant shape,
but the water content was lower at the soil surface (varying from 0.06-0.27) and then increased with
depth. When incorporating the VG parameters, the maximum nltrate concentrations at depths of O,
50 and 100 cm below the surface were 100, 0.80 and 0.55 mg L , respectively. Furthermore, the
rapid decrease in the nitrate concentration from 100 mg to 6 mg L™ Just 5 d after nitrate application,
seen in both July and November, may be caused from an advection process under otherwise similar
initial conditions. At 1 m depth, nltrate concentrations obtained from the VG and BC formulations
after 15 d were similar (~ 0.55 mg L™), and were statistically significantly as well as numerically
three-fold higher than that (~ 0.18 mg L" ) derived from neural network predictions, indicating that
these soil hydraulic properties play a magjor role in controlling nitrate transport. Furthermore, the
nitrate front moved quite well with the infiltrated water because it was not sorbed onto soil media
According to the simulated results under rainy and summer seasons, the higher the wetted front, the
faster was the movement of nitrate. As aresult, in order to minimize losses of the nitrogen fertilizer,
application rates need to be considered for crop needs, rain amounts and soil hydraulic properties, to
identify the best management strategies associated with N-fertilizer application from the
environmental and economic perspectives, and to prevent groundwater contamination.

* Corresponding author
Email: lertc77@yahoo.com
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INTRODUCTION

Applied agrochemicals may be released rapidly
from the ground surface through the unsaturated zone
and eventually reach the groundwater systems [1].
Consequently, the ecosystem and diverse life forms,
including people and associated vetinary animals, may
be then adversely affected by contacting or drinking
these polluted soils and groundwater, respectively. In
crop production, high application rates of nitrogen fer-
tilizers tend to be performed to obtain high yields of
the crop. Nitrate (NOg3) is a leaching pollutant from
fertilizer application in soil and groundwater. More-
over, nitrate can not only be uptaken by plants but it
can aso move rapidly through the unsaturated zone,
eventually reaching the groundwater or being released
to the surface water because it does not strongly
sorbed onto the soil matrix. Thus, it is relatively easy
to obtain groundwater pollution with nitrate concen-
trations that exceed the regulated standard [2,3]. Many
factors impact on nitrate transport, including the fer-
tilization application rates and amounts per applica-
tion, irrigation times, soil texture and the structure of
the sail profile [3]. In areas of intensive agriculture,
the monitoring of nitrate concentration in aquifers
needs to be complemented with the assessment of ni-
trate contents in the unsaturated zone or root zone.
The main aim of such consideration is to revert or
prevent nitrate levels from reaching or exceeding the
allowable level established by the Thailand groundwa-
ter drinking standard [4]. This necessitates the strate-
gic development of appropriate water and fertilization
application to agricultural land in order to maximize
their fertilizer efficiency and minimize nitrogen leach-
ing into groundwater system [5]. Given that the un-
saturated zone plays an important role in the transport
of nitrate from the soil surface to the subsurface envi-
ronment, especialy unconfined aquifers [6], then if
the characteristics of the unsaturated zone can be
properly determined, the assessment of nitrate concen-
trations would be more accurate.

One of the highest density agricultural areas in
Thailand, Tambon Hua Ruea in the Ubon Ratchatani
Province, has intensively applied agrochemicals (pes-
ticides and fertilizers) for a long period, and in par-
ticular for the cultivation of chili and rice. Thus, thisis
a prime example of where optimizing fertilizer appli-
cation for maximal crop yield with minimal cost and
ecosystem damage is required. However, only a few
reports are available on the impact of the unsaturated
soil properties and climate factors upon the nitrate
movement in an agricultural area. To assess the risk of
nitrate leaching into groundwater aquifer, there is a
need for efficient tools capable of explaining the
mechanism of nitrate leaching and quantifying the ni-
trate content varying with depth [7,8]. Therefore, the
objective of this study were: 1) to characterize the soil
water characteristics curve (SWCC) of soil cores col-

lected from Hua Ruea area; and 2) to apply variable
saturated modeling (Hydrus-1D) [9] to estimate the
movement of nitrate from the soil surface through the
shallow groundwater system under different unsatu-
rated properties and different climates in this agricul-
tural system.

MATERIALSAND METHODS

Triplicate cores of undisturbed soil samples
taken from 0-30 cm depth below the ground surface
were sampled at each of four locations (Fig. 1) in the
vicinity of intensively cultivated chili fields. The tex-
ture of each agricultural soil was determined by sieve
analysis and pipette method [10]. To describe the
SWCC of these unsaturated agricultural soils, the rela
tionship between the water content (¢) and the suction
pressure head (h) of each soil was evaluated using a
pressure plate apparatus according to ASTM D 6836.
The SWCC of the soil cores was measured at h of 6,
10, 31.6, 50, 100, 316, 1000 and 15900 cm. The reten-
tion curve (RETC) program was used to fit the ex-
perimental results and to estimate the unsaturated pa-
rameters. From these, the fitting parameters for the
van Genuchten (VG) formulation were estimated us-
ing a neural network prediction function (NNP). Fi-
nally, these unsaturated soil parameters were used to
predict the water flow and nitrate vertical transport
through the subsurface environment using Hydrus-1D
modeling [11]. This model can be used to simulate
water flow and contaminant transport in variably satu-
rated soils and can be applied for different equilibrium
and non-equilibrium flow and transport in both direct
and inverse modes.

Fig. 1. Location of soil sampling sites (1-4) with three
soil samples taken at each location site (next to
intensive chilli cultivation plots).
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1. Soil Hydraulic Properties

The SWCC is the relationship between the 6 at
the suction head (&h)) and h. The two formulations
often used to describe unsaturated soil are the VG and
Brook and Corey (BC) formulations, which can be ob-
tained from Egs. 1 to 6. The unsaturated hydraulic
conductivity function (K(h)) is given by the Mualem-
VG [11,12] and BC [13] models as show below:

(a) VG equations

Se _0N-6: _ ! h<h, (1)
0s -0, 1+(ahy )"
=1 h>h, (2)
K(8)=KK,(0) h<0 €)
=K, h>0

Kr(9)=<se)k[1—(1—(se)”m)mf ()
(b) BC equations

o(h) -6, [Nma
Se = =
0, — 0,

A
} hm <hma (5)

m

6-0, 37_ N
K(H):K{as_gr} =Ks(Se) (6)

where 6(h) is the soil 6 at the suction head (L*L™®) and
K(h) (L T are as defined above and hy, = the soil
suction head (L), 6, = the residual 6 (L3L™), 6 = the
saturated 6 (L®L®), K¢ = the saturated hydraulic con-
ductivity (L T, hna = the air-entry potential (L™,
K(h) = unsaturated hydraulic conductivity (L T%), K,
= the relative hydraulic conductivity (L T™), & = the
relative water saturation (-), N = constant of soil, 1=
index of the pore distribution, k = 0.5 and m, n, o are
the fitting parameters of soil water retention curve; m

=1-(Un).

The fitting parameters and index of the pore dis-
tribution were derived by fitting Egs. 1, 2 and 5 to the
soil water retention data using the RETC program [11].

2. Water Flow Equation

The one dimensional transient water flow can be
described by the Richard’ s equation (Eq. 7) [14]

o6(h) o oh
T—GZ[K(h)a;K(h)} ™)

where: 4(h), h and K(h) are as defined above and t is
thetime (T) and zis the vertica distance (L).

3. Solute Transport Equation
The one-dimensiona convection-dispersion equa-

tion under transient water flow conditions in variable
saturated porous medium (Eg. 8) is shown as[11]:

(8)

66C+apr:i HD§ _anC
ot ot 0z 0z 0z

where: C is the solute concentration in solution (M L™);
Siis the sorbed solute concentration on soil (M M™);
py is the soil bulk density (M L™Y); D is the hydrody-
namic dispersion coefficient (L*> T™) and q, is the
volumetric water flux (L T™).

4. Nitrate Leaching and Distribution Simulation
under Different Scenarios

The various input parameters required in Hy-
drus-1D, namely the saturated hydraulic conductivity
(Ksg), 65, 0, and empirica factors («,n) for both
VG and BC simulations for nitrate transport in sandy
soil are shown in Table 1. The NNP option available
in Hydrus-1D was used by assigning the values of
bulk density as well as clay, silt and sand percentage
composition. The simulation depth was taken at 50
and 100 cm depth below the ground surface. This

Table 1. Input parameters for the simulation of the vertical transport of nitrogen through sand (site 2 on Fig. 1) using
Hydrus-1D simulations

Parameter VG BC NNP

Saturated hydraulic conductivity (Kg) 49+7 49+7 49+7
Residual water content (¢, ) 0.13+0.02 0.01+0.01 0.05

Saturated water content (9, ) 0.34+0.02 0.35+0.05 0.38

Empirical fitting parameter o 0.008 + 0.003 0.04+0.04 0.036
Empirical fitting parameter n 2.36+0.73 0.20+0.09 4.15

Longitudinal dispersivity (cm) 10 10 10

Data are shown as the mean = one standard deviation, and are derived from 3 repeats. In al simulations the Initial nitrate
concentration (Cy) at the soil surface (0 cm) was 100 mg L%, Note that the Thailand drinking water standard for nitrate levelsis not to
exceed 45mg L™
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study simulated nitrogen distribution within the root
zone and the cumul ative nitrogen going below the root
zone or unsaturated zone, prior to reaching the water
table of 1 m depth.

RESULTSAND DISCUSSION
1. Soil Hydraulic Properties

The texture of each agricultural soil was classi-
fied as loamy sand, sand and sandy loam (Table 2).
By applying the RETC program to fit the experimen-
tal results and estimate unsaturated parameters, the
VG model (correlation coefficient R > 0.99) could ex-
plain the SWCC behavior better than the BC and NNP
models (correlation coefficients R > 0.94 and 0.70, re-
spectively).

2. Soil Moisture Distribution

The water flow and nitrate transport simulations
in site 2, which had the highest hydraulic conductivity,

Sustain. Environ. Res., 21(3), 187-193 (2011)

were carried out as the representative example of an
area which is at a high risk of nitrate contamination
into the groundwater. The simulation results of the
soil moisture distribution (Fig. 2) in the sandy soil of
site 2 was performed using the unsaturated soil pa-
rameters derived from the three formulations, VG, BC
and NNP, and the weather data recorded at the nearby
station in study area during July and November. The
total precipitation levels were 51 and 0.03 cm in July
and November, respectively.

The soil moisture distribution was affected by
the level of water infiltration, based on the weather
data in terms of the precipitation and evapotranspira-
tion (Fig. 2). The 0 distribution did not show a con-
stant shape, but rather was lower at the soil surface
and then increased with depth because the rainfall rate
was less than the saturated hydraulic conductivity of
sand (49.0 cm d™). This then led to non-uniform 6
profiles in both July and November. The simulated 6
distribution using the parameters derived from the
NNP were lower than those obtained from the BC and
VG models for depths of 0 to 80 cm below the surface,

Table 2. Physical and chemical properties of the surface soil (0-30 cm depth) in the study area

Site Soil texture Sand Silt Clay Saturated Hydraulic ~ Organic CEC Bulk density  Porosity
(%) (%) (%)  conductivity (cmd™®) matter (%) (cmolkg®)  (gem?)  (cm*cm?®)
1 Loamy sand 77 185 45 34+06 0.37 16 1.75+003 0.36+0.05
2 Sand 98.5 15 0.01 49+7 0.47 21 162+002 0.40+£0.02
3 Loamysand 78 155 6.5 28+ 11 0.52 3.6 156+0.06 0.43+0.06
4  Sandy loam 75.5 18.3 6.3 9+5 1.87 2.8 168+001 043+0.01

!Data are shown as the mean + 1 standard deviation and are derived from three replicates.
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but they appeared to become closer at near the water
table (90-100 cm). For example, on July 1, 2009, the 6
distribution derived from the VG and BC model simu-
lations (0.29) was approximately five times higher
than that from NNP (0.06) near the surface. On July
31, the 0 distribution was higher than that in the be-
ginning of the month because the soil pores were
filled with infiltrated water. In contrast, when compar-
ing the two @ profiles between November 1 and 30,
they were found to be broadly similar because only a
small level of precipitation (0.03 cm) had occurred
which would not be sufficient to significantly affect
the soil water profile. This is in agreement with the
fact that the degree of water saturation in sandy soils
issengtive to rainfall events[15].

3. Nitrate Concentration Distribution

The simulation of nitrate movement through the
same sandy soil at site 2 that was affected by water in-
filtration due to different precipitation and evapotran-
spiration levels (Fig. 2) was performed for the differ-
ent soil water characteristic parameters derived from
the VG, BC and NNP models. The smulations were
performed for three different soil depths (Fig. 3). In
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these ssimulations, we assumed that a nitrate concen-
tration of 100 mg L™ would result from fertilizer
leaching from the ground surface into the groundwater
due to rainfal percolation. The lower boundary (100
cm) was assumed to be located at the water table sur-
face. The nitrate concentrations were found to de-
crease with increasing depth from the surface, as ex-
pected if there is no absorption to the soil matrix. For
example, in July the maximum simulated nitrate con-
centrations at a depth of 0, 50 and 100 cm from the
surface were 100, 0.80 and 0.55 mg L™, respectively,
when using the VG model. The nitrate concentration
appeared to be decrease rapidly from 100 to approxi-
mately 6 mg L™ during the initial simulation period (5
d after fertilizer application) in both July and Novem-
ber, probably caused by an advection process under
the otherwise similar initial conditions (Figs. 2a and
2¢). Thisimplies that the soil hydraulic properties play
amgjor role in controlling the vertical nitrate transport
through the soil when it has a higher 6. These nitrate
concentrations, derived from numerical simulations in
both July and November, do not exceed the current
Thailand groundwater regulated standard of 45 mg L™
[15]. Theinflux of infiltrated water appeared to reduce
the nitrate concentration. For example, the nitrate con-
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centration was reduced from 6 to 1.5 mg L™ at the soil
surface because of the rainfall (0.63 cm) on July 5
(Fig. 28). The infiltrated water caused the 0 in the soil
to increase with depth (Figs. 2a and 2b), and conse-
quently, the front of nitrate concentrations (Figs. 3b
and 3c) moved faster under these conditions than
those with a lower 6 (Figs. 3e and 3f). The nitrate lev-
els at the soil surface level in November were essen-
tially constant because there was no rainfal after
Nov. 2. As a result, the leaching of nitrate did not
reach as far down as 50 and 100 cm below the surface
(Figs. 3e and 3f). Moreover, under different soil hy-
draulic parameters, the simulation of nitrate concen-
trations obtained from NNP appeared to be signifi-
cantly lower than those from simulations based upon
the VG and BC models, indicating that the soil hy-
draulic parameters clearly affected the vertical nitrate
movement through the unsaturated zone. For example,
at a1 m depth below the surface the nitrate concentra-
tions obtained from VG and BC formulation after 15 d
were similar (~ 0.55 mg L™, but statistically signifi-
cantly (P < 0.05) and numerically 3-fold higher than
that derived from NNP (~ 0.18 mg L™). Thus, local
soil hydraulic properties should be carefully evaluated
prior to simulating the fate and transport of contami-
nants. Furthermore, the nitrate front can move fairly
efficiently along with the infiltrated water because the
nitrate ions are poorly sorbed by the soil media
[16,17]. Since the nitrification of nitrite to nitrate is a
much faster reaction than the nitrification of ammo-
nium, both nitrification reactions are often grouped
together, thereby neglecting the nitrite species. Vola-
tilization and gaseous state of nitrate is neglected. Its
concentration depends on the oxygen level, pH and
temperature [18], and the application of ammo-
nium/nitrate fertilizer reduces this concentration [17].
Thus for these reasons the sorption of nitrate to the
soil matrix and its redox reaction have not been con-
sidered in the nitrate simulation equations performed
here.

CONCLUSIONS

Unsaturated soil hydraulic characteristics are
quite important for assessing the potential movement
of agrochemicals from the ground surface to the sub-
surface environment, and especialy in shalow
groundwater systems. Here, parameters derived from
the VG equation (correlation coefficient, R > 0.99)
could explain the SWCC behavior better than those
from the BC and NNP models (R > 0.94 and 0.70, re-
spectively). The higher the wetted front of the soil 6
was, then the faster was the vertical movement of ni-
trate through the soil matrix. Furthermore, the soil hy-
draulic properties affect this vertical movement and so
should be carefully estimated in any assessment of the
water flow and movement of nitrate. For the proper
agricultural management practices, N-fertilizer appli-

cation rates should be suitable for crop needs and soil
hydraulic properties in fields in order to minimize
losses of nitrogen fertilizer and the protect groundwa-
ter resources.
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ABSTRACT

Transport of heavy metals from acid mine drainage through soils can impact valuable water resources and
have a deleterious effect on their associated ecosystems. The movement of single, binary and multi-metal
systems through lateritic soil columns were experimentally determined and then modeled with the
HYDRUS-1D using a local equilibrium convection-dispersion (CDeq) model, or chemical nonequilibrium
two-site model (TSM) with first order kinetics. The TSM model described the breakthrough curves better
than the CDeq model in both binary and multi-metal systems. The (Qmax)/ (Qma;‘(< ) ratios were generally great-
er than unity suggesting that the presence of other metals reduced sorption through competition for sorption
sites . Ratios of (Qumax)?b /(Qmax)secondary metals (Mn> . zn> ", ni> |y (ranging from 0.92 to 1.09) were lower than
ratios of (Qmax )35 /(Qman )secondary metals (Mn> "+, zo>+, ni> ) (ranging from 0.94 to 2.80), which indicated the
highest sorption affinity of Pb?* was under both binary and multi-metal systems. Furthermore, the fraction
of the instantaneous equilibrium site (f) of all metals, particularly for secondary metals, tended to increase
with increasing metal concentrations in the system, suggesting that diffusion probably dominates the sorp-

tion and transport of heavy metals in the system.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Surface and groundwater pollution are largely caused by human ac-
tivities, such as mining and smelting, agrochemical application, indus-
trial discharges, energy production and improper waste disposal. The
mobility of heavy metals through soils and groundwater is affected by
many factors, such as the properties of the heavy metals, physical-
chemical properties of the soil, and climatic conditions. Prediction of
movement and distribution of heavy metals through the subsurface
aquifer require knowledge of the sorption and transport properties of
the porous media. Batch sorption experiments have generally been
performed to investigate the sorption of two or more metals onto
soils (Arias et al., 2006; Covelo et al., 2007; Elliott et al., 1986; Gomes
et al, 2001; Jain and Ram, 1996; Serrano et al,, 2005). For example,
using batch studies for the competitive sorption of Cd and Pb onto
four soils, Serrano et al. (2005) showed a higher retention of Pb over
Cd in all four soils tested and the interaction between Pb and Cd sorp-
tion was found to a function of the soil properties. However, to obtain

* Corresponding author at: Department of Geology, Faculty of Science, Chulalongkorn
University, 254 Phayathai Road, Pathumwan, Bangkok 10330, Thailand. Tel.. +66
831785470; fax: +66 22185464.

E-mail address: csrilert@gmail.com (S. Chotpantarat).

0016-7061/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
doi:10.1016/j.geoderma.2012.06.032

transport information under non-equilibrium conditions, a packed soil
column with continuous flow is typically used (Miretzky et al., 2006;
Pang et al., 2004). To explain the transport of heavy metals in porous
media, column experiments have been conducted but most of these
studies are focused on a single metal under various flow conditions
(Chotpantarat et al., 2011a; Liu et al., 2006; Miretzky et al., 2006; Pang
etal,, 2004; Strawn and Sparks, 2000; Yolcubal and Akyol, 2007). At typ-
ical contaminated sites, such as acid mine drainage sites, the presence of
several heavy metals in groundwater is common and they may compete
with each other for soil sorption sites, resulting in enhanced transport of
heavy metals in the porous media. Several papers (Fonseca et al., 2011;
Lafuente et al., 2008; Rodriguez-maroto et al., 2003) have addressed the
sorption of heavy metals in multi-metal systems. For example, using col-
umns with calcareous soils to evaluate Cr, Cu, Pb, Ni, Zn and Cd sorption,
Lafuente et al. (2008) reported that sorption of Cr, Cu and Pb were higher
than those of Ni, Zn and Cd under competitive conditions. Fonseca et al.
(2011) reported that for a soil column with loamy sand soil , Cr and
Cu were found to be more strongly sorbed due to an increase in the soil
pH as compared to Cd, Pb and Zn. Furthermore, in order to predict the
transport and distribution of heavy metals more accurately, reliable
transport-related parameters of heavy metals in groundwater or subsur-
face environments need to be evaluated, but many studies to date have
focused on the sorption of heavy metals under equilibrium conditions.
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However, some of the issues with multi-metal systems, such as possible
competition between heavy metals for sorption sites, mass transfer and
non-equilibrium sorption and transport on soils, and particularly soil
that consists mainly of clay, are not completely known.

Many computer programs such as to CXTFIT (Toride et al., 1999),
HYDRUS-1D (Simunek et al., 2008), MACRO (Larsbo and Jarvis, 2003;
Larsbo and Jarvis, 2005), SIMULAT (Diekkriiger, 1996), and VADOFT
(Carsel et al., 1997) have been applied to model the transport of water
and solutes. But for steady state conditions, CXTFIT is frequently used to
describe tracer breakthrough curves using the analytical solutions for
tracer or conservative miscible displacement tests as shown in the follow-
ing studies: Vanderborght et al. (1997, 2002), Wallach and Parlange
(2000), Kamra et al. (2001), Seo and Lee (2005), Yolcubal and Akyol
(2007).

In addition, solute transport modeling under transient flow condi-
tions requires a large number of model parameters, which are typ-
ically estimated from experimental results. These numerical
models (i.e., MACRO, SIMULAT, VADOFT) including HYDRUS-1D,
have many options to numerically estimate such parameters. How-
ever, HYDRUS-1D has been selected in this study because it has
been used in hundreds of studies and is continually improved
(Simunek et al., 1998, 2005, 2008) to implement new modules such as
Langmuir two-site model which are not included in MACRO, SIMULAT
and VADOFT. HYDRUS-1D is a published program, which can be
downloaded as freeware and has similar window interface with CXTFIT,
making the programs easy to use in estimating water, conservative and
non-conservative solutes.

The objective of this paper was to model the effects of heavy metal
concentrations in single, binary and multi-metal systems on the com-
petitive sorption and kinetic mechanisms in lateritic soil column exper-
iments and to explain the competitive mechanisms in terms of the
estimated sorption capacities, retardation factors and the fraction of in-
stantaneous equilibrium sorption sites (f). Lateritic soils (consisting of
53.8% clay) were collected from a gold mine site in Thailand and the
breakthrough curves (BTCs) from column experiments, as reported by
Chotpantarat (2008), were used in the modeling efforts. To this end,
HYDRUS-1D (Simunek et al., 2008), a local convection-dispersion equi-
librium (CDeq) model with linear and nonlinear (Langmuir) isotherms
and the chemical nonequilibrium two-site (TSM) model, plus CXTFIT
(Toride et al, 1999), an analytical solution of the one-dimensional
advection—dispersion equilibrium equation which include exchange
between a mobile and an immobile region and the use of linear sorp-
tion, were used. Information obtained from this study may be used to
explain the behavior of multi-metal transport in contaminated sites.

2. Materials and methods
2.1. Column experiments

Column experiments were conducted using lateritic soils obtained
from Akara gold mine, Phichit Province, Thailand at a depth of 0-2 m
below ground surface. The soil has a bulk and particle density of 1.23
and 2.71 g cm ™3, respectively and the percent of sand, silt and clay
were 21.8, 24.4 and 53.8, respectively. The pH of the soil was 5.3
while the cation exchange capacity (CEC) was 28.8 cmol kg~ '. The
organic matter and specific surface area of the soil were 0.16% and
48.69 m? g, respectively. Details of the experimental methodology
column experiments used here have been reported previously
(Chotpantarat, 2008; Chotpantarat et al., 2011b). Briefly, lateritic
soils were uniformly packed in acrylic columns with an inner diame-
ter of 2.50 cm and a depth of 10 cm. The soil column was initially sat-
urated with deionized water from the bottom to eliminate entrapped
air (Miretzky et al., 2006). After the saturation procedure, a solution
of 30 mg L™ ! of bromide (Br~) was injected from the bottom at a
rate of 8+ 0.5 mL hr~! and the column effluent was collected using
a fraction collector at various times. The system was maintained at a

constant pH of 5 with NaAc buffer solution. The mixed heavy metal solu-
tions were then injected from the bottom of the column and the effluent
collected periodically to monitor the concentrations of the respective
heavy metals and pH in the effluent. The metal concentrations were
determined by flame atomic absorption spectrophotometry (FAAS).
The BTCs, expressed as the relative concentrations (C/Co) versus pore
volume (V/Vo), were plotted, where Co is the initial concentration
added and Vo is the pore volume of the soil column. The column exper-
iments conducted were (i) single metal systems comprising of 5 mM of
Pb2*, Mn2 ™", Ni?* or Zn?* at pH 5, (ii) binary metal experiments com-
prising of combinations of Pb?* and Mn?", Pb®>* and Ni?>* , and Pb? ™
and Zn?™ at pH 5 with Pb?* concentration fixed at 5 mM and Mn?™,
Ni?* and Zn?* concentrations at 3 mM, 5 mM and 10 mM for each col-
umn run and (iii) a multi-metal system using all four metals, Pb%™,
Mn2*, Ni2* and Zn?™, together at 5 mM each at pH 5.0.

2.2. Numerical transport modeling of column experiments

The BTCs obtained from the tracer experiments were analyzed with
CXTFIT, a nonlinear least squares optimization computer program
(Toride et al., 1999) with a number of analytical solutions for one-
dimensional solute transport based on the convection-dispersion
equation (CDE) and the two-region non-equilibrium model (TRM) for
the estimation of hydrodynamic dispersion coefficient (D), including
the non-equilibrium parameters.

The CD.q may be written as shown in Eq. (1) below:

“[al., ®

where C is the concentration of solute in liquid phase (mg L™1); t is the
time (hr); Dy is the longitudinal dispersion coefficient (cm? hr='); v, is
the average linear groundwater velocity (cm hr™1); p is the bulk density
of aquifer (g cm~3); 6 is the volumetric moisture content or porosity for
saturated media; C*is the amount of solute sorbed per unit weight of solid
(mg g~ ') and rxn is the subscript indicating a biological or chemical reac-
tion of the solute (mg L™! hr™1).

Unfortunately, CXTFIT is limited in that it does not have the analytical
solutions for the transport of nonlinear sorbing solutes. Therefore, to as-
sess the BTCs for nonlinear sorption of metals in the lateritic soil column
experiments, HYDRUS 1D was used (Simunek et al., 2008).

HYDRUS-1D was applied in both the direct and the inverse mode to
assess the experimental BTCs using linear, nonlinear (CD.q model) and
rate-limited two-site sorption model (TSM model) as presented by
Eq. (2) (Brusseau et al.,, 1991; Fetter, 1993):

2
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o "ok 6 1+bC
where f (—) is the fraction of equilibrium sites and o (day™') is a
first-order kinetic rate coefficient and S, (mg g™~ ! soil) is the solid phase
concentration at site 2.
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2.3. Parameter estimation

The columns were assumed to be homogeneously packed with the
soil and saturated with water while the water flow and solute transport
in the soil-filled columns were assumed to be one-dimensional. The
hydrodynamic dispersion coefficient (D) of the soil was estimated by
curve fitting the bromide BTCs with the nonlinear least-squares parame-
ters optimization method of CXTFIT (Toride et al., 1999). The two-region
approach was then applied to examine any physical non-equilibrium pro-
cesses in the system. The value of D, as obtained from the bromide BTC,
was then used to estimate the average soil dispersivity, Aavg = Davg/V,
which was then used to estimate the sorption parameters of metals,
as provided by the HYDRUS-1D code version 4.Beta 1 (Simunek et al.,
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2008). In addition, the chemical non-equilibrium two-site model
with Langmuir sorption was used to estimate the sorption para-
meters (Qmax and b in the case of Langmuir isotherm) and the
non-equilibrium parameters (fand «) for the heavy metal transport.
Least square errors were used to determine the appropriateness of
the curve fit.
3. Results and discussion
3.1. Metal transport modeling

The average dispersivity, Aavg, Obtained from the CXTFIT program

for the three bromide column runs, was 1.42 cm, as reported by
Chotpantarat (2008), and the results revealed that all the water in

a) Pb?*

b) Ni?*

c) zn**

d) mn?*

the system was mobile. This value was subsequently used for the
modeling of the heavy metal BTCs.

The heavy metal BTCs were fitted using the equilibrium
convection-dispersion model (CD.q) and chemical non-equilibrium
two-site model of HYDRUS-1D. Since the program was unable to
model all the metals at the same time in the binary and multiple
heavy metal runs, the interactions between the metals in the system
for each heavy metal BTC for the multi-metal column experiments
was captured by fitting the BTCs individually. The best fit curves using
the various model conditions in HYDRUS-1D are presented in
Figs. 1-3 (not including duplicated columns), and the fitted parameters
are presented in Tables 1 and 2. For comparison purposes, the
experimental data for the Pb?* BTC in a single system were presented
along with those for Pb?" in the binary and multi-metal systems in

Fig. 1. Heavy metal breakthrough data for lateritic soil at pH 5 showing that for (a) Pb?*, (b) Ni>™, (c) Zn?>" and (d) Mn?*. Curves represent the heavy metal concentrations using optimized
curve-fitting with the CD.q model with either linear or Langmuir isotherms, and the optimized curve-fitting with the chemical nonequilibrium two-site model (TSM).
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Figs. 1-3. Using the same initial concentration (5 mM) for the second-
ary metals (Ni2*, Zn?" and Mn2™) as the Pb2™, the BTCs for these
metals in single systems were plotted as shown in Figs. 2 and 3 to com-
pare the BTCs of the same heavy metals in the binary and multi-metal
systems.

3.1.1. Equilibrium convection-dispersion model (CDeq)

The CD.q model is based on the local equilibrium assumption
(LEA), where sorption is assumed to be fast relative to the pore-
water velocity. Both linear and nonlinear isotherms (Langmuir)
were used in the CD.q model to curve fit the metal BTCs, as shown
in Figs. 1-3. Fig. 1 provides the results from modeling of the single
metal case for all four metals, while Fig. 2 shows that for the Pb% -
Ni%2™ binary system. The figures for the other binary metal systems
were generally similar, and are not shown here, but discussion on
the differences between the theoretical (modeled) and experimental-
ly estimated transport and sorption parameters are highlighted. Fig. 3
illustrates the modeling of the multi-metal system with all four
metals at 5 mM in the solution. The estimated parameters derived

from HYDRUS-1D by minimizing the sum of square errors (SSE) re-
vealed that the Langmuir isotherm explained the experimental data
better than the linear isotherm (Table 1). With the linear sorption iso-
therm, the initial breakthrough time of the best fit curve was lower
than the experimental data and the number of PVs at which the efflu-
ent concentration was equal to that of the influent (C,=C,) were
faster than the experimental BTCs. Moreover, the rising and decreas-
ing limbs derived from the linear model were overestimated when
compared with the experimental data (Figs. 1-3).

A characteristic of the experimental BTCs in binary and multi-metal
systems was the asymmetrical shape with a sharply rising front and a
relatively more dispersed elution portion (Figs. 2 and 3), suggesting
nonlinear sorption behavior. The BTCs observed in this study were
similar to those reported previously in column studies of Cr(VI) in cal-
careous Karst soil, where the breakthrough curves of Cr(VI) were
asymmetrical with a sharply rising front and a more dispersed portion
(Yolcubal and Akyol, 2007). Although the BTCs obtained with the
Langmuir isotherm fitted better than those using a linear isotherm, the
Langmuir-isotherm-simulated BTCs still showed sharp concentration

Fig. 2. Heavy metal breakthrough data in a lateritic soil column for single Pb*>* (5 mM), and the Pb?"-Ni? * binary metal systems at pH 5, (a) for Pb?>* (5 mM)-Ni*>* (3 mM ) (b) for Pb**
(5 mM)-Ni* (5 mM), and (c) for Pb?>* (5 mM)-Ni?* (10 mM). Curves represent heavy metal concentrations using optimized curve-fitting with the CDeq model with either linear or
Langmuir isotherms, and the optimized curve-fitting with the chemical nonequilibrium two-site model (TSM).
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Fig. 3. Heavy metal breakthrough data in lateritic soil column for the multi- metal system (Pb?* 5 mM-Zn?* 5 mM-Ni?* mM-Mn?* 5 mM) at pH 5 and different fits with the
equilibrium convection-dispersion model (CD.q) with either linear or Langmuir isotherms and the chemical nonequilibrium two-site model (TSM) were compared with observed

data in single and binary system: (a) Pb2*, (b) Zn?™, (c) Ni2* and (d) Mn?™.

fronts, and did not fit well with all the observed experimental data,
especially the rising limb portion (Figs. 1-3). In addition, the
Langmuir-isotherm-simulated BTCs could not describe the initial break-
through times well since the curve fits of the model were more than the
experimental breakthrough times for metals in single metal systems. As
observed by others, the asymmetrical shape of metal BTCs with long
tailings may be better described by a non-equilibrium transport
model (Brusseau et al., 1991; Pang et al., 2002).

3.1.2. Chemical non-equilibrium two-site model (TSM)

As shown earlier, the CD¢q model using either linear or Langmuir sorp-
tion isotherms did not fully describe the heavy metal BTCs in lateritic soil
(Figs. 1-3). Non-equilibrium sorption-related transport characteristics
have been reported for some metals in repacked soil and/or gravel col-
umns (Sparks, 1995; Tsang and Lo, 2006). One of the approaches used
to describe non-equilibrium transport was to assume a short, initial fast
phase of sorption followed by an extended period of slower sorption
(Kookana et al., 1994), which can be modeled using the TSM. When the

metal BTCs were fitted with the TSM, the model described all of the
experimentally observed heavy metal BTCs better than the CDq
model with linear or Langmuir sorption isotherms (Figs. 1-3). For exam-
ple, the SSE derived from fitting the BTC of Pb?™ in the Pb?>™ (5 mM)-
Ni2+ (3mM) system at pH 5 were: SSErsv (0.034)<SSEiangmuir
(0.110) <SSEjjnear (0.480), which was similar to that reported by others.
For example Kookana et al. (1994) observed asymmetrical BTCs for
Cd?™ in Spodosol and Oxisol soil, which may be due to sorption-related
(chemical) non-equilibrium behavior. Likewise, Pang et al. (2002),
who evaluated the effects of pore-water velocity on the chemical
non-equilibrium of single heavy metal systems through alluvial gravel
columns, showed that the BTCs of each of the Cd, Zn and Pb in single
metal systems were best fitted using the TSM. According to column stud-
ies with different secondary metals in this study, the TSM fitted the rising
and the declining limb of the metal BTCs much better than those using the
equilibrium assumption, such as the CD.q models (Figs. 1-3). Moreover,
applying the t-test on the average SSEs obtained from the TSM and the
CD.q model with Langmuir isotherm for individual metals in single,
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Table 1

283

Estimated transport parameters for heavy metal breakthrough curves (BTCs) using equilibrium convection-dispersion (CD.q) model with linear and Langmuir isotherm

approaches, as generated by HYDRUS-1D.

System Co (mM) A*  Measured v Equilibrium convection-dispersion (CDeq)model fit
—1
(em) - (em hr™?) 1st metal 2st metal
Linear Langmuir Linear Langmuir
1st metal 2nd Kq£95%C SSE  Qunax+£95%C1  b+95%CI  SSE  Ky+95%CI SSE  Quax+95%CI b+95%CI  SSE
(Pb%™) metal (Lg ™ (mMg™1) (LmM™1) (Lg™h (mMg=1) (LmM™1)
1 Pb**-Ni?* 5.05 0 142 158 1542+ 030 0.10+0.01 509+103 016 - - - - -
0.04
2 5.01 0 097 161 16.04 + 0.75 0.114+0.01 6.56+0.84 0.08 - - - - -
0.08
3 0 4.89 142 1.58 - - - - 827+ 0.73 0.0640.02 488+1.76 0.26
0.01
4 4.86 3.01 142 1.74 947+ 0.48 0.07+£0.01 6.58+120 0.11 6.69+ 0.40 0.034+0.004 7.02+1.23 0.09
0.09 0.01
5 485+ 3.17 157 1.78 948 + 0.52 0.0740.01 833+155 0.15 292+ 0.32 0.044+0.005 14.61+ 0.10
0.08 0.01 3.05
6 493 5.13 142 1.68 8.74+ 0.54 0.06+0.01 9.60+1.71 0.08 512+ 0.32 0.044+0.005 3.6240.53 0.05
0.01 0.01
7 4.88 10.06 142 159 7.64+ 048 0.056+0.003 4.58+033 0.11 411+ 0.20 0.06+0.01 1.08+0.29 0.08
0.08 0.01
8 Pb?>"-Zn%" 0.00 4.61 142 1.72 - - - - 13.02+ 0.39 0.0940.02 1.084+£0.29 0.22
0.08
9 5.26 291 142 1.67 8.07 + 0.54 0.0740.02 9.86+163 0.11 183+ 0.31 0.034+0.003 9.83+1.80 0.10
0.01 0.02
10 5.22 536 142 1.68 7.59+ 045 0.0640.01 10.55+ 0.07 149+ 0.23 0.0240.01 290+1.16 0.07
0.09 1.91 0.02
11 541 9.67 142 162 514+ 0.40 0.06+0.01 391+088 0.13 3.09+ 0.11 0.0740.02 1.61+£0.18 0.20
0.01 0.09
12 4.33% 9.48 142 155 732+ 0.67 0.04+0.002 497+024 0.17 167+ 0.22 0.0640.02 0.61+0.17 0.06
0.01 0.02
13 Pb>"-Mn?* 0 4.81 142 1.68 - - - - 6.70+ 0.28 0.0640.02 1.16+045 0.18
0.10
14 5.31 2.73 142 1.76 1095+ 0.50 0.0940.01 8.83+090 0.10 246+ 024 0.024+0.004 6.02+1.29 0.08
0.05 0.01
15 5.14 4.47 142 155 6.54 + 0.33 0.0640.01 6.52+1.11 0.09 2.66+ 0.17 0.034+0.004 4.004+1.16 0.10
0.08 0.09
16 4.85 8.66 142 1.67 5.86+ 0.46 0.06+0.01 6.33+090 0.10 120+ 0.20 0.05+0.01 3.374+0.68 0.07
0.10 0.02
17 Pb?*-Zn’*- 456 Zn*T= 142 169 524+ 0.25 0.04+0.001 4.06+0.13 0.08 3.11+ 0.11 0.0240.01 047+0.14 0.07
Ni?*-Mn?* 473 0.08 0.08
Ni2t = 321+ 0.17 0.0340.01 2.074+047 0.08
5.19 0.01
Mn?* = 3.03+ 0.14 0.02+0.01 1.004+0.26 0.08
438 0.09

T dispersivity derived from tracer test (Chotpantarat, 2008; Chotpantarat et al., 2011a); + average dispersivity derived from average of dispersivity values of 3 tracer columns
(Chotpantarat, 2008; Chotpantarat et al., 2011a); I¥Duplicated column (Chotpantarat, 2008; Chotpantarat et al., 2011a).

binary and multi- metal systems, revealed that the curve-fitted results of
the TSM were significantly different from the CD.q model (¢-test, P<0.05),
with those values fitted by the TSM being in better agreement with the
experimental results.

For the sake of comparison, according to the best fit parameters
from the TSM, the maximum sorption capacity of Pb?™ in the single
system, (Qmax)3s, was higher than those in the binary and multi-
metal systems (Fig. 4 and Table 2), (Qmafl< 35", This is in agreement
with the retardation factors and average sorption capacity of Pb%™
in a single metal system over those in a binary or multi-metal system,
as already reported (Chotpantarat et al., 2011b). As expected, when
metals compete for sorption sites in the binary and multi-metal sys-
tems, the maximum sorption capacity (Quax) of individual metal in
the binary and multi-metal systems, (Qmay )35 (Omar)Ri"s (Qmax )oih
and (Qmai< )2.F, is reduced compared to the corresponding value in the
single metal systems, (Qmax)fb » (Qmax)&i» (Qma)iin and (Qmax)Zn -
The maximum sorption capacity of Pb?*, (Qumas )3~ Was higher than
those for the three other secondary metals at the same (5 mM) concen-
tration, regardless of whether the metals were applied in a binary or a
multi-metal system. The ratios of (Qmax)B5 /(Qmax)secondary metals
o> zn? T ni? Ty ranged from 0.92 to 1.09 and were lower than the ra-
tios of (Qmaj)[gtjr/(Qma;r)secondary metals (Mn2+, Zn2+, Ni2+) that ranged
from 0.94 to 2.80. This confirms the higher sorption affinity of Pb2™ in

lateritic soil than the other three metals studied (Zn?*, Mn?* and
Ni? ™) under both binary and multi-metal systems. This result was sim-
ilar to that found by other researchers using both pure and heteroge-
neous soils under batch experiments (Adhikari and Singh, 2003; Arias
et al.,, 2006; Fontes and Gomes, 2003; Serrano et al., 2005). However, in-
creasing the secondary metal concentrations resulted in an increase in
the maximum sorption capacity of the secondary metals in the binary
metal systems.

The (Qmax)/(Qmay) ratios were generally greater than unity,
suggesting that the simultaneous presence of metals in both binary
and multi-metal systems reduced sorption through competition for
sorption sites in the solid phases. In addition, it was found that
(Quax)Zi /(Qmax )25 > (Qma) ¥ /(Qumax it > (Qmax) & /(Qmax )Ri >
(Qumax)3e /(Qumad )35, suggesting that sorption of Zn®*, Mn?*and
Ni2* were affected more strongly, in that order, by the simultaneous
presence of a competing metal than Pb2™ was when the concentra-
tions of the secondary metals were less than 5 mM. In contrast,
when the concentrations of secondary metals were higher than that of
the Pb%* (5 mM), the (Qmax)/(Qmay) ratios of Pb>* were lower than
those of the secondary metals due to their higher concentrations. In a sim-
ilar way, for the multi-metal system, the ratios of (Qmax)2s/(Qmax )Jzn> " ~
(Qmax)l%/lt (Qma;(’< %/[4‘; ~ (Qmax) I%I#/(Qmar)l%lir > (Qmax)[glj/(Qma;(k)%bJr
suggesting that the sorption of Zn?>*, Mn?"and Ni? ™ were affected,
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Table 2

Estimated transport parameters for heavymetal breakthrough curves (BTCs) using the chemical nonequilibrium two-site model (TSM) , as generated by HYDRUS-1D.

No System Co (mM) A Measured v Nonequilibrium model fit (TSM)
—1
(cm) (em hr™5) 1st metal 2st metal
1st metal 2nd Qmax+£95%Cl b+95%Cl  f+ a+t SSE Qmax+95%Cl  b+£95%CI  f+ ot SSE
(Pb%™) metal (mMg 1) (LmM™1)  95%CI  95%CI (mMg™1) (LmM™1Y)  95%Cl  95%CI
(hr™1) (hr™1)
1 Pb?T-Ni?* 5.05 0 142 158 0.12+0.01 3454046 028+ 0.012+ 0.020 - - - - -
0.04 0.001
2 5.01 0 097 1.61 0.13+£0.02 2714034 043+ 0013+ 0.044 - - - - -
0.06 0.005
3 0 4.89 142 158 - - - - - 0.114+£0.02 2.62+ 025+ 0.009+ 0.035
0.40 0.02 0.001
4 4.86 3.01 142 174 0.084-0.01 3364061 038+ 0.017+ 0.034 0.0440.01 4894+ 035+ 0.028+ 0.024
0.06 0.003 0.92 0.06 0.004
5 485+ 3.17 157 1.78 0.09+0.01 287+050 027+ 0.0154+ 0024 0.044+0.01 549+ 035+ 0.026+ 0.036
0.04 0.020 1.09 0.06 0.006
6 493 5.13 142 1.68 0.07 £0.01 49140.71 050+ 0.0204& 0.022 0.045+0.01 3.544+ 043+ 0.041+ 0.028
0.06 0.005 0.57 0.10 0.009
7 4.88 10.06 142 159 0.07 £0.01 3434063 052+ 0018+ 0.059 0.07+0.02 040+ 0.564+ 0.0604+ 0.047
0.07 0.006 0.10 0.12 0.026
8 Pb*t-zn?* 0 4.61 142 1.72 - - - - - 0.134+0.02 0.60+ 041+ 0.016+ 0.052
0.11 0.06 0.004
9 5.26 291 142 167 0.07 £0.01 3.164+0.82 032+ 0.022+ 0.022 0.0340.01 486+ 050+ 0.029+ 0.041
0.08 0.003 0.92 0.07 0.009
10 5.22 5.36 142 1.68 0.07 £0.02 400+0.66 048+ 0.025+ 0.041 0.04+0.01 216+ 044+ 0.0444+ 0.041
0.08 0.007 0.50 0.09 0.015
11 541 9.67 142 1.62 0.06 +0.01 1514036 0.574+ 0.0284+& 0.069 0.07+0.02 0.120+ 0.634+ 0.0554+ 0.061
0.10 0.013 0.07 0.14 0.047
12 433t 9.48 142 155 0.06 £0.02 3354+1.10 037+ 0.024+ 0.069 0.0640.01 1544+ 052+ 0.040+ 0.044
0.12 0.008 0.38 0.13 0.021
13 Pb2T-Mn?" 0 4.81 142 1.68 - - - - - 0.114+0.02 0.87+ 031+ 0.019+ 0.055
0.19 0.05 0.004
14 531 2.73 142 1.76 0.07 £0.02 2634060 037+ 0.022+ 0.058 0.0340.01 0.96 + 050+ 0.021+ 0.076
0.08 0.005 0.24 0.07 0.010
15 5.14 447 142 155 0.06 +£0.01 270+0.71 0404+ 0.029+ 0.041 0.05+0.01 1.75+ 047+ 0.0404+ 0.037
0.10 0.008 0.38 0.08 0.015
16 4.85 8.66 142 167 0.06 +0.01 3904+0.72 039+ 0.023+ 0.049 0.0640.01 1.99+ 046+ 0.027+ 0.039
0.08 0.006 033 0.07 0.009
17 Pb**-zn**- 456 n*t= 142 1.69 0.05+001 1744043 049+ 0.028+ 0064 0.03+0.01 046+ 061+ 0.067+ 0.052
Ni2+t-Mn?+ 473 0.08 0.011 0.12 0.10 0.051
Ni?t= 0.034+0.01 1.02+ 047+ 0.049+ 0.035
5.19 0.21 0.06 0.018
Mn?* = 0.0340.01 0.74+ 052+ 0.050+ 0.046
4.38 0.18 0.09 0.023

T dispersivity derived from tracer test (Chotpantarat, 2008; Chotpantarat et al., 2011a); + average dispersivity derived from average of dispersivity values of 3 tracer columns
(Chotpantarat, 2008; Chotpantarat et al., 2011a); I}Duplicated column (Chotpantarat, 2008; Chotpantarat et al., 2011a).

in that order, more strongly by the simultaneous presence of a com-
peting metal than was Pb2 . Indeed, the ability of Pb> ™ to effective-
ly compete for sorption sites on different surfaces has been shown
by other researchers in batch sorption systems with Cd2™* (Fontes
and Gomes, 2003; Rodriguez-maroto et al., 2003) and other metal
ions in multi-metal solutions (Fontes and Gomes, 2003; Saha et al.,
2002). Moreover, as shown in Fig. 4, which is a plot of the (Quax)35"
from the TSM versus the concentrations of the secondary metals, an
increase in the concentration of the secondary metals in the binary
and multi-metal systems resulted in an exponential decrease in
the maximum sorption capacity of Pb?™", (Qmax)35 , With respect to
the maximum sorption capacity of Pb2* in the single system. For ex-
ample, in Pb2*T-Zn?" system, the maximum sorption capacity of
Pb2+ (0.12 mM) for 0 mM of Zn?* was statistically different from
that of maximum sorption capacity of Pb>* (0.08 mM) in the presence
of 3 mM of Zn2 ™. As the concentration of Zn2" increased above 3 mM,
the maximum sorption capacity of Pb?* showed a decreasing trend but
was not significantly different from the maximum sorption capacities at
higher Zn?* concentrations. This is consistent with the decrease in re-
tardation factors of Pb®™, as affected by the concentration of Zn?™,
reported before (Chotpantarat et al.,, 2011b). Furthermore, with the
Langmuir model, the total sorption capacities for single, binary and

multi-metal systems were essentially constant (ranging from 0.10 to
0.13mM g™ 1).

The binding energy coefficient varied with metal solutions, the ini-
tial concentration of the secondary metals and the total metal con-
centration (bpp, bni, bvn and bz, for the single metal system, and
bpt, bar, by and by, for the binary metal systems, respectively), al-
though all systems showed a greater affinity for Pb?>* than for the
secondary metal at the same concentration (e.g., 5 mM for Ni%™,
Zn?*, and Mn?" for binary metal systems). For example, the results
showed that bp, (3.45+0.46)>bz, (0.60+£0.11) for the single
metal system and b*p, (4.0040.66)>b*z, (2.16+£0.50) for the
Pb2*-Zn2* binary metal system, respectively. In addition, the results
showed that b;<b; in all binary metal systems except for that of Pb2*
(5 mM)-Ni2* (10 mM) and Pb?* (5 mM)-Zn?>* (10 mM), which
may be related to the specifically sorbed metals at high energy sur-
faces with low dissociation constants, indicating that competition
for sorption sites promotes the retention of such secondary metals
on specific sites. As a result, although the maximum sorption capacity,
(Qmafl< );, decreased, the metals were held in the soil matrix more
strongly. This result concurs with that reported for the competitive
sorption of Cu and Zn (Mesquita and Vierae Silva, 2002), or for Pb
and Cd in acid soils (Serrano et al., 2005). In contrast, as the secondary
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Fig. 4. Maximum sorption capacity, Qmax, of Pb?* with increasing initial concentrations of the 2nd metal (a) Ni**, (b) Zn?>* and (c) Mn?* in the binary (5 mM Pb?* and 0-14 mM

secondary metal) and multiple metal (all 5 mM) systems.

metal concentration increased to a level higher than that of the Pb? ™"
(5 mM) in the binary and multi-metal systems, the b values seemed
to be reduced. This could be due to the high metal loads relative to
its low binding energy coefficient.

The fraction of the instantaneous equilibrium site (f) of all the
metals, and particularly for the secondary metals in the binary and
multi-metal systems, tends to increase with increasing metal concen-
trations in the system (Fig. 5, Table 2). For example, the fraction of the
instantaneous equilibrium site (f) of Ni2™ in single system signifi-
cantly increased from 0.25+0.02 to 0.56+0.12 for Ni** in
Pb2*(5 mM)- Ni2"(10 mM). Since the Peclet number in the systems
was low (ranging from 5.85 to 9.37), diffusion probably dominates
the sorption and transport of heavy metal in the system. Brusseau
et al. (1991) indicated that for a non-equilibrium process caused by
diffusion in the micropores or interlayer clay spaces of the soil matrix,
fwas found to be independent of the velocity, V. As a result, f tends to
increase under competitive sorption, potentially from competition for
sorption sites in the rapid reaction phase. The higher the concentration
in the system the higher is the fraction of occupied instantaneous sorp-
tion sites. Consequently, the increased fraction of instantaneous site
would imply that metal sorption changes from a non-equilibrium mech-
anism towards an equilibrium one. For example, in the multi-metal sys-
tem (Fig. 3), the SSE obtained from the fitted curves of the four metals
from the Langmuir model (SSE ranging from 0.070 to 0.080) and the
TSM (SSE ranging from 0.035 to 0.064) were more similar in magnitude
than those obtained from the binary metal systems (SSE ranging from
0.06 to 0.22 and from 0.040 to 0.76 for the Langmuir model and the
TSM, respectively). The gradual change from a non-equilibrium to an

equilibrium behavior is thus likely to be related to the total metal con-
centration in the system (Fig. 5).

In general, the kinetics of metal sorption on soils follow a two stage
time-dependent behavior with an initially fast reaction followed by a
much slower reaction. The 1st kinetic rate appears to increase as the sec-
ondary metal concentration increases in both binary and multi-metal sys-
tems (Table 2), as compared to those in a single metal system. This
potentially indicates that the rate limiting stage for heavy metal sorption
in lateritic soil is affected by the simultaneous presence of other metals,
particularly in the multi-metal system. In accord, Serrano et al. (2005)
found that the Cd? " sorption rate for the initial rapid reaction sorption
in a binary metal system was higher as compared to that for the single
metal system.

The TSM correctly explained the early tailing of the asymmetrical
portion of heavy metal BTCs in both the binary and multi-metal sys-
tems (Figs. 2 and 3), but slightly overestimated the extended tailing
of heavy metals. This was probably due to the fact that either the
rate of sorption/desorption could not be described by a first-order
rate constant (Connaughton et al., 1993; Selim, 1999) or that more
than one type of kinetic rates are needed in addition to the instantaneous
sorption sites. Selim (1999) observed that the sorption/desorption
behavior of Cu?* for a McLaren soil showed a hysteresis behavior, at
high Cu?* concentrations, and so could not be explained with a
first-order rate constant. Drillia et al. (2005) found that soil with little
organic matter, but with strong sorption hysteresis, could be described
by a slower reversible or even an irreversible process that is not includ-
ed in the TSM. In addition, the extended tailings might be controlled by
mass transfer diffusion that is also not accounted for in the TSM (Beigel
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Fig. 5. Effect of total heavy metal concentration in binary and multiple heavy metal systems on the fraction of instantaneous equilibrium sorption sites (f).

and Di Pietro, 1999). Since the column studies do not provide informa-
tion on hysteresis and/or mass transfer, further separate experimenta-
tion is required to more precisely model and predict heavy metal
transport through this soil (Seuntjens et al.,, 2001).

4. Conclusion

The study evaluated the effect of metal concentrations on the sorp-
tion and transport mechanisms through a lateritic soil column, as well
as estimating the appropriate sorption and transport parameters, for
single, binary and multiple metal systems. The use of the CD.q model
with either linear or Langmuir isotherms did not describe the rising

and declining limbs of the metal concentrations in single, binary and
multiple metal systems, but the TSM with first order kinetics described
the BTCs more accurately.

According to the TSM, the maximum sorption capacity of Pb?* was
highest in the single system and reduced in the binary and multi-metal
systems. The simultaneous presence of other metals in both binary and
multi-metal systems reduced sorption through competition for sorption
sites on the solid phases. Moreover, the sorption of Mn?*, Zn?>* and
Ni2™ were more strongly affected by the simultaneous presence of a
competing metal than Pb?* was. The sorption affinity of Pb®* was
higher than the other three heavy metal metals for lateritic soil for all
conditions evaluated.
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Competition between the metals for sorption sites tended to
promote the retention of secondary metals on more specific sorption
sites. Furthermore, the fraction of the instantaneous equilibrium sites
(f) of all metals, particularly for secondary metals in the binary and
multi-metal systems, increases with increasing metal concentrations,
which is likely to be because diffusion dominates the sorption and
transport of heavy metals. Consequently, the increased fraction of
instantaneous sites probably changes the metal sorption from a
non-equilibrium to an equilibrium mechanism.

The more complex TSM was found to describe the rising limb and
initial declining limb well but could not explain the extended tailing
phenomenon. This might be due to the fact that the rate of sorption/
desorption from the sorption sites cannot be described by a first-order
rate constant. Regardless, the curve-fitted results of the TSM for the indi-
vidual heavy metals in the binary and multi-metal systems were found to
be statistically different from the results obtained with the CDeq model
and in better agreement with the experimental results. These results rein-
force the necessity of using transport models and proper parameters
under competitive and non-equilibrium conditions to predict heavy
metal transport more accurately for field conditions and more efficiently
in selecting the appropriate strategies in remediation/monitoring the
heavy metal contaminated sites.
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Abstract Most local people in the agricultural areas
of Hua-ruea sub-district, Ubon Ratchathani province
(Thailand), generally consume shallow groundwater
from farm wells. This study aimed to assess the health
risk related to heavy metal contamination in that
groundwater. Samples were randomly collected from
12 wells twice in each of the rainy and the dry seasons
and were analyzed by inductive coupled plasma
spectrometry-mass spectrometry (ICP-MS). The con-
centration of detected metals in each well and the
overall mean were below the acceptable groundwater
standard limits for As, Cd, Cr, Cu, Hg, Ni and Zn, but
Pb levels were higher in four wells with an overall
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average Pb concentration of 16.66 £ 18.52 ng/l.
Exposure questionnaires, completed by face-to-face
interviews with 100 local people who drink ground-
water from farm wells, were used to evaluate the
hazard quotients (HQs) and hazard indices (HIs). The
HQs for non-carcinogenic risk for As, Cu, Zn and Pb,
with a range of 0.004-2.901, 0.053-54.818,
0.003-6.399 and 0.007-26.80, respectively, and the
HI values (range from 0.10 to 88.21) exceeded
acceptable limits in 58 % of the wells. The HI results
were higher than one for groundwater wells located in
intensively cultivated chili fields. The highest cancer
risk found was 2.6 x 107° for As in well no. 11. This
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study suggested that people living in warmer climates
are more susceptible to and at greater risk of ground-
water contamination because of their increased daily
drinking water intake. This may lead to an increased
number of cases of non-carcinogenic and carcinogenic
health defects among local people exposed to heavy
metals by drinking the groundwater.

Keywords Groundwater contamination - Risk
assessment - Heavy metals - Ubon Ratchathani

Introduction

Heavy metal contamination is potentially a significant
problem in several community and agricultural areas
(Vodela et al. 1997) because agrochemicals, including
plant nutrients and fertilizers, can lead to dramatic
increases in the concentrations of heavy metals in the
water and soil (Rattan et al. 2005). These heavy metals
have the potential to reach levels in the soil and then in
the surface and groundwater that are adverse to human
health (Rashed 2010; Chotpantarat et al. 2011; Chot-
pantarat and Sutthirat 2011; Taboada-Castro et al.
2012). Heavy metals can initially accumulate above
natural levels in agricultural soils over time from the
continual application of commercial agrochemicals
that contain several potentially toxic heavy metals.
Their subsequent migration and availability once
leached from agricultural soils is influenced by several
factors, such as the water pH, redox potential, and type
and quality of the soil. One of the more important
environmental issues today is the level of groundwater
contamination with heavy metals and metalloids,
including arsenic (As) and cadmium (Cd), because
of their strong toxicity at even low concentrations
(Marcovecchio et al. 2007). These heavy metals and
metalloids can be dispersed and accumulated in plants
and animals and so taken into and accumulated within
higher trophic levels including within the human food
chain. In order to quantitatively assess the potential
risk, human health risk assessments are used to
determine whether exposure to a chemical, at any
dose, could cause an increase in the incidence of an
adverse effect on human health (Wcislo et al. 2002).

From the past to the present, people living in many
agricultural areas have commonly consumed ground-
water from shallow groundwater wells (Jaipieam et al.
2009). This is also the case for the residents of the

@ Springer

Hua-ruea sub-district, Muang district, Ubon Ratchath-
ani province, in Thailand (Fig. 1). Hua-ruea sub-
district, covering an area of approximately 36 km?, is
an agricultural region with a high density of farms that
have used fertilizers for the last 30 years for planting
chili and rice. This area has a large percentage of
cultivated area and produces various agricultural
products, such as rice, cassava, chili and rubber trees
(Norkaew et al. 2010). The census population in 2011
was approximately 6,000; most people are farmers
whose homes are located on their farm. Their incomes
are obtained from hiring out as workers on other farms
and/or selling their products, chiefly from chili
farming (Taneepanichskul et al. 2010). The residents
commonly consume shallow groundwater from wells
drilled in the unconfined aquifer on their farms, but
they are unaware of the risk of heavy metal contam-
ination in shallow groundwater and the associated
adverse health effects. Moreover, most of the shallow
groundwater samples in this area have been previously
reported to be acidic normally (Srithongdee et al.
2010), under which condition the efficiency of leach-
ing of most species of accumulated heavy metals from
the soil through the subsurface environment is
increased (Suesat 2010). Furthermore, the As concen-
trations in groundwater in the central west region of
Chaco Province, northern Argentina, where the econ-
omy is based on exploitation of agriculture and
livestock, were high enough that human health was
likely to be adversely affected by drinking the
groundwater, so people in this area should be
concerned about groundwater contamination levels.
The potential toxicity of contaminants is strongly
determined by the composition of the elements
involved. The known adverse health effects of heavy
metals, such as allergies, hyperpigmentation and
induction of cancer caused by As and Cd, for example,
result from their absorption in the gastrointestinal
system. Once absorbed, they target the liver, placenta,
kidneys, lungs, brain and bones (PCD 2000). Long-
term ingestion of low As concentrations in drinking
water can lead to bladder, lung and prostate cancer
(Carlson-Lynch et al. 1994; Mushak and Crocetti
1995; Nakadaira et al. 2000). Evaluation of the effects
of nickel (Ni) on normal rat kidney cells revealed that
Ni induced oxidative stress, DNA strand breaks and
apoptosis even at concentrations as low as 10 uM
(Chang-Yu et al. 2010). Furthermore, investigation
into the effect of frequent exposure to heavy metals at
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Fig. 1 The study area in Muang district, Ubonratchathani province, Thailand, showing the location of the 12 sampled water wells

(stations; ST1-ST12)

low concentrations via intake of traditional medicine
in Korea suggested that the daily intake or exposure to
lead (Pb) and cadmium via oriental medicine might
have effects to human health (Kim et al. 2009).

Therefore, investigation of the contamination lev-
els and dispersion patterns of heavy metals in shallow
groundwater around agricultural areas in the Hua-ruea
sub-district, Muang district, Ubon Ratchathani prov-
ince, Thailand, is needed to assess non-carcinogenic
and carcinogenic health risks for the residents exposed
to such heavy metals through groundwater drinking
pathways.

Materials and methods

Study site

Hua-ruea sub-district, located in Muang district, Ubon
Ratchathani province in northeastern Thailand, covers

36 km” (Fig. 1), and the land use in most areas is
agricultural. The census population in 2011 was
approximately 6,000.

Sampling and analytical methods

Water was collected from 12 shallow groundwater
wells located in unconfined aquifers and distributed in
the vicinity of agricultural land use in the study area
(Fig. 1). The wells were sampled four times a year,
twice each in the rainy and dry seasons, to check for
variability in the heavy metal concentrations. Ground-
water sampling was performed in June and August
2010 for the rainy season, and in November 2010 and
January 2011 for the dry season.

Shallow groundwater samples were collected
10-15 m below the ground surface. The initial
5-10 min of pumped water was discarded, and
thereafter samples were collected in thoroughly rinsed
polyethylene bottles. The pH and electrical
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conductivity (EC) of the freshly collected non-filtered
samples were measured in situ using a pH and EC
meter, respectively. For each sample, one part was
acidified with 65 % (v/v) HNO; to pH <2 to dissolve
all the heavy metals and to prevent crystallization or
precipitation and adsorption of trace metals to the
container surfaces prior to analysis. All water samples
were then kept at 4 °C in sealed containers (to prevent
evaporation) and transported back to the laboratory
prior to analyzing the concentrations of As, Cd,
chromium (Cr), copper (Cu), Pb, mercury (Hg), Ni
and Zinc (Zn) by inductively coupled plasma spec-
trometry-mass spectrometry (ICP-MS) (Perkin-Elmer
SCIEX, ELAN 6000). Heavy metals were selected for
toxicological evaluation if they were detected in most
of the groundwater samples in the preliminary survey.

Analytical performance

The calibration graph, using the mixed standards of
metal ions, was obtained from a total heavy metal
concentration of 0.1, 0.5, 1.0, 2.5, 5 and 10 pg/l by
ICP-MS. Correlation coefficients of the obtained
standard curves were greater than 0.99. The field
blanks were prepared in the field under the same
conditions as field samples and were sent with test
groundwater samples for analysis. Quality control, in
terms of inter- and intra-observer variation, was
controlled by using the same standard laboratory
(Department of Chemical, Faculty of Science, Mah-
idol University) to analyze the heavy metal residues;
the samples were analyzed by a single researcher. The
laboratory has been assessed and accredited for this
analytical chemical technique according to the AOAC
Peer-Verified Methods Program’s recommendation
(1998). The limits of detection (LODs), defined as the
lowest concentration level that can be determined to
be statistically different from a blank (99 % confi-
dence), of each heavy metal ion during the rainy and
dry seasons were As (0.22 and 0.17 pg/l1), Cd (0.13 and
0.18 pg/l), Cr (0.14 and 0.44 pg/l), Cu (0.70 and
0.09 pg/l), Hg (0.05 and 0.07 pg/l), Pb (0.80 and
0.65 pg/l), Ni (0.14 and 0.38 pg/l) and Zn (4.3 and
1.7 pg/l), respectively.

Questionnaires

This study focused on the local people who consume
shallow groundwater in Hua-ruea sub-district, Muang

@ Springer

district, Ubon Ratchathani province. A preliminary
investigation identified residents who principally
drink water from groundwater wells in the study area
and so excluded those who drink water from other
sources, such as tap or bottled water. In addition,
residents younger than 15 years were excluded since
they typically drink bottled or tap water at school.
From this preselected set of residents, 100 were
randomly chosen; an even distribution of participants
across the study area was ensured. Face-to-face
interviews were then carried out with these 100
participants from August 2010 to January 2011. They
were then asked to complete the questionnaires. The
age range was 15 to 90 years.

The interview questionnaire study consisted of two
parts. The first part ascertained the general information
and personal background of the participants, such as
their name, age, body weight, gender, education level
and occupation. The second part focused on their
groundwater consumption behavior, such as intake
rate, frequency and quantity of consumption.

Risk assessment

The obtained exposure data were summarized using
simple descriptive statistics including range, average
and standard deviation. Risk assessment is a function
of the hazard and exposure and is defined as the
processes of estimating the probability of occurrence
of any given probable magnitude of adverse health
effects over a specified time period. The health risk
assessment of each potentially toxic metal is usually
based on the quantification of the risk level and is
expressed in terms of a carcinogenic or a non-
carcinogenic health risk. The two principal toxicity
risk factors evaluated are the slope factor (SF) for
carcinogen risk characterization and the reference dose
(RfD) for non-carcinogen risk characterization (Lim
et al. 2008). The toxicity indices of each potentially
toxic metal are shown in Table 1 (USEPA IRIS 2011).
The estimations of the magnitude, frequency and
duration of human exposure to each potentially toxic
metal in the environment are typically reported as
average daily dose (ADD) (USEPA 1992; Siriwong
2006), as shown in Eq. (1);

ADD = (C x IR x EF x ED)/(BW x AT), (1)

where ADD is the exposure duration (mg/kg-day), C is
the concentration (mg/l), IR is the intake rate (I/day),
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Table 1 The toxicity responses (dose response) to heavy
metals as the oral reference dose (RfD) and oral slope factor
(SF) (USEPA IRIS 2011)

Heavy metals Oral RfD Oral SF
(mg/kg/day) (mg/kg-day)~"!
As 3 x 107 1.50
cd 5.0 x 107 n.d.
Cr 3.0 x 1073 n.d.
Cu 4 x 1072 n.d.
Hg 3.0 x 107* n.d.
Pb 3.5 x 1073 n.d.
Ni 2.0 x 1072 n.d.
Zn 0.3 n.d.

n.d. = not determined

EF is the exposure frequency (day/year), ED is the
exposure duration (year), BW is the body weight (kg),
and AT is the average time (day).

The input parameters in ADD formulas are shown
in Table 2.

Risk characterization is the final step of health risk
assessment. The health risk from groundwater con-
sumption was assessed in relation to its chronic (non-
carcinogenic) as well as carcinogenic effects, based on
the calculation of ADD estimates and defined toxicity
values for each potentially toxic metal according to the
following relationships. The non-carcinogen risk was
calculated as the hazard quotient (HQ), as shown in
Eq. (2);

HQ = ADD/R{D, (2)

where ADD and RfD are in mg/kg-day.

Table 2 Input parameters to characterize the ADD value
(exposure parameters)

Exposure Description Unit  Value
parameters
C Contamination mg/l
concentration in
groundwater
IR Ingestion rate per unit l/day 3.45+2.0
time
EF Exposure frequency Days/ 365
year
ED Exposure duration Years 42
BW Body weight Kg 60 £+ 12
AT Average time Days 25,550 days
(70 years)

If the value of HQ exceeds 1, there is an unaccept-
able risk of adverse non-carcinogenic effects on
health, while if the HQ is less than 1, it is at an
acceptable level (USEPA 2001). For the risk assess-
ment of a mixture of chemicals, the individual HQs are
combined to form the hazard index (HI), where an HI
>1 means an unacceptable risk of non-carcinogenic
effects on health, while HI <1 means an acceptable
level of risk (ECETOC 2001).

The carcinogenic risk can be calculated as the
product of ADD (mg/kg-day) times the SF (mg/kg/
day). An acceptable level is <1 x 107°, which means
on average the probability is that approximately 1
person per 1,000,000 will develop cancer as a
consequence of the exposure (Lim et al. 2008), while
values <1 x 107% are acceptable risk levels.

Results
Face-to-face interviews

For the calculation of the human health risk assess-
ment, face-to-face interviews were conducted with
100 randomly selected people from a preselected local
set of inhabitants who drink water from groundwater
wells in the study area (see “Materials and methods”
section). The participants represented only local
residents who consume groundwater from farm wells
and excluded those who consume drinking water from
other sources, including tap water. Participants were
distributed evenly over the study area. Questionnaires
were used to collect personal information and evaluate
the daily rate of groundwater consumption. The data
and exposure parameters from the questionnaires are
summarized as follows.

The group comprised 55 females and 45 males with
an average age of 42 + 16 (mean *+ SD) years
(41 £ 17 years for males and 43 £ 14 years for
females). The average weight of participants was
60 + 12 kg (range of 30-94 kg). The level of most
participants was the elementary school level or below
(61 %), with only a few having graduated at the level
of a diploma (2 %) or bachelor’s degree (2 %). In
addition, most of the participants were farmers
(~80 %). The average groundwater consumption of
the hundred surveyed people was high at 3.45 4+ 2.0 I/
day/person. For calculation of the risk assessment, the
average groundwater consumption rate was taken as
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3.45 1/day. The 95 percentile calculation was excluded
in this study because very few participants drink
approximately 10 1/day. Although the normal standard
consumption rate of adult people ranged from 1.5 to
2.0 l/day/person (USEPA 1980), the local people in
this study drank considerably more (on average 1.7- to
2.3-fold more). This is because they work on their
farm from sunrise to sunset in very hot weather during
the day.

Properties of shallow groundwater and wells

(I) pH

The pH of the shallow groundwater varied slightly
within each well (except at station 11, which varied a
lot) and ranged across the 12 wells from 3.69 to 7.90
with an average pH of 4.72 & 1.00 (mean + SD). The
greater pH variability (from pH 6.59 to 7.90) at station
(well) 11 might be caused by seasonal contamination
(Patriquin et al. 1993).

(2) Groundwater level

With respect to the groundwater levels of the 12
shallow groundwater wells, they varied from 112.1 to
132.6 m above mean sea level (amsl) with an average
groundwater level of 124.6 + 5.2 m amsl. The direc-
tion of flow of the groundwater in this area was from
the reservoir in the north to the south and southeastern
parts (Fig. 1). The depth from the ground surface to
the groundwater level (well depth) ranged from 2.04 to
4.38 m (average 2.85 £ 0.79 m) across the year.

(3) Conductivity

The EC is used to estimate the amount of dissolved
minerals. In the study, the EC of the shallow ground-
water at each of the 12 sites was more variable,
ranging from 58.9 to 1,162.3 uS/cm (average
232.4 £ 39.4 pS/cm), although excluding the highest
EC of well no. 11, the range of the remaining 11 wells
was lower at 58.9-276.5 uS/cm (average 147.9 &
24.7 uS/cm) and the lowest from well no. 9.

(4) Concentration of heavy metals

The total concentrations of potentially toxic metals
in groundwater are presented in Table 3 along with the
drinking groundwater standards of the US Environ-
mental Protection Agency (USEPA 2012), World
Health Organization (WHO 2011) and the Pollution
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Control Department (PCD 2000, 2004). The annual
average concentration of As for the whole year from
12 wells in the shallow groundwater ranged from
0.25 £ 0.11t0 6.44 £ 3.17 pg/l (mean £ SD derived
from four measurements in each well, two each in the
rainy and dry seasons) with an average concentration
of 1.06 £ 1.74 pg/l, although well no. 11 had a 5.23-
to 34.72-fold higher As concentration (8.68 +
0.42 pg/l in the rainy season (not shown in Table 3)
than all the other wells. Thus, the range for the other 11
wells excluding well no. 11 was considerably lower at
0.25-1.66 pg/l  with an average concentration
(mean £ SD) of 0.57 & 0.42 pg/l (Table 3; Fig. 2a).
Average concentrations of As appeared higher during
the rainy season (1.52 £ 2.37 pg/l) than during the
dry season (0.60 £ 1.14 pg/l), suggesting that As
might be desorbed and leached from contaminated
soils into shallow groundwater (Buchhamer et al.
2012). All 12 wells at this site had AS levels lower
than the acceptable limit according to drinking water
standards (USEPA 2012; PCD 2000; WHO 2011).

The concentrations of Pb in the shallow ground-
water ranged from 0.95 £ 0.42 to 66.85 + 36.35 pg/l
with an average concentration (mean £ SD) of
16.66 + 18.52 pg/l. The highest concentration of Pb
(92.55 £ 26.09 pg/l) in the rainy season (not shown in
Table 3) was observed in well no. 7, which is situated
in an area of intensive agricultural activity (Table 3;
Fig. 2b). This is higher than the permissible standards
for drinking water (USEPA 2012; PCD 2000; WHO
2011). The average concentration of Pb during the
rainy season and dry season was 18.6 £ 25.4 and
14.7 £+ 4.4 ng/l, respectively. The concentrations of
Cd, Cr, Cu, Hg, Ni and Zn in the 12 shallow
groundwater sites in this study area were lower than
all the drinking water standards and so according to
these criteria were acceptable (Table 3).

Human health risk assessment

As mentioned above, the concentrations of Cd, Cr, Cu,
Hg, Ni and Zn in the 12 shallow groundwater sites in
this study area were lower than all the drinking water
standards and so were acceptable (Table 3). Accord-
ingly, the human health risk assessment of Cd, Cr, Cu,
Hg and Ni showed HQ values suggesting an accept-
able level of non-carcinogenic adverse health risk
(Table 4). This is consistent with the absence of any
reports of a significant non-carcinogenic risk from
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Table 3 The average annual concentration of heavy metals (ug/L) in the water from shallow groundwater wells located in the
vicinity of agricultural areas at Hua-ruea sub-district, Muang District, Ubon Ratchathani Province, Thailand

Heavy metal concentrations (pg/L) in each well (station number)*

Metals 1 2 3 4 5 6 7 8

As 069 £0.16 043 +036 056=+033 030+£0.19 025+0.11 0.89=£036 059=+059 1.66=+ 1.98
Cd 0.14 £0.01 0.18£0.06 0.14+0.01 0.13£0.00 0.154+0.02 021 =£0.06 023+0.12 0.13 £0.00
Cr 048 £0.05 030+021 214£240 029+£021 030%£021 035£0.13 035+£0.13 0.69 & 0.35
Cu 76.1 £873 337+235 11.6 %038 18.7 £ 9.7 100 £ 1.2 358 £ 126 323 + 384 140 £ 9
Pb 23.1 £ 1.7 113 £25 8260+ 175 7.74+176 956+£247 281%56 669 £ 364 281+ 44
Hg 0.51 £0.64 0.06 £0.01 0.06+0.01 0.06=+001 0.06+0.01 0.06=£001 0.06=£001 0.06=+0.01
Ni 746 £2.02 448 +035 622+0.10 572+£0.11 438+1.60 15.6=+4.6 12.7 £ 0.1 4.75 £ 0.67
Zn 66.6 £273 435+ 181 20.1 £1.0 189 £ 5.6 16.0 £ 8.5 519+ 14 302 £+ 293 173 £+ 81

Heavy metal concentrations (ug/L) in each well (station number)*

Drinking groundwater standard (pg/L)

Average + SD USEPA (2012) PCD (2000) WHO (2011)

Metals 9 10 11 12

As 028 +£0.16 027 +£0.13 6.44 +3.17 0.36 = 0.28
Cd 0.13 £ 0.00 0.13 £ 0.00 0.13 £ 0.00 0.13 £ 0.00
Cr 035+ 0.13 029 £0.21 0.61 £ 0.24 0.79 =+ 0.49
Cu 122 £ 159 324+ 171 1494+18 13.8+35
Pb 095 +042 128 +£1.0 2.06+0.82 1.05=+0.33
Hg 0.06 £ 0.01 0.06 £ 0.01 0.06 £ 0.01 0.06 £ 0.01
Ni 257+ 185 771 £1.92 0.65+ 037 134 +043
Zn 694 +573 319+26 1754+66 124423

1.06 £ 1.74 10 10 10

0.15 £ 0.03 5 3 3

0.58 £+ 0.52 100 50 50

60.3 £ 91.0 1,300 1,000 2,000

16.7 £+ 18.5 15 10 10

0.10 £ 0.13 2 1 6

6.13 + 4.38 Not mentioned 20 70

634 + 87.8 5,000 5,000 Not mentioned

? For locations of each water well (Station) see Fig. 1. Data are shown as the mean & 1 SD for 1 year and are derived from four

readings, two each in the rainy and dry seasons

these heavy metals by oral exposure, with the reported
risks coming from exposure via inhalation. However,
in contrast, note that Cu showed HQ values indicating
an unacceptable non-carcinogenic health risk at three
wells (see below) despite being at acceptable water
levels at these wells.

However, unacceptable HQs were found for Pb, Zn
and As at some of the wells. Four sites (sites 1, 6, 7 and
8) had an unacceptable non-carcinogenic health risk
level for Pb (HQs of 3.20, 4.74, 26.80 and 4.74,
respectively), although the other eight sites had no
significant non-carcinogenic health risk from Pb, with
HQ values ranging from 0.007 to 0.99 (Table 4;
Fig. 3). For Cu, the HQ values at wells 1, 7 and 8 were
also at unacceptable levels at 3.041, 54.818, and 6.399,
respectively (Table 4). For Zn, although ten of the
sites had no significant non-carcinogenic health risk
with HQ values ranging from 0.003 to 0.310, two sites
(sites 7 and 8) had unacceptable non-carcinogenic
health risk levels with HQ values of 2.097 and 6.399,
respectively. The highest obtained HQ values for Cu,

Pb and Zn were from a well that was situated in an area
of intensive agricultural use (no. 7). In addition, As
presented unacceptable health risk levels for both non-
carcinogenic and carcinogenic risks. For the non-
carcinogenic risk, the HQ value of As ranged from
0.004 to 0.193 at 11 of the 12 wells, but at one (no. 11)
had an HQ value of 2.901(Table 4), representing an
unacceptable health risk (Table 4; Fig. 4a). Further-
more, the cancer risk was acceptable for all wells
except for no. 11 (Fig. 4b), where three people in a
million might develop cancer (cancer risk =
2.6 x 107°).

The distribution of the non-carcinogenic risk relates
to the high concentrations of Cu, Zn and Pb, which
were relatively high at the center of the study area in a
region with higher intensity chili farming than in the
surrounding areas.

The human health risk assessment of As was higher
than the acceptable level, although the concentration
of As in the shallow groundwater was lower than the
groundwater drinking standard. Likewise, the same
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Fig. 2 Distribution map of the average (a) As and (b) Pb concentrations (pg/l) over the dry and rainy seasons and the locations of the 12

drinking water wells (ST1-ST12)

pattern was seen for Zn, in that unacceptable non-
cancer health risks were observed at two sites where
the Zn concentration in the water was within the
acceptable limit (Table 4). Although a low intake
level of Zn is required by humans and Zn is of
relatively low toxicity compared with other heavy
metals, a high intake rate of Zn causes both acute (such
as stomach cramps, nausea and vomiting) and chronic
(such as anemia and pancreas damage) adverse health
effects (Natural Healing Site 2010). In addition, the
human health risk characterization of Pb at four sites
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was higher than the acceptable level, but conforms to
the observation that the concentrations at these sites
were higher than the drinking water standard (Fig. 3).

According to the HQ values, the HI of all the heavy
metal ions (As, Cd, Cr, Cu, Hg, Pb, Ni and Zn) ranged
from 0.10 to 88.21 and the HI of wells 1, 2, 6, 7, 8 10
and 11 were higher than 1 (HI = 6.66, 1.52, 5.92,
88.21, 17.41, 1.68 and 3.07, respectively) for the non-
carcinogenic adverse health effects. Therefore, if we
take into consideration the additive effect of poten-
tially toxic metals, then the oral HI results raise
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Table 4 Non-carcinogenic risk (hazard quotient, HQ) of heavy metals in shallow groundwater from the 12 wells (stations) at Hua-ruea sub-district, Muang District, Ubon

Ratchathani Province, Thailand

Non-cancer health risk (HQ) from heavy metals in the water at each shallow groundwater site (station number)®

12

11

10

1

Metals

0.013 0.22 0.006 0.004 0.055 0.024 0.193 0.005 0.005 2.901 0.009

0.033

As
Cd
Cr

1.00E—03
4.00E—03
0.100
0.007

1.00E—03
3.00E—03

1.00E-03 1.00E-03 1.00E-03  1.00E—-03 2.00E—03 2.00E—03 1.00E—03 1.00E—03  1.00E—03
3.00E-03
10.355 0.117
4.74

1.00E—03
2.00E—03

3.041
3.20

1.00E—03
0.552
0.99

1.00E—03
0.078

1.00E—03
54.818
26.80

1.00E—03

0.674
4.74

1.00E—03
0.053

1.00E—03
0.184
0.359

3.20E-02
0.071

1.00E—03
0.595
0.

Cu
Pb

0.025

0.054

0.548

0.409

76

3.00E—-04  3.00E—04

3.00E—04
6.20E—02

0.071

3.00E—04
6.90E—03

0.003

3.00E—04  3.00E—04
0.

3.00E—04

0.26

3.00E—04
2.00E—02

3.00E—04
0.018

3.00E—04
4.10E—-02

3.00E—04
0.028

1.80E—02

Hg

1.90E—03
0.011

4.40E—04
0.021

2.40E—02
2.10

17

3.40E—02
0.025

2.10E—02
0.132

5.80E—02
0.310

Ni

6.40

0.188

Zn

* For locations of each well, (Station) see Fig. 1. Bold type indicates above the acceptable risk level

concern about the non-carcinogenic adverse health
effects of drinking groundwater in this area.

Discussion
Properties of shallow groundwater and wells

The groundwater pH found in this study agrees with
the results of Srithongdee et al. (2010) who previously
reported that the pH of water from ten shallow
groundwater wells in this area ranged from 3.68 to
4.88, which is too acidic for drinking, and that
increasing water acidity was positively correlated
with increasing nitrate concentrations. Although this
acidification of the water is consistent with the long-
term application of high levels of fertilizers, as
reported in another study by Jeyaruba and Thushyan-
thy (2009), Srithongdee et al. (2010) reported that the
pesticide concentrations in the groundwater were
generally less than the LOD. Eriksson (1990) and
Patriquin et al. (1993) found that the application of
ammoniacal fertilizers may cause the acidification of
soil since nitrate is formed from them by microbial
nitrification. As such, the low pH of groundwater in
this area may have resulted from the heavy and
continuous application of fertilizers over a long
period.

The water level varied only slightly between the
seasons and sites across the 12 sites, and this variation
when present was likely to be due to the occurrence of
a tropical storm in October—November 2010. Sri-
thongdee et al. (2010) reported that increasing nitrate
concentrations were positively correlated with
increasing electrical conductivity (EC). The EC at
each site reflects the level of dissolved chemicals
(especially salts) in the groundwater in this area. Thus,
the higher the EC, the higher the levels of dissolved
chemicals in the groundwater sample.

The concentration of other metals during the rainy
season was not much higher than those during the dry
season, which might reflect their release into the pore
water and percolation into the shallow groundwater.
Furthermore, Suesat (2010) investigated fractionation
of four heavy metals (i.e., As, Cu, Pb and Zn) in soils
in this agricultural area and found that the sum of As,
Cu, Pb and Zn associated with the first fraction (the
exchangeable fraction) ranged from 0.07 to 0.33 mg/
kg (corresponding to 4-10 % of the total As level),
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Fig. 3 Non-carcinogenic
risk map for lead (Pb) at the
study area and the locations
of the 12 drinking water
wells (ST1-ST12)

4.39-11.75 mg/kg (corresponding to 18-50 % of the
total Cu level), 0.11-0.28 mg/kg (corresponding to
1.3-5 % of the total Pb level) and 70.66—110.20 mg/
kg (corresponding to 55-74 % of the total Zn level),
respectively. These findings indicated that the elevated
Cu and Zn levels in this fraction may be caused by
anthropogenic inputs, which are relatively weakly
bound forms, including the adsorptive and exchange-
able, and those bound to carbonates. This conse-
quently increases their migration and bioavailability in
soils and the subsurface environment (Gibbs 1977).
The Cu and Zn levels associated with the exchange-
able fraction were quite high and extremely important
since they showed the mobility potential of metals that
can easily migrate through ion-exchange processes
(Filgueiras et al. 2002). Moreover, more than 50 % of
the amounts of these four metals was associated with
the first three fractions (exchangeable, carbonate and
reducible), which are easily released following
changes in environmental conditions, such as the
redox potential, ionic strength, pH, salinity, etc. The
metal concentrations of each fraction were in accord
with those in the shallow groundwater.

The much higher concentration of As at well
station 11 than in the other wells in this study
correlates with the alkaline pH value of the shallow
groundwater. Moreover, the previously reported
highly positive significant correlation between the
As concentration and pH (r = 0.942, n = 48) during
the wet season (Wongsasuluk 2010) suggests that As
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might be released into pore water by desorption
processes that are increased by alkaline pH (Buchh-
amer et al. 2012). This result is in accord with the
study of Takeno (2005) who reported that As in the
form of H,AsO5; would dissolve in water at a high pH
value, and so the pH of the water affects the As
concentration. In addition, Claesson and Fagerberg
(2003) reported that as the pH of the groundwater at
Santiago del Estero in Argentina increased (pH
6.4-9.3), so did the As concentrations. In aquatic
systems, inorganic As is primarily present in two
oxidation states, arsenate (Ass+) and arsenite (As3 )
(ATSDR 2000). Although both forms generally occur
together, As’" predominates under oxidizing condi-
tions, and As>* predominates under reducing condi-
tions (Stumm and Morgan 1996). All the wells in this
area are normally under oxidizing conditions because
they are located in an unconfined aquifer, which is
directly exposed to the atmosphere, and this is
especially true for well 11 because it is located in
the recharge area. Thus, the higher pH of the water in
well 11 (range from pH 6.59-7.90 in the rainy season
and from pH 6.34-7.25 in the dry season compared to
pH 3.83-5.85 for the other 11 wells) combined with
the oxidizing environment and alkaline pH would tend
more to releasing As into the groundwater.

In addition, Nassef et al. (2006) reported that Pb
levels in the groundwater of agricultural areas at Sadat
were higher than the drinking water standard, ranging
between 0.11 and 24.9 pg/l (average of 3.31 ng/l),
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Fig. 4 a Non-carcinogenic
and b carcinogenic risk map
of arsenic (As) at the study
area and the locations of the
12 drinking water wells
(ST1-ST12)

whereas those in a residential area ranged from 0.38 to
0.82 pg/l (average of 0.56 pg/l). Thus, the higher
amount of Pb in agricultural areas may well originate
from agricultural activities. Moreover, the heavy
metal pollution levels in paddy fields in Wenling City,
China, were reported to show that the accumulation of
Cd, Cu, Pb, Ni and Zn was due to agricultural
chemicals causing Cd, Cu, Pb, Ni, and Zn contami-
nation in the paddy fields. In particular, high concen-
trations of Cd, Cu, Pb and Zn in some areas may be due
to industrialization and agriculture development (Keli
Zhao et al. 2010).

In this study, the concentrations of each heavy metal
had a similar pattern in that a higher concentration was
found in the central, intensively agricultural areas.

Moreover, the distribution of heavy metals in the
groundwater in this study site conformed to the
groundwater hydraulic gradient (hydraulic gradi-
ent = Agroundwater level/Adistance between wells).
This is lower in the middle of the study area, indicating
that the flow of groundwater in the middle was low
compared to that of the adjacent areas. Dilution in
aquifers can be described by the volumetric flow rate
per unit perpendicular to the groundwater flow related
to the hydraulic gradient. As a result, by dilution, the
heavy metal concentrations in the water at wells located
in the central area would be higher than those in the
wells in the surrounding areas (Debernardi et al. 2008).

Evaluation of the heavy metals in drinking ground-
water in Dakahlyia Governorate, Egypt, in areas that
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were mainly used for agriculture found that the
incorrect overuseage of large amounts of phosphate
fertilizers might have led to the relatively high
concentrations of Cd and Ni in the groundwater
(Mandour and Azab 2011). Excess fertilizer that is not
used by the plants then percolates into the soil with the
irrigation water. Consequently, they reach the ground-
water wherever the permeability of the soil permits.

Human health risk assessment

Within Slovakia, Rapant and Krcmova (2007)
reported that the cancer risk caused by As in ground-
water reached as high as >10"%, or more than 100
people in a million. Saipan and Ruangwises (2009)
showed that the population of Ronphibun, Thailand,
might experience adverse health impacts since the
cancinogenic risk and non-carcinogenic health risk
indices were ascertained to be 1.26 x 107 and 6.98,
respectively.

In addition, the local people living in the study area
of this report, which is located in a tropical zone,
generally had to work on their farms under relatively
high temperatures and humidity with strong sunlight
exposure; consequently, their physical requirement for
water was quite high. They drank water at an average
rate of 3.45 & 2.0 1/day compared to the usual aver-
age of 2 I/day (USEPA 1980). People in countries with
colder weather than in Thailand would be expected to
have a lower water intake rate, such as the 1.5 1/day
average level reported in Korea (Lim et al. 2008).
Thus, the human health risk assessment depends not
only on the heavy metal concentration in the water, but
also on the water consumption rate. In accordance,
Peplow and Edmonds (2004) found that the average
risk of cancer from exposure to As from abandoned
mines was approximately twofold higher for adults
engaged in occupations with high sunlight exposure.
Pokkamthanam et al. (2011) found that As in water
consumed by Bandlaguda adults may cause both
adverse non-carcinogenic and carcinogenic health
risks because the mean water consumption is quite
high (4.5 & 2.4 1/day) because of the physically
demanding work and the water requirements caused
by participants’ occupations, such as factory workers,
laborers, welders, carpenters and farmers. Therefore,
farmers in tropical countries should be made more
aware of heavy metals contamination, even at low
concentrations, because of their high intake rate.
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Conclusions

This study evaluated the human health risk from heavy
metals in the drinking water from 12 shallow ground-
water wells in Hua-ruea sub-district, Muang district,
Ubon Ratchathani province, Thailand. The concentra-
tions of Cd, Cr, Cu, Hg, Ni and Zn in the 12 shallow
groundwater sites in this study area were lower than all
the drinking water standards and so according to these
criteria were acceptable. However, the average con-
centrations of Pb were all higher than allowed
according to the drinking water standard. In addition,
As concentrations in one well (no. 11) had a 5.23- to
34.72-fold higher As concentration than all the other
wells.

Unacceptable non-cancer health risk levels were
found at 1, 3, 2 and 4 of the 12 tested wells for As, Cu,
Zn and Pb, respectively, but not for the other heavy
metals; an unacceptable cancer risk was found at one
site for As (station 11). However, these heavy metal
concentrations in the groundwater were within accept-
able limits, revealing the importance of the actual
consumption rates in estimating health risk factors.
Furthermore, the HIs of groundwater at wells 1, 2, 6, 7,
8, 10 and 11 were higher than 1 for adverse non-
carcinogenic health effects. These wells are all located
in intensively cultivated chili fields.

The results of this study can be used beneficially
and applied to managing and communicating about
risk with the local people who generally drink
shallow groundwater as well as to preventing adverse
health risks from groundwater contamination. Local
people drinking from groundwater wells, especially in
intensively cultivated chili fields, should be educated
about the potential adverse effects of drinking directly
from shallow groundwater wells. In order to reduce
the estimated carcinogenic risk and non-carcinogenic
HQs, they should be advised to treat their water or
find alternative sources for drinking. Local authorities
should be made aware of such health risks and
provide potable water facilities. This study could be
used as a database for groundwater drinking stan-
dards, which should be revised for tropical countries
to reflect the higher water intake rates. In general, this
study adds to the results of others that illustrate the
greater need for risk awareness and communica-
tion about heavy metal contamination of shallow
groundwaters, especially in agricultural areas in
tropical zones.
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