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Abstract

A confined alluvial aquifer between two rivers shows interesting redox processes
as a result of dynamic groundwater and surface—water interactions. River bank infiltration
and exfiltration may exhibit a sequence of redox reactions. This hypothesis was examined
and confirmed at a study site located between Nan and Yom Rivers in Phitsanulok,
Thailand, by analyzing concentrations of redox species and reactions as a function of
distance from rivers. Results show that the groundwater—surface water interactions were
dynamic and were changed seasonally. Transition areas were isolated from the river
water. Obvious indicators of the changes in redox conditions included temperature,
dissolved oxygen, and redox potential. Orgamic matter degradation was dominant in the
river bank infiltration. The O, respiration and SO42_ reduction occurred in a short distance
from the groundwater and surface water interface. The reduction of Fe— and Mn-
hydroxides was a major source of dissolved Fe2+ and Mn2+ in transition areas. Carbonate
dissolution—precipitation reactions also controlled concentrations of Mn2+. Most
hydrogeochemical characteristics in the aquifer was fairly stable in 3 years except the
water near the groundwater—surface water interface that changed rapidly as the river

water interacted with the groundwater.
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1. l@AANNH NI LU TR FIT I T ENS Impact Factor 31434 3 1589
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nmsfnsnsInuljauiuiznitnihuanauasihfaduuaznszuiunmiignn
| k% ‘é a a

sydbadiduamaacunitiadansimgnnssdingn  (Glynn and  Plummer, 2005)
Usunusszninsinuianauasifiiduivanansnasudsisl a.a. 1960s  uazlaiu
myansduatrsnnlugiell a.a. 1990s (Winter, 1995; Stanley and Jones, 2000) A4
sulaivananandumanwidugnnssdiaiiuaznisgnniiaaineg (Sophocleous, 2002)
n‘ o g lﬂl “ A v o A 0/ lﬂl a v % 6
sedayinInomanilianusulaludaiudenaianvesnsddouudaslud janius

TERINUIVIAALEZUNRIAY (Dahm et al., 1998; National Research Council, 2004)
[% a a . < a [ o &
ludugnniliaainen 9aaulafia hyporheic zone FemaniavTinldnznauriasin
uazluNuN3uafe (Harvey and Bencala, 1993) lutSiinsuafvadudiinaanan ¢ innnn
wuldduusnmiduunasihfundaagasaiissswalng Ujsunuiseniteivianauss

:/ a a a a 1 1 . . a a v 1 v |g; g/ . . .
RAuI38NBNat1931 bank filtration & 2 vhia laun ﬂ’]ivl,%alﬂl’lg"ﬁum (infiltration) e
g; Z/ " . v 13 :/ a J ‘ﬂl :/ ' :/ t:lld a

m3ylwagananzuin  (exfitration) mvlnadngruiiatuleiudinlnanddiunm
- ¥ v ¥ Y duy A - L ¥ oLy 4
sandlanazmeihgeBudhgrwin feandiau lusmeinisinasananruiifiadwilai

mmaﬁ"ﬁaaﬂ%mﬂmaanvl,i.lgjmaﬁw*nﬂauﬁmﬁé’aﬁ
a o %] 6 1 3’ g’ a A
21 UQFENNBDTTUIWHIVIAALALWIEIAK

szuumﬂmmaaﬁ'}mma (groundwater flow system) %m&lﬁ\‘igﬂﬂ‘ida’luﬁama%{’l
mmaﬁ"tmﬁﬂuamo@iaLﬁad%agﬂﬁamauﬁazmaummmaqﬂﬂ%‘nm (Téth, 1999) szuu
ﬂ’]i"l,%mladﬁﬂmmaﬁ 2 8@ Ao steady state LLae dynamic fIRIUITULUULY steady state
i:uumsvlmamaoﬁwmma%ua;Jiﬁ'uamwn“ﬁﬂ‘szmﬂ FIMING LLazamwQﬁmmﬂ (Téth,
1970) Hoflinduetminaue s:uumsvl,%mlaomfﬂmmamﬁﬂﬂnaé’m:ﬁuag’ﬁ'ué'ﬂwmz
209771 FoudsiAsuanuanuasasfiaan (Hubbert, 1940) sulszantuesmstyldues
%D'uﬁ’]ddNaI@slmwiaizuums"l,mmadﬁm’lmaﬁm (Freeze and Witherspoon, 1966,
1967) eRasanszasmeguinsuazdumisluszuunslvavessiinnana Teth (1962,
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35U 2 ugasszuumMslwazesiiuianarissfiunfian1ie steady state uazfiusan
1 s & Ao & A . L A
fuInLUdaantduNwNAYEN (recharge area) WwN@aunas (transition area) LazWHh

o . kS & do &, X A A Ay ¥
18U (discharge area) mmmavl,%aﬁnﬂwumummuwumauﬂmﬂﬂgwuﬂmﬂm
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Brunke and Gonser (1997) ayUufjauwusriiaiiasil iafivSanameaiiiiiaes baseflow

D,

d a

?,’ e I3 a g/ g: :’ = a :‘ Y a g’
luﬂwuwmﬂumigtymﬂmmawummaa@ﬂ WaldSuramrenatiidnunn Usunoinlue
, , N PR ¥ P o & da A o
NAWURE interflow LN inlwsinluudiin lrani@umuiin s‘ﬁmmgﬁuﬁsmm LAZLANYN
Tdunsusin seninsriria LLajﬁ’wgzyLﬁyﬁﬂﬂﬁ'ﬁﬂs:mumivl,mLﬁTﬁgjﬂﬁ'uﬁw @aN1UILI9a

Inasangudinlunguas

River B

River A

Transition Areas

E= Confining Layer ~ <€— Surface-Water Flow Direction
Confined Aquifer —=— Groundwater Flow Direction

[ v w 1 v 1 [
sun 2. mﬂ‘wawmmmmamnu,ammﬁavlﬂgﬁnu,alwmﬁasluam'azmﬁ

Tuszuum s ImauuUWaIa Promma et al. (2007) lAfignunaians avassiiuiana

. - d v da X o X o
IRAND mnﬂawuﬂmgﬂLLuumivl,%amaammmaﬂmmumnmiﬂiwuawa\m@m
i lundinazindnlunmdsnsuuiannnenaindn lussuuisud Aunduituasinesi
= & Y v o ¢ \ o & Ve & A & ¥ '
L'jJaﬂuu,ﬂaavleﬂﬂmluagnumwuauwuﬁszmwszﬂumlmmmmaaammmmwumag
a: a v a 6 1 ? :/ a A > a [ % 6
(zun 1) ﬂgamwuﬁi:mnmmmaLLa:uwwaﬂqui:@ugumﬂmuqﬂ@y (1) ANMURUNUT
JeI9Tza Ut luuaitinuassza Ui uIaat9LAee (2) @‘i’ummLLazgﬂmaLsmmﬁmaa

@ [ 1 [ o o o A Qg

gasmati lAinnIUiYiwgs uaz (3) MINTTNLAAZIZALVEY FUUTERNTURINITY

la melumashuazaznausiwilususin (Woessner, 2000)



v v - v & e
mivl,v\aaanmaammmaimwumﬂmmaommma"ﬁu@wmwuagﬂu
ANNRFUN BTN RU WL A9 UIA LU R WLU RS M T2 rI198 1 U0 LAz iR A 311 1
WEAITZHZNI 4 B9 lawA (Promma et al., 2007)
1. 32271 1 groundwater  mound luTusivilwihuanalnasanlyguaiiimizes
A X A4 . ¥ 4
wazlAaUwL U aTza N Ikl inanad (3U7 1n)
ni di s :/ 1 :’ d' a J A d' a g’
2. 338N 2 mmmumlmmm%mﬂﬂimugwumﬁaﬂmmm TLAURILIONRL
AOURUBIANNBENITIANTT waziunanalfianiIns laannudin A "lﬂﬁjl,l,ajﬁ'] B (;;ﬂﬁ 12)
d d 1 :’ QI =) :’ U 1 g: g/ 1 :/ QI J =) :‘ v 1
3. sxoed 3 luvoweuaitin A SudniidngTuin wiv B wagwuua:mumlmm
TuiLunn (319 1)
P4, o X ST A > '
4. 328920 4 1 1aussin B BNAIAUFINIULUN A AAN1INTT ARV I UIa AL R
fensliiduassnudhaunuszesn 2 (U9 19)
L a S LA v 62 a « o a
gﬂLLmJLLa:iwzmamwmimunwua:mimma:ﬂ NAANDIILNALT WLEWN LAY
VaINLIAARLLENWDN (zigzag pattern) (3UTN 1) unuEUNIINT avasiLIaaaL
< o o A ' A s ~ a s = o o A ' A
LﬂuLauImwsm@aLuaammmm%uﬂﬂgaﬂLmumm Laumamivl,mﬂauugﬂinsﬁmvﬁn
TagLaNIZUSIIMINANUARY MIABNLBHATINWINNAUNTaULWIAALANREINANA WKL LAY
un3383uLr1 (Meyboom et al., 1966; Meyboom, 1966, 1967; Winter, 1976; Winter et al.,
1999; Toth, 1962, 1963, 1999) Promma et al. (2007) £IURAIBNINUHFUNUTIZNINUN
mmauazﬁﬂﬁaaulﬂua’mﬁaLmzﬁwa‘?@]ga MU UIAANINAAUINIFAINALAZ TN

steady state LNBLEAINTT AAVBIHILIANAAITAITNUMIAAFINTALARNEINA IR

%

~ A A
2.2 qnﬂﬁimLﬂNW%gﬂ%

qwnﬁitﬁmﬁﬁhﬂmyj%mﬂﬁamiﬁﬂmmﬁmmﬁﬁmma NILUanURNBVDI
nizuawnInegnnsdiailaslddayaniaaduazlololnydegdudadnduitnig
mmgmlumﬁ%’m?’]m{ﬂmma oméuqﬂLﬁﬂﬁéwﬁmﬁ’mqﬂﬂmﬂmﬁ léun Palmer
(1911) Renick (1924) Piper (1944) waz Hem (1959, 1992) (Back and Herman, 1997;
Narasimhan, 2005; Glynn and Plummer, 2005) LLWJﬁ@]ﬁ’lﬁfﬂJLﬁLLﬁﬁﬂd hydrochemical
facies NM3U3z8NdlEA0IN14 thermodynamic  equilibrium  principles anutilaBas
UYjnsv13eand LLa:msﬁﬂmmmqmam{ﬂmma annaydiiadioTunsliadsazidnaly
Appelo and Postma (1993, 1996), Chapelle (1993), Drever (1997), Hem (1959, 1992),
Hitchon et al. (1999), Langmuir (1997), Nordstrom and Munoz (1994), Stumm and Morgan
(1996) uaz Kehew (2001)
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pnnoydiadiiamalfsuulatadndaiftasanaanaineluszuumslnazesi

A A o & @ & A A v @ A A
meani 9 dsduihuazyineinaen (U 2) anuuturassansnazasilasuulasany
STYLNIIUAZLINIANLEUNIINIT Maa9diIuias thavanified fAseamisialvesin

s ¥ A A A A Yo
vaaliaiiuians wndenilly anuudsdnusesinsgnnssdhaiildduunszuonslne
2891101918 L6 lasudaduiuaiTandn hydrochemical facies wIadaN1LIuNIN
hydrogeochemical facies %38 zones (Back, 1960, 1966)

o o A v A :/ 1

fraurasgduuunignnasdiefifaauiunuiianiinisinazestinuiana Sond
FiwwnImegnnosdliall  (hydrogeochemical evolution) N3 lwazasiLIAalNada
anaue9guLLY Wz T Inazasiiunenarild diffusion nnusamaniosas Wawd
lNaNBALaINILURRLURINNAWIN LasTZa19TWIN (Cederstrom, 1946; Foster, 1950;
Chebotarev, 1955; Garmonov, 1958; Kamensky, 1958; Volker, 1961; White et al., 1963;
Back, 1966; Williams, 1970; Wallick, 1981; Fogg and Kreitler, 1982; Sanford, 1994;
Ingebritsen and Sanford, 1998; Toth, 1999; Stuyfzand, 1999)

FTaurniinisgnassdiiainuisfinisefursniidfouudasvas
hydrogeochemical facies InAwNauin LU gavineiaaudunans masesilunana nyeu
wndaneatasiumsinazduninmeniinaisawaliihuazuslasudanuioimwaluns
a Aaaa A s 2 a &K 1 Aa v A Ad o oA 2
Aaufiseuedl mylwaszauriastuislduaasdidamininsannssdiaiingaan gndnm
nsduiteadtnla aqueous reactivity TaQTUIN wazANHALURIE LAY

yaanwalgnniadl (hydrochemical facies) iwuluinenadanusunusiuawla
& A A o o \ a A PN & o & = A
dwitaduiuiuanuuandrsluriiavesuiniaguantaniszamant asuumdnsiie
Maununigaansalgnnial ﬁmhﬂlﬁi:qﬁﬂmamﬂms:ﬁugﬁmﬂvl,éfﬂ’nmmﬂ@m
3sz1<1ﬁﬂmamﬂms:é’ugﬁmﬂﬁé’amiﬁ:ﬁ"l,ﬁmmn hydrochemical patterns WazNeANIY
fldunannizauihauydneunsguldihaunousainaddsuudasluanizmazaeaas
v danmaduihldlunseunafisuniinisieImegnnsdiedl  (Plummer et al,
2004a, 2004b, 2004c; Sanford et al., 2004a, 2004b)

s ] 1 g, =3 a @ v v { 1 d

Mmaddalufifamndn JUuuvAtawinmivasenudutuigindi 0.3 mg/ll Tadu
WasgImhanaiufiivualas US Environmental Protection Agency (1992) 89aatiu
o o A a ) A Aa A g ! v o A A Iy
widafinnitineiued dauydgiuludestiuandreiudat (1) lifluwalda (Thorstenson et
al., 1979), (2) m:mm‘ﬂuﬂéw § (Back and Barnes, 1965; Langmuir, 1969, 1997,
Chapelle and Lovley, 1992), (3) aaad L HINunyesin (Champ et al.,, 1979) uaz (4)
a £ o A& { o & , ° o a v o A £ @
WWadwlUgsnuivinesih (Téth, 1999) &uTuluuulds anuduturasnaniiudnldds



= M oa & Y=g
ANNAN 30-40 m ua hitiNAwlUanauanf (Starr and Gilham, 1989; Barcelona et al.,
1989; Barcelona and Holm, 1991; Kehew et al., 1996; Kehew, 2001)
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2.3 éﬂﬁu%anﬁwmminsaﬁumaaLiT'lghmﬁ'l

Ysunutsznitsiviansuazinidusinadoaniizuasdisensaandlusuin

4 o Aaaa A \a & ' & \a &
aznaninwdussan YAz luwwidssrnlngineduannisbuiiusuliduii uszlinig
WANUS U 0 8 NTLAURZAN DU LA LATUIN T AU AUV aITHIN LTUIIA% waRBNTWatasuInLA
& ¥ o PRV £ ) . . = & a
TUINTUIIAT WANITNUVIUHTUWSIWUUITIUTI38NT1 bank filtration TIRNITRANTS

o & ¥ . A & ¥ i . Aa . o Aaa A &

Twawdousi (infiltration) wiam s laaananawiln (exfiltration) Nildasauljizensaand
& A Aa o o @ ' ' o
B I WIToINTAINNTUTOULAET bINTZINITR

msvlﬁaLﬂTﬂg’t%’ummﬂLL&iﬁﬂLﬂuﬁ'ﬁaﬁmaﬂamﬂh 20 Juan mmau’tﬂuaﬁmjo
lundynmiaenuianinsinhudiiifesadsniagniueuazinaduidh lddwian
unenanazana uiasluuinssuafsbidsundsituiaandsagassloswwialng
o = Y A v 1 ] v { a &/ v 1
FAIUIBNIN 'mmmﬁma’m’l,myagaLuumzmumsmaqﬂﬂﬁifﬁmﬁﬁmmuﬁnﬂﬂ’lﬂmmg
7w lagawizd jAsendeand twsnzimsnanseshdiaundvsunmeandauanniuii
UNANaN 10anBLanil AN URALTUTaUINN LazkNEITaINU redox species 1WIBIN balkA

- 2+ 2+ 2— LA o o
O, NO3, Fe', Mn", SO, , H,S uaz CH, RRIIMAEIHIUNLINAIAFaNIZUIUNIINIG

A 1 1 g/ a a F; a
TrIhAlTIEFINad o N INTR I LA ALA TRALA LI MVDIT19 2N TVRIRIN TN
= , A .
YWALANENGD R (von Gunten and Zobrist, 1993)
v 1 g: g/ o o A :l I o L aaa s 6

lun’livl,ﬁal,m'lgmuu’l shauTaandluwiunasilusrauuasdfiseiiaend Usng
Lﬂummmuvlﬂﬁ'uﬁﬁmamﬂ%aLﬁn'mﬂﬁnLLajﬁﬂLiTﬂgj"B'uﬁnmma mmuﬁaﬂaﬁ;ﬁuﬁ 19y

=) J a A =) =) ) =Y > ™ .
Jeendiiadwanlisenmavilnevasansdunid msuslnaeaniaw TanTuvad nitrate,
iron, managnese, sulfate L8z methanogenesis ANRIA (Froehlich et al., 1978; Berner,
1981a, b; Appelo and Postma, 1996; Massmannn et al., 2004) luudaziva lidududasd
YaULUANTALIN (Champ et al., 1979; Berner, 1981a, b) A19LIABNT MILALNARUINVDS
mivl,ml,%"ﬁ'uﬁwﬁ?‘imL'ﬂuﬁaﬁaﬁmau%mmuﬁaﬂagﬁ'u (von Gunten and Kull, 1986;
Jacobs et al., 1988; Lovley and Goodwin, 1988; Chapelle and Lovley, 1992; Lensing et
al.,, 1994; Stuyfzand, 1989; Bourg and Bertin, 1993; Dousson et al., 1997; Groffman and
Crossey, 1999; Brown et al., 2000; Massmann et al., 2004)

o =2 A o = ¢ca £ A i i
WIIMIANIIUN9T0S LA UEAINITUIBANTIANTLAAUULAID organic—rich leachate

2ONINTWIN (Baedecker and Back, 1979; Vroblesky and Chapelle, 1994; Ludvigsen et
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al., 1998; Christensen et al., 2000) udddusaanduasnsinaaanainswinlydousving
litapfinsfine widnsdnsluszauiesljidnisezavqudindssmind jisens
aandlaa uadtnsin lildsnaassssumalaain (von Gunten and Zobrist, 1993;
Matsunaga et al., 1992; Hencke and Schulz, 1997; Schlieker et al., 2001a, b) fauIaang
Auressvesmslnadnesnaasituaislasianzssuuiianaiadsliduidnestedes

i a &£ ) A 4 oa £ &g A
LLY]TTLﬂ@]?l%vl,@ﬂ'ﬁvl,ﬂ‘ﬁﬁﬂ’nLﬂ@?luLOoW'Tz‘W%ﬂ
2.4 mia"'maaLmuﬁfmua%ﬁamaqﬂnﬁicﬁmﬁ

wngnnoydlalildnan  thermodynamic  equilibrium o uunafiasddlwin
‘ﬁisumasl,uqﬂ@qfummmoﬂ A.¢1. 1960s nasannanmsitiaduunud livesnin 1 aaavsw
1at) Gibbs (1876, 1878) thermodynamic equilibrium theory Frufu N niiniaanain
TZAUANQALATAIIUIIALTANT NITRDIUDUIVINETARYINTTUIUNTNIANNT T
ARAIIWUINNTINN ion—association model ‘ﬁl"ﬁﬁuﬁﬁ@ (Garrels and Thompson, 1962)
5% PATHI (Helgeson, 1968; Helgeson et al., 1969, 1970) waz WATEQ (Truesdell and
Jones, 1974) "lﬂ;jﬂ']ﬂ"ﬁﬁ'm{’nﬁw (Pitzer, 1991, 1994)

mzuaumﬁ@aﬂﬁﬁﬁlm{ﬂmmaLﬁ'm*’ﬁa\‘]ﬁu irreversible nonequilibrium reactions
waemMItUaguuLladuas oxidation states Uad elements 94 speciation model Tugausnlaile
ePRllo ﬂ’]iﬁwu’lLLﬁJﬁJﬁ‘i’lﬂadﬁi’mg’m&l’lﬁnﬂ electrochemical theory %uauai@m Pourbaix
(1949) daunldld pH waz redox conditions Qﬂi“ﬁ'ﬁmﬁﬁﬂﬁmz aqueous species LAz
reactions ﬁI@@L@iuLLazLaﬁm (Krumbein and Garrels, 1952; Baas—Becking et al., 1960;
Garrels and Christ, 1965) Thorstenson (1984) and Hostettler (1984) lanuniudszians
Wannlu3esd UgAse3aonslisuas uazmstszilin redox states lwihmanatdu3es
¢1n (Morris and Stumm, 1967; Baedecker and Back, 1979; Champ et al.,, 1979;
Thorstenson et al., 1979; Thorstenson, 1984; Runnells and Lindberg, 1990; Stumm and
Morgan, 1996) Berner (1981) kA Stumm and Morgan (1996) a%mﬂm’%aoﬁwé’maa
s saandluinlddfge

LLuuﬁﬂaaoﬁuLua‘%ﬁaﬁwuﬂamm%mmJaaﬂs:mumimaqwﬂﬁirﬁmﬁlm{w
mma"lﬁgﬂ‘ﬁwmmazha@ial,ﬁaﬂwﬁaanm 35 Wi (Glynn and Plummer, 2005) &
wada 2 wuu ledun inverse waz forward MmInumwSasasnaniaduigliley Nordstrom
et al. (1979), Plummer et al. (1983), Plummer (1985), Plummer (1992), Parkhurst and
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Plummer (1993), Bethke (1996), Glynn and Brown (1996), Parkhurst (1997), Nordstrom
(2004), Konikow and Glynn (2005) .8z Glynn and Plummer (2005)
WUU88979a inverse model 1 mass balances to chemicall/isotopic composition
of groundwater Lﬁaﬁ’wmm transferred mass VBILILASNND (Plummer et al.,, 1983;
Plummer, 1985) ﬁagaﬁﬁaﬂ%ﬁashu‘ﬂiznaumaLﬂﬁmamfwmmaﬁ%uﬁuua:q@ﬁwal inverse
model f{haaﬁi’wmmsmaqﬂﬂﬁitﬁmﬁﬁnﬂamu:ﬁ'w@i”uvl,ﬂ;jamu:q@ﬁwsl LEUNINT AE
vasiuaalaisniudald ﬁagaL‘%Nﬁuﬁﬁaﬂ%ﬁaﬁzm'mJaoﬂﬁﬁ%mﬁm@ﬂ:m'jw:
Lﬁ@%uua:mﬂmasmﬁmqwaLﬁmﬁul,l,ﬂl,azf‘i"ﬂsﬁﬁawa:mmm:mﬂwﬁﬂ NARNSTIIAABEN
Uinsenadfidulylale reaction kinetics @asldizunulunsiteszdanuiiazivues
M iauazIzazIa lnaied TwuwInIg ﬁﬂﬂﬁﬁ%mhimmsm_ia%"lﬁ FURAUIITNIIN
Tayaliiieawe nvauuwdalidne LLa:auqagmﬁmﬂﬁﬁ%mmaaqﬂﬂﬁizﬁmﬁ"l,;immmu
inverse hydrogeochemical models laun
e BALANCE (Parkhurst et al., 1980, 1982)
e NETPATH (Plummer et al., 1991, 1994)
e PHREEQC (Parkhurst, 1995; Parkhurst and Appelo, 1999)
o PHREEQCI (Charlton et al., 1997; Charlton and Parkhurst, 2002)
e SPREADBAL (Bowser and Jones, 2002)
uuusnasTdia forward model $nnainazaIMAaUfATouadfiananziu il
aqueous speciation R mass—transfer reactions I@]Elﬂ’]iéi‘lﬁ’laﬂ’l’szf‘éwﬁuua:“qmmad
Ufi3elawls thermodynamic database (Charlton and Parkhurst, 2002; Thorstenson and
Parkhurst, 2002, 2004) wuinsesiimansaldiuuuiiaasmslvauazmsinaeufivasus
1316l mMINaw s forward model Junnimanamnzwdayans thermodynamics
Was kinetics  D969A9G8INMIMINMWIBNNIN (Glynn  and  Plummer, 2005) forward
hydrogeochemical models ba
e PATHI (Helgeson, 1968; Helgeson et al., 1969, 1970)
e EQS3/6 (Wolery, 1979; Wolery et al., 1990)
« PHREEQE (Parkhurst et al., 1980)
o PHREEQCI (Charlton et al., 1997; Charlton and Parkhurst, 2002)
e PHAST (Thorstenson and Parkhurst, 2002, 2004)
Lmuﬁwaaomaqﬂnmtﬁl,ﬂﬁﬁiaa‘hﬁ'@éhf:
e Thermodynamic database ﬁ“ﬁ'a;&atﬁﬂaﬁu organic species %ayuIN
(Nordstrom, 2004)
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- . 1o —_ AV
speciation models mulmymaa\‘l equilibrium thermodynamics GRYRY
a J o gt .

Waduwana &My redox species, strong aqueous complexes AL
polymerized species (Glynn and Plummer, 2005)

aaa L% b J [ . . .
kinetics maaﬂgﬂm’r’ml,l,azmmuagﬂu microbial catalysis

uwuudraedgnnsrdiiaiiniasiia reactive transport 3ldWamauauysnl (Glynn

and Plummer, 2005) tymiwy léur

convergence, numerical oscillations L8z numerical dispersion
scale dependent LUUFINBINTT IASLazMILAROUNVINARBEIILN
fymnfumaszauuaitnlanes uduwudraesannssdhafiduszdy
W@nann 1w srauluiana
Tasnaluaiuazanudilusznitensdszuians

= a aaa =
Muazdualunmaialjiseai

nmydyndlfuuuinesgnnasdiaiiludymiisoinenuimaariildinaanag

v
v A

R1AAI% (Glynn and Plummer, 2005)

mMaiadfisealag19390139LAaNY aqueous species N3 oxidation
@ - 2— - & af v a [
state 1Y% (e.g., CO,/HCO; ; SO,  / HSO, ) fmawmimﬂ@auqa%
L% N3t local equilibrium assumption
Aqueous species ¥ oxidation states @i’mﬁu%ﬂﬂrﬁﬁﬁau@aaﬂw
& e 2— - -
5’;@1Lsm%aa’mﬁlzvlwmgam;maﬂ (e.g., SO, /HS; HCO, [CHy;
2+ 3+
Fe /Fe )
1 a d' g’ vl a aaa a s U .
LL‘JU']\‘]“IT%@VIE\&N']Elu']vL@@ﬁ']N']iﬂLﬂ@ﬂﬂﬂiﬂqLﬂNNuﬂaUvL@ (e.g., calcite,
i . o A oA AcAa A '
gypsum, halite, fluorite) Lmmeulmuu‘nvlum@am;amwﬂuaﬂﬁwaamo
WINGaAMNINI (e.g., plagioclase, biotite, and other primary silicates)
winnaafissfiumiliduidngaugadiondt stable  polymorphs 17w
amorphous ferric hydroxide <18n71 hematite (Steefel and van
Cappellen, 1990)
muﬁﬂgﬁ'w'mlﬁ primary silicates (e.g., kaolinite and gibbsite) INAFNQA
918 Ue kinetics VaIABRNAAEN1IIAA complex siliceous clay minerals
(smectites) (Jones and Bowser, 1978; Eberl et al., 1990; White and
Brantley, 1995; Drever, 1997; Bowser and Jones, 2002; Kim et al.,
2004)
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Thermodynamic equilibrium fenulainduuuy reactive steady state
3¢%119 aqueous phase UWAT bulk solid phase (Walton, 1967;
Buddemeier et al., 1972; Mozeto et al., 1984; Garnier, 1985; Plummer
et al., 1992)

ﬁﬁmmmﬂm:uuﬁmm}a (Helgeson, 1968) ﬂg’jﬁ%mmaamaﬁlﬂu
phanalzaInNanaUfizToIdunaula 15w (1) oxidation  wa9
organic carbon vlAiia sulfate reduction Was carbonate mineral
reactions (2) N1IRZANYVBN anyhydrite nl#iAa dedolomitization W&z
(3) NMIaEAYVaY primary silicates nl#iAa clays L8z cementation Ny
calcite LLae silica
ﬁWUWQWaUWOLLﬁGLﬁﬂﬁu@!a%%ﬂiﬂﬁﬁﬂtLﬁ@ﬁN@laLﬁaLﬁﬂuﬁuLL%"H‘I?WI@i’N
9 ﬁ"l,éfﬁaagﬂmmnmsﬁ’]mm wiwifiaseisniansazanendean

Ilé [ a aaAaAa L Qo
wﬁﬂmam‘smLﬂuwamaamsm@ﬂgmmwunau

2.5 nﬁe‘hﬂ%qﬂnﬁ‘szﬁmﬁ

Ave A o

=* a A dw dl g’ dl | ¥ dq,
ﬂ']‘iﬁﬂfl:i']”l’l"l\‘iq‘Ylﬂ'ﬁiMLﬂNIuWHYlitiJU%’]U']@']ﬂVILﬂ%ﬂg"ﬂﬂu(ﬂ\‘l% (Glynn and

Plummer, 2005)

%uﬁmé’nluﬂs:mﬁa%%’gaL&J‘%m (Miller, 1999)

szuwhnea Florida ﬂizmﬂa%%'gmaﬁm (Back and Hanshaw, 1970;
Sprinkle, 1989; Plummer and Sprinkle, 2001)

s:uuﬁwmma Madison ﬂi:mﬂa%%'gam%m (Busby et al., 1983, 1991;
Back et al., 1983; Plummer et al., 1990)

Middle Rio Grande Basin ﬂi:mﬂaﬂg"gam%m (Anderholm, 1988;
Bexfield and Anderholm, 2002; Plummer et al., 2004a, 2004b, 2004c;
Sanford et al., 2004a, 2004b)

Tutin Carizzo Sandstone L Texas ﬂizLﬂﬂa%%'gaLw%ﬂﬁ (Andrews and
Pearson, 1984; Stute et al., 1992a, 1992b)

szum{wmma Oklahoma @auﬂmwaoﬂs:maw%’gam‘%m (Parkhurst
et al., 1992)
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Tuiln High Plains Uszinaawigaludnn (Nativ and Smith, 1987; Nativ
and Gutierrez, 1989; Dutton, 1995; Mehta et al., 2000; Gosselin et al.,
2001; Fryar et al., 2001; McMahon et al., 2004)

TN Milk River 132ineauan (Hendry and Schwartz, 1990; Nolte et
al., 1990; Hendry et al., 1991; Ivanovich et al., 1992)

%uﬁﬁ East Midlands ﬂizmﬂéﬂ‘mqw (Bath et al., 1979; Andrews et al.,
1984; Edmunds et al., 1982, 1987; Andrews et al., 1994; Edmunds
and Smedley, 2000)

w89138 UssineelSaaa (Fu et al., 1990; Marty et al., 1993; Castro et
al., 1998a, 1998b)

W84 Molasse Uszindaaaiae (Andrews et al., 1985)

a4 Madrid Uszinastdn (Llamas and Martinez, 1981; Jones and
Llamas, 1989)

%uli’] Great Hungarian Plain Uszinaginy (Dak et al., 1987; Stute et
al., 1992a, 1992b)

wev Great Artesian U3szindaaaiasiag (Torgersen and Clarke, 1985;
Herczeg et al., 1991; Torgersen et al., 1991; Andrews and Fontes,
1993; Torgersen and Philips, 1993)

1L Murray Uszindaaaasiae (Leaney and Allison, 1986; Herczeg et
al., 1993; Jones et al., 1994)

Stripa fractured rock site UTTNARILAW (Andrews et al., 1988, 1989;
Nordstrom et al., 1989; Glynn and Voss, 1999)
wesdjuansldaulugladnanodszna (Bath et al.,, 2001)

Auuds dssinasiarasuaud (Pearson et al., 1991)
soufitdamnagzinded Ussinausn@a (Chapman et al., 1993)
aonufiindaninusziiedss Uszinaanigaiau3ni (Yucca mountain,
Nevada: Paces et al., 2001; Thorstenson et al., 1998; WIPP site, New
Mexico: Bodine and Jones, 1990; Jones and Anderholm, 1996)

‘%WL{’] Great Basin ‘lu%‘g Nevada ﬂixLﬂﬂ&%%ﬁﬂL&l‘%ﬂ’] (Winograd and
Thordarson, 1976; Winograd and Pearson, 1976; Thomas et al.,
1989a, 1989b; Winograd, 2001)

TN Insz i aauUn Uszinalng (Promma et al., 2007)
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ASABWBNTIVY

v

31 NwnAne

A A= ° o o Ad A a L & ' A o o o A
Wu“nﬂﬂﬂ’lﬁﬂ%iulﬁ@li’si}aaUﬂf}HQ‘ﬂLiilllL%‘Eld‘ll%@]dﬂgﬂ’]d‘ﬂﬂl@]”llE]dﬁld%?@]WH%Iﬂﬂ
Uazanm 20 Alaay aneuias (U 3) andoyaludl w.a. 2546 nouiSuaILETUN 1
WOAINIEY — 31 WO HNIAN Iumm:ﬁqgmﬁuﬁuwﬁuﬁ 1 Hgwign - 31 aanaw
"Lﬁmmﬂaumqml,a:wwqiuma%'uiﬁ LLajﬁwmuLLawu"Lﬂaog’(mmmnﬁﬂmﬁa"l,ﬂﬁﬂi&m:
nadantnsrwwn
a aa d?/ U d%’ d'd d'
Promma et al. (2007) aSunsgnassaneudadusasinians U0 4 uza
@ & ¥ 4 4 ~ an & 2 A ' A = & a = o
MNWAATINVDITWINTILT WS 2 TG Tuindanudatihad duihatden wazinIinn
yus I ud 1 unibiva9TwiLIWIZ 1@ kU% (Wongsawat and  Dhanesvanich, 1983;
Department of Mineral Resources, 2001) TWiNAAMNAWITENRING 13 — 21.5 LUAT TUAY
a £ a & v & ¥ ' ' A & a P A v & ¥ =
WRENTINAMUAWY 13 — 21 LUaT Uanuswiinatnddatitas TuantnioINTassusUiIn
GaLihadlTwaLIN® LNk un a1z ad U g1 nunYaITUin & lens  TaInIY
azidoafdailasnndiTuin asuwihuianadidjaunusauihiduluwiiinisesaogs
N . . o sl i i
41N transmissivity LWAE storage coefficient Talasldisns Cooper—Jacob straight—line
' o -4 o @ {
method (Cooper and Jacob, 1946) 3¢ 1,988 @NT19LNAT % WAz 3.3x10  @N&1AU LiD
U { g; g’ L5 a Q( U, 1 >
1T NRRLAMURUIVAITHEN 16 LUAT FNUITTANTVAINIITN LADAT 124.3 LAY IW AN
w;uﬁ@hwhﬁ‘u 0.3
dq, AR & 1 < 1 2/ a . A 3 g/
Aunansudusiunisasussiiuianala (open groundwater basin) fauddiin
V1AW IZ N TEILIAA MM AR W aan LTI ALINUTITHNAIAY R WILaZYNLAN
AR TWIN A L TIAWN LT AU aNA D% UL IHaaanNTITHINAIILES WaS
[ dl L 1 :‘ 1 a a a :‘
F97 vaaan bl gInanuas duirataluuaslaifianiinisivazadiiuiaialassiu
ARILARINUANT AT AIUIRIAW I HE1T3N ﬁaaog&msﬁ,’]ﬁlaﬂmwaméma:vlmaaﬂvl,ﬂ;j
YN90ANVD I ﬁﬁmamﬂmmaaﬁwmmahmawaaLL@ia:udaa:vlﬁamﬂﬁuﬁ"nmgjﬁﬂUﬁn
& a £33 e :’ a A { v Z’ ¥ a 1 v :‘ g; :/ e
FINANIAFILARINUTITUIRIA Lﬁaamﬂ@mmﬁﬁu@ugam'}mUm TUILDHINIRINAL

NAUATNN A
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Chao Phraya Groundwater Basin

Groundwater Wells
River—Water Monitoring Points
Irrigation Canal

Road
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Clay 0 1 km
Fine—Grained Sand L 1

Medium/Coarse—Grained Sand

Vertical Exaggeration 120x
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31N 4. MINAABIISIUINGN

M3 razasihviana luiuidnsiunns maseauriaddin (local flow) Wunaaas
"lmmﬂﬁuﬁﬂﬂ;jﬁwﬂﬁﬂm:mma"lmﬁu 20 Alawes wazdnkitin 100 LuaT N13Laan
& A= S A o Aa A A= a =
AWNANUE 3 1ngHa A UsznMIuIn ansmnIgnnITaineasuianminanm
agliuar (Promma et al, 2007) UszmiNaad sezmaserinsudsinnisasanaiiainy

A a o L2 & o = & ¥ a

AN RN AalIzaunmh 6-7  Alaluas Uszmsgaring wNNIRaIRIENaanad i lwruing
v A \ o o ¥ , ¥ A [ 2 XA A

WIIAWLNEILNIFIN mnmagmz@umlmmm'ﬂmaﬁn@lumsﬂﬂmu‘ﬂamu N a2 Y WRAI

11 fasthagdn 12-15 a3 lafnan waznaanad llurwiin 2-5 was
3.2 uslwduin

LLﬂuﬁuﬁﬁmswzﬁ‘[miﬁ%é’amm@ﬁ’syml,ﬂmuazsl%l,rjmmﬂ 10 w1 Twitdlu
aznawtininiInLNiNwLazaNlLafe Lﬁ@qﬂﬁla"i}'u T2 NaUAILNTIALRZN I

WU ANTENTIITAFINVBILT LT quartz hematite pyrite siderite biotite amphibole L&
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pyroxene udadnmeanyuiuiova:  Banzgniivinmlesitanasgulasivdang
ANAWLNA N IURUULURIAN BTN IINIEAN  WAATNaWTWINAUUT NN LA
A R ' o ' o 9§ oA P’ = A
WWaltanunea ldlwauiae mama@zﬂaugﬂmmLLNI%LmulumuwmamﬂLLazmaulumm
AUNIENILEIRDN LLz\i”amsagaaqaLﬁu%'ﬂmvl,ﬂ@;Jai'n,l,uﬂmwm'mﬁﬂmaamnau FRAVDILTN

WU‘ﬂtQﬂﬁ"leﬂl"ﬁa LATIZRIINNUMTINRBILLURD TLaTw

3.3 N1ATIZTHNAIANT IR DIRILIATE
3.3.1 STAUWB AW

myisuasiih Ssseusiudinainsasdon 2 90 Ao waisinum (N)
%ﬁ@%iﬂ%ﬂf%ﬁﬁ’]’?@@?ﬂ’ﬁ fruarilng sunaiias FandaRsmlan wazwaiting (Y) Gizaagli
U3 masrnwinuLinsgsumMsnaenaneea 117 duasada suneungsein sewia
ﬁﬁ:mqﬂaﬂ (gﬂﬁ 3, a5 1) sausiudihenaienedladlagnssimann gauge
mmgmmaa@mﬁ%ﬂf}: wauANugIniteszaunziathunaived gauge alasldisms
ImﬂmmaamidaanﬁaammgmmmnmgwﬁngmﬁaQlﬂﬁﬁq@maammaﬂs:muu%nm
anasdsinlnaiuumInmaswsms

3.3.2 STALLIIARKILIANA

M S Irausewinies  dmdszneumaedl uasaNianng
mnmwiﬁmjuﬂaé‘uﬂ@mifﬁ 2 ngyl m\imnﬂg’dagj’%uLLajmfmmLLaz’é'ﬂﬂﬁjuagj’%uu&iﬁﬂmJ
(31]7"; 3, A151911 1) ﬂﬁjuﬂaﬁﬁg\‘]ag’%uLL;iﬁmmﬂi:ﬂauﬁwﬂaﬁmmmJ 26-31 L§iazlo
ﬂ‘szﬂauéﬁﬂﬁeﬂmﬁL@ﬂ%ﬂ%ﬂ@Lﬁuwwuqurfnaﬂa 2 fhfflanudn 18 24 uaz 30 LWA3
anwdey lasanzdiaasliFadaniu side—by-side s2uTUas wn 18 Ua Relafinoitszes
Yiansedsn? 1 washnule m:gaanamm@Lé’fumuguﬁﬂmo 2 L IURLNATIABTALYID LAD

v v

wue83n au%ﬂauaavlﬂsluslﬁau AMNIUNTONNTYRLILIBLYIaNTBILNENTBIUILIALE?

q
=<

Jthssteawinleazana  tesasdanldaszaunsiautinuianatiuiasasnlaszuu Wil
= v 4 A a % , ol ~ A a
TaAUAIFILRYS DALFUNIATIEIWLINENYIN Tauaaianfantseanm £1 oudluas 13
Tunnineslaniaaaatzuziialasinis
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v
]

A13199 1. ALAWBILDFILNANITELAZAD TN

HULLAY ANa mmgwadﬁuau (LU INN.)

26 1852334 N 0629789 E 44.353
27 1852342 N 0629460 E 43.536
28 1852260 N 0629418 E 43.007
29 1851810 N 0629585 E 41.973
30 1852130 N 0628511 E 43.283
31 1850788 N 0628613 E 41.691
32 1847732 N 0625039 E 41.414
N 1852358 N 0629850 E 32.408

1847659 N 0624959 E 30.417

3.33 ﬁﬂmamﬂﬂawmﬁ'\mma

BT AR (low nets) Aa NMIAANUVBILFUTUVDITLALUNILIANALAE
- . . ¥ , o o v
AANIINT AR LEUTUVRITZAUINLIANE (equipotential line) AATUNNMINNLTWH UL
maﬁagm:éfvﬁ’mmﬁa@m 9 LNBLRAIAINYINA WY BITZALINLIANS NiEN19nTIna (flow
. a £ [y o A v & ' o 7 [ v &
line) LAAYTUNNNMTANLFW UM BRRIN N AFUTUYINVBITZAUINLNIAALES LA tasaudu
Fwiinlalalnstnuaziivarfien ﬁﬂmomﬂmazﬁywﬁomnﬁusz?wﬁ'uwi’maai:ﬁuﬁ’wmma
v & & ¥ A A A v & a & Y ' = '
fudlwrwinnawlalalnstnuaziitolfed Laumaaaﬁ]zwu"lummﬂ@aﬂu mmzwmml@
‘3‘ 1 @ = 1 g > a 1 U g; 1
muagﬂmz@ummLL@mmwaaLLauvl,aMImﬂ HNAITINITEIWINLFAIL AN R UTULVINY S

%3 :/ = Y Y =) { g: J v v v { v =

TLAUILIANR I@]slmmma‘lmdmmmﬂﬂmamsvlmaﬁmmﬂmmaﬂ@mmaafm [Nasany
mil:*iﬁuLLNuﬁgﬁﬂi:mﬂﬁLLamLQWW:Lﬁu‘*ﬁ'uwiwaqﬁaau LATAANIIINH BTN TILLDY
37 LU EIRIAW AN IR L WA BARITAAANIIAIRINNULR T WLYIN luﬂaﬁgﬁuﬁ ﬁﬂq‘nﬂ
sytiangnlrandnems vauaasnisluazasinuiasiduanasguues9uagnanile

350U NT AL TIUE AT

1) mmmuﬁLLam@‘hLmﬂwamaﬁﬂﬁﬁ‘*ﬁagmzé’uﬁ’] tRanvaluwgwin
A [ A ] ] = =3 A >3 ' (%
W@EINW HIzarianIaIlaslaurianuINI NIRRT AUNZLAUNUNANILYINNY

2) ldidandansuKianunatsszes wadannldswnsalddandalaidu
dunuzasrzauunawi davhuaaanisgdlnavilnavesdszainalnosiulngiduiie
R I SV S RIIR A LﬁaaafmﬁLﬁ]mmlﬁwamﬁnmmavléfmﬂﬁq@ wanavltinuwnawinlyle
=} v [l [ v v 1 & g g; g/
wialtnaanansniTina lala stflzﬂnagavlmﬂumLmu"namuuﬂmam
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3) Navaiula L‘ﬂwv‘hLamms:ﬁuﬁwmmaﬁﬁwﬁm dougeanatoy 3
18

4) WIINAEIFA @h@iwq@ SIWLAUTULYN LAANYBITITERINSLEUTI
NAAAN LT ANGIFA = 100 LAY ﬂ"wﬁﬁq@ = 50 LUAT THTERIFRTWTINTAGAN = 10
a3 9218 MAUTMYN = 6 L GaudLEH 50100 1WA udtndaInslHEI9se gL
T AGans = 20 AT LLa:I%Lamﬂé'ﬂ@; a2l @ mnduTwnin = 3 18 ldun (& 60, 80,
100 LNQT

5) anLERlA UL UTWINT09TdUiLIeNs  Yindnda 4 ﬁunﬂﬂam{ﬁ
USusoudorduasalmuaulay Fonduiiindus i 1uﬂaqﬂuﬁdﬁwﬁwna§mnﬁﬁa
Frenardutwrinlassaluda mnuwdouisauinuwduswyn

6) Lmul"n@@ﬁLﬁu%”'um"nﬁé'ﬂwmmﬁa (bull eyes) Tarflursnandaniunas
9 T mmqmﬁnﬂﬂ"lﬁagaszé’uﬁ’lﬁi;@ﬁ?uﬁ@im’mﬁ%aﬁaﬂﬁ@ﬂﬂandmaﬁag‘ﬁ’mﬁm AL
nnuwlitufinrsduau s "L&iLﬁuifm:uﬂamﬂwmﬂﬁm%ﬁ@m‘sé'm{m%aquﬁw
LﬁaamﬂLﬁu%y'ul,mﬁgﬂiwaﬂﬁwgﬁ'unmm‘f’uaw vaflaiiAnd was ﬁnqwnﬁitﬁ%ma’mmﬂ
a:awﬁagaﬁLﬁadmmﬂuﬁ%mﬁmamaﬁ@mﬁw%a"lﬁmmn%y‘m{ﬂLmﬂ@mﬁu @112
At utasasaiialdrasuinstioneLdusyin AlEudidatasiamauanugndadzad
NwaNa atlieFsRnoNialaesF It wILRBsetaLden

7) mﬂLﬁ%@ﬂﬂiLLﬁ@x‘lﬁﬂﬂ’Nﬂﬁﬂ%ﬂ“ﬂa\‘]ﬁﬁll’mﬂa Tumslnaasesiuinunena
ﬁﬁﬂma‘[ﬁoﬁaumnﬁuﬁmng&ﬁqm{ﬁ‘ﬁ'LL&iﬁ’] wiFfidng luunuiazfududuass

8) ldosdtsznouvasunuil 11w ﬂﬁ'@ﬁtﬁumaugﬂ AeAtte NATIEIB LA
fadunusanyol

38 naaanamslraumdslsdimsaae U MUl

1) ’n@mwé'@mﬂaLL&N@T'}Lmuwamaﬁwﬁﬁﬁagm:ﬁuﬁﬂ

2) Lﬁanﬁagaafmﬂaﬁlm:aga@ﬁ'u (side-by-side well) UazlAILRUI
wwivrefiuuazriansasagluszduuanedrenu

3) saenszeaihfidmeviefiu WiousanEuningiudasznineviansasiutie
iy l%agﬂfnmumszﬁmmﬁuﬁw wavnsauldanfanasuasszasiansasns

4) Uszinmudnlaslddymauga Iuﬂizﬁﬁ"ﬁa;&aép'uwi 3 voduly wiadhd
W 2 Yo lddwimdiads Taglditds 9 mdenivitnauwinuiildasunelinewni
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=
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sznng I@Uﬁﬁﬂmamﬂmmam{ﬁmmaLﬂuLﬁuﬁg\‘lmﬂ%jaaan"l,ﬂmﬂizmu%v'uwiwaoi:éﬁ_l
L3I

waNANHNTIHa2 893U U AalE T nasza U uNaauazsi i
swdlaraua i aswulaslyluszningd w.a. 2550-2553 Smsilssufisunaiuen
T IHANILMITIULAZLMGS  MNuwILBINa AN TIravesinuansasniluszes 9

lavld 310 1
® LY 1 & a 4
3.4 NMMILNUAIDHUTIIWILASNTIIAIIVIIILAINEN

3.4.1 3Fmsmalduazsuiisuifanasgin

SPuazszuzianfuinedredrsiviaraiduwllauiasguicnis
(@15799 2) mnﬁm‘fﬁd’mlmyﬂ%monﬁﬁmmhﬁLaw"ﬁ'ﬁu (Poly—Ethylene, PE) Aawld be
ilwazaradonialalasnaasniionainlusanadin 1:1 udadssendistinazeona Al
WIAY LLSﬁLﬁuldqaazm@ﬁ@asmﬁﬂ%@ LOTLUVIADWIA 1 AT 31%I% 3 mmiaﬁ;mﬁu

ALY A9

{ & o a 1 &
A13199 2. ABUALITZIANALINEINIDEWUILIAE

A A a 14 aa ® o [
foNA329 J3u10540 ASNUSNE AN
[Nadaad] AR
u Q
filad (5 ) 1,000 WLEY 4 adeiTaLBys 6 Ta1N4
YBILTINTANLUNIRNG 200 WLt 4 BIFNLTRLTER 7%
+ + 2+ 2+ v A a a A aa ' =
Na, K, Ca , Mg 500 N399NuA LENNTA lUAIN 7 IaFaATAE 6 LAaw
%1 1 803
- - 2—- . | & A o
ClI,F, S0, , Sio, 1,000 WLt 4 BIFLTRLTER 28 1%
_ 2— L = = a
HCO, , CO, 200 WLt 4 BIFLTRLTER 19%
2+ v A A A A
Fe 100 nyadnui eunsalalasaaasn 20 6 Ao
Jaaaasaanl 1 aag
Tanznin 500 NY99NuA LENNIA luaIn 7 IafaaIde 6 L%

#1183

ﬁm: Eaton et al. (2005)
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1) 1Au I NaaIIdtaT Iz lonaw tNlanTe R INUlaToUGILUNY
GERSIIEG TN
=3 :/ ‘ﬂl a a v v A 1 a v v
2) iiuiiNeaiadiensdlans Aouldviauidn lansaluasnidudu

1 v 1 a 1

aunsenianudunsadudiiidiiosndt 2 lunsdjidfadunia 7-10  Taddasde

v

ABENIUILIONS 1 FAT VLaj@Tama‘IQsJ
° A A A v & S o o o @ o &
3) mdlauarafiniks ki dwihdrsesdniultaTiaiad
dauiiudadnainlavinnIguiis (well purging) teguihuanandslue
2 a A R & ¥ @ 4 o A o a A
naduwadszvie 5 win Lwai%mmmamﬂmum%mmf,;ma sl,mmaamqmviguma
AT WA TQU N I an b Lﬁaqmv&Qﬁﬁ%ﬂﬂﬁﬁﬂﬂﬁﬂﬁmmﬁ%mq@guﬁ’]ﬁd W&
BUARLALAILNS
A A Ao " @ o & . A A
WwIsslaNiiuneasanunLadIwNN kNI UaNann (bailer) TiAe
A o ° o R ' = & A o A ' 4 o
nzuannddlunalrsdnsulanin dua1siinaqtlalatas tlandanadliinag lwatdniain
U 1 { l&/ g’ Q 2/ L= 1 Q U :/ [ { v
NG LaLNTWINRNaIENLNANadatdzNaN LN T e ez Ll lrasaniinu
PINWUADILNIDANNIIA WU ﬂ‘%asl,%m%aaﬁaﬁugﬂaaﬂﬁaﬁuﬁai:mﬂmaaﬂ A5hana
A v . &
AamInanvasinmelulalafanszuanduan
NMI93193LA RN IG IR UNIIN WAl aFwIN Taun audwnyade
@ (pH) amn)d aanBlauazanain (dissolved oxygen) M3 MmNz (specific
conductance) LazAngInang (redox potential, Eh, ORP) mﬁ%ﬁﬁi"ﬁﬁﬁaﬂ%aﬂhu (flow—

through cell) Tanrumsasviaiatlasnulaldiuassuianuennia (U 5)

IE===
'(

= 'R 1 aady o & q v o o o vy o eA € &
3‘].]“{] 5. L“ﬁaa%’]vlﬁaﬂ’]% Phils aanuuﬂﬂ%mawaﬂummmmzlmmﬂnm@aﬂwaammmmm:

6
ez louas
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370NN TInANTUNNILHIRAN WD LWiﬂzlﬁfﬁ'ﬁjuﬁ'ﬁ@aﬂuﬁwmma
v ' v ' ' a o A o @ & & ' ad A v A
araganarawi lasataruasanunvinluniiaanuunsatduen wdIsngndashe
o ° . A =

szaasigInzaulauas (Zobell's solution) FaidussazaisanasgiuvesluasiGoune
& , o ea ea \ @ ' o L 4
I5laaludnnsnuardngIanandnuina lanwmu:Lngﬂmw‘lnaummMLL%agluuw
VIR ENIN IAA K LﬁalﬁﬁqmﬂgﬁLﬂﬂﬁuﬁuﬁﬁmmaéhamﬂulfﬁaﬂmmu anes
@1ansﬁmaamiazmﬂmum‘i’l,l,ﬂsmﬁwﬂﬁmuqmmgﬁ LT gD d 25 adrmiaaiFoaiian
430 Aadlad aownnil 30 AsETaLTyalaN 415 NaAlae uwazaannil 35 A RIGHGE
A1 405 Fadliad Uudu (Wood,  1976) INUUATIVIAAIANSINNTNINNUILIANA

o . | o o &
@]’Jail’]\‘]LLﬂzﬁnﬂaqiﬂzaqﬂIsﬁLUa LLa')u’]ﬂ’]ﬂvLmﬂﬂ’]u']m@ﬂu

Eh,, = Eh,, +Eh Eh

sy Zobell Zobell ob (1 )

a o  eal 6 g’ d' v A a A 6,
lagh  Ehy, = dndaaanduasiiuienafiuiaiy [Iadliad]
o ea & & A o A a s
Ehy, = @ANH30anGu89inu1ananasiia be luaaauy [Nas 1ad]
e  eal 6 6 A A a 2
Ehzoper = AiNSI0aNGU0I838za8 I DIUAMUNY BT [H8d184]
o eal & &l o A A e
Ehzopeiop = ANSIABNTUBIRNTAZAN LBUASNATIVIA bA LAARMNY [RAALIAG]
' 4 a a a S Ao ea &
LU dunanalgmnnil 25 avruaaldos Tianunnujdandinanduad
8138z LTLUAR AR 430 TARIIAG (Ehzepe) MNBUATIVIAMANTIAONTVRILIAA 1Y
MAFWY (Ehy) LoLYNAL 30 HaALIAG LazAndinanduadanIacals LoUaaNaII3a L6 bis
MAFWY (ENzopeiop) AT 200 TaA 1286 A9nuANIInanduo9inuIaaNuiady (Ehg,) 393
ALYINNL 30+430-200 = 260 HaALIAG a1 lA1 30 Aadliadazyinliudannunansssuy
wilvasriuianaia lunui
A15191 2 LEAIAIBENINMIINBIRNINBIGIBEN9LIANE LiBLANFITLAS
Snwan wual Iiudivaan 9 iweldiuazarsdwiaidoinunuin Geaanuasls
gewana@n 1 Tu ugludshudslagldliiudeviauneria ndunsuasianiazaiuvad
WD ILRZINEINNNITRZAN8NIA8ATNIANIN
§RTLaL9AILANAIANIN (QA/QC sample) $1I% 1 628Ed |diALE
lonliudsldanatiansdludesl judnannudunth  msanaliensiquaini
o a a ‘é o |
anagiiumsamaitanespudsiivualas Eaton et al. (2005) tHuuiasginluag
Aa Aa {g; Z/ a g‘ a l=l.
ATINNTANTATIILATIZANINAUAZILFY (A15191 3)
mItAuaassiuiamawassiiwdinyinestestas 1 aseludauaman
lasflusnldanaia 4 szozann 30 1 udln 2-3 amatatlaz 1 @33 Wesanguninib
AN oA o by V¢ = A =< a va o ' = o a
maaf i Asuudasnnnin suddAunanudn 30 wudtaslafii Aewnusiinng
ATBIAILNTLANBATAIVUIA 0.45 um MWTUILIalmMTAunIsiansaduas lainsasaas
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ATTANENTBIVUIIG 0.45 pm HIULTAA biarundlansasnielu (Puls and Barcelona, 1989)
dadaindsziugunmiAugn 9 10 drad1s mIandanzimaaiivinnnaly 1 Junas

udagslayldiTnsnnasgiu (Eaton et al., 2005)

A15191 3. 3%’@5’;&13Lm”nzﬁqmmwﬁ'lmma

ReNas0 35asdanen
pH, T, SC, DO multiparameter meter
TDS 2540B Dried at 105 84#NLTaLTYUR
Na+, K+, Ca2+, M92+ 3500B Atomic Absorption Spectrometric Method
Cl, F, 8042_, NH, , NO, 4500F, B, C, F lon Chromatographic Method
HCO, , CO;, 2320B Titration Method
Sio, 4500D Molybdosilicate Method
Fe 3500D Phenanthroline Method
Mn 3500B Atomic Adsorption Spectrometric Method

'ﬁlm: Eaton et al. (2005)
a 6 [
3.4.2 Wﬁ'mmaimﬂa%wuaﬂaaa%wan

WITNHLADTNIARUINLAZRITN bULRD mvlﬁgﬂm'mi'@lumﬂamu laun

a

gannd (1) M lnihdwwnez (sc) aonBLanazanetin (DO) pH uazdndiaand (Eh) N3
mni’@ﬁﬂﬁuﬁﬁmsguﬁaﬁ%’lﬁﬁ]aﬂ@ﬂlﬁﬂ%aa YSI-556MS multiple probes fiutluwiaas
Tarinn s1maanGLauazanssinle membrane electrode Al detection limit L¥NAL 0.2 mg/L
(Rose and Long, 1988) Eh 135289 Wood (1976) nstinszisvinseatens
fnsulesaunan ‘ﬁ’:ﬁ@ﬁasi’mgmﬁu%'ﬂmimmﬂauﬂm 0.625 mL
HNO,/125 mL water lua3a PE TJ@NWI@H"L%“WaammmLa:LﬁULLﬁm{WLLﬂd"L’?ﬁqmﬂgﬁ 4°C
Aauad geasfiidnms mIanaierzianind1slditlasaia Bicarbonate (HCO; )
1935 potentiometric (back) titration Carbonate (CO, ) li3T& wans Chioride (CI) uaz
sulfate (8042_) 1535 ion chromatography Silica (SiO,) 1535 molybdosilicate Sodium (Na+),
potassium (K+), calcium (Caz+) LA magnesium (Mgz+) 1433  atomic adsorption
spectrophotometer (AAS) Total dissolved solids (TDS) 145%auusefl 180°C uas

WIsuingunuaNwladnnann SC
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4 A 6

3.4.3 diBdsn0ns

TanedIUNNANNTA 0.625 mL HNO4/125 mL water 4239 PE &L
ferrous iron (Fe'') LAuNTA 2 mL HCII100 mL water Sulfide (S~) 1435168 2N zinc acetate
solution 86131 20 drops/100 mL sample Sulfide (SZ_) 1535 methylene blue Nitrite (NO, )
ez nitrate (NO; ) 1535 ion chromatography Ammonia (NH;) 1435 nesslerization
Ammonium (NH4+) 1575 phenate Fe2+, total iron (Fey) 8E manganese (Mn2+) 1575
atomic adsorption spectrophotometer (AAS) %\‘Jﬁ detection limit 1szu1ak 0.2 pM Ferric

iron (Fe3+) VL@TaJ’lﬁl’lﬂﬂ’liﬁﬁu’Jmﬁdf: (Puls and Barcelona, 1989)
Fe’" = Fe . —Fe’" (2)
I(ﬂsl“?i Fe3+ fa ferric iron (mg/L), Fetal fa total mobile iron (mg/L) LRz Fe2+ fa dissolved
ferrous iron (mg/L)
Tl 2-3 ldfinsguasnslfdiaand ldun ferrous iron (Fe”, total iron
(Feww), Manganese (Mn’), sulfate (SO, ), sulfide (S°), nitrite (NO, ), nitrate (NOs ),

ammonia (NHs) L8z ammonium (NH4+) U 4 A9
3.5 NIIadsLUULaznIstdanNRNIY

MR AN E a8 089NN TATIIIA TN LN A a T RaN 83 T adl

1) auAa1s29 (charge balance) 1@ nuinunanasssuma Buannulasmiag
lasaunananiadniudafasidulafdniniaudaadas I@unnm%ﬁmmimmq@%%
VINDZABY LATAMGIBAILIEY UAIAIWITAY ANMT 3 NaMIATIIIATIE RN TRl

auqaiazy laiiuasas 5 (Appelo and Postma, 2001)

2CA+ ZAN (3)
CB=——x100
2XCA ZAN

lagfi cB = auqaizy (Fouaz)

CA = 1323U7N (meq/L)

AN = 13981 (meq/L)

2) ﬁaaﬁﬂawfﬁﬂszﬁu@mmw mmﬁsmL‘ﬁUuﬁaaﬂwaﬁﬁﬂi:ﬁuqmmwﬁué’hashaﬁ
Andnanindanuuandsdiosla luidemmuauinewinanuuandaioslaisezidng
idatie elinsmuamdmms

3) 5358 TA e ldunneawdSoufieu
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3.5.1 losawnan

a 4 . y . ¥ Aa {
Lmugu'ﬂmlmwas (Piper's diagram) 1°maaﬂmi°nadl,l,wugumum§mu
(trilinear  diagram) ﬂﬁju"l,aaaumﬂagﬁmsﬁwﬁa ﬂﬁju"laaauauagjﬁmmﬂﬁa el RGP
Lﬁu"ﬁmm"laaamwiazmjulu%mEJ meq/L mﬁwmmé’mmmﬂuﬁyaﬂazuazaaﬁg@lmmugﬁ
mnﬁﬂmq@ﬁ'mmiﬂﬁagﬂ%mﬁw%mmuﬁ@ﬁmw HUIANAN b NN T WA LIN

A o 1 ~ a U % v A % d' v & a 6 g/
a:umLmuﬂugﬂamayummmm@lﬂammnu (31N 6) AITU WANIATIVTATIZAUN 1
o ' v A A ' =2 A A o o o ol
@1a819 L baLNe 1 90 wmﬂmlumﬂawm 9 lugﬂamaan%mmngﬂwlm
o ¢ , , . ., ¥ : v v
naansatanniadl (hydrochemical facies) tuvasdradnsinnu o (Ui 7) lunisi s
mmamn*’ﬁ'uﬁwmmmﬁmﬁ'uﬁLLmIﬁm:agluqﬂé'ﬂmﬁqﬂmﬂﬁLﬁmﬁu HALIULAG
Ao A A A A o v a A ' A
FTAMINILAIRIanIzuIuNIaL 9 P lRiAen il feuwudasvasdiudsznauniaai

PIUIVIAA

daluftazaBunedTamaaluunundninas (3un 6)

40

JAVAVAVAVAVAVAN

20 NN NN/
INONANININCNONIN
WVAYAVATAVAYAVAVAY,

80 60 40 20 20 40 60 80
- —_—
Ca Cl
Taaauuin Toaauau

Eﬂﬁ 6. LLN%Qﬁﬂ E'NVLW L‘W9§
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n.90 N ﬁmmjuvlaaaumﬂﬁa AN NT B9 AT NU IWILN /LT Y
Sauay 53 uaaldouTauas 22 uazuuniduNTosa: 25 4 leaawudnitlwiasas 100 wazd
] 1 A 6 v s (% 6 > 6 v
mﬂqu"l,aaauauﬂa aaalieTaas 32 TatiaTata: 14 asuatwaunuluaisuaiuaias
az 54 73 laaanaudlusasas 100
a 1 =} U U =} s =
7. 99 % umngu"[aaaumnﬂa ANV TRV LA T NNU IWUN /LT
Souay 15 wARLTINTaUAY 32 wazwNnHLToNsasas 53 LLa:ﬁmmju"laaauauﬁa analyd
Yauas 13 Taasosa: 54 arsuawaunuluasuaiuwaiosa: 33
A P o v A ° ' A A ' o &
\Wae 31 6 LL&QI%LﬂUU@WLL%%d@@%’]ﬂ 3UN 7 1iadmwdrgaansalgnn
r=| L 1 1 =1 Qo 6 A r=| r=| 6 =1
il A28EN9LTH 99 N umanwmqwnmma‘[m@uu—‘[ﬂmesnuu—"lumiuamm 90 7 A7
s 6 a A a A s
ansolgnniadiae uunidou-Taine

"o G ’
\ laidianvme -
A
Al ' 4 \ 3 £
\oweu .t
Boigy . Tidig * a
wAaLoN . ‘
Y S Wuaaddan Tumsuawa, . eaalsa
A \,
50 50
B — o S
Ca cl
Taaauuan Tasauau

‘:' o ¢ a1 a ¢
E‘.LI‘YI 7. i!ﬂﬂﬂ‘]sl'mq‘ﬂﬂl,ﬂ Ni%tlﬂ%ﬁ&l“ﬂ El\‘i\lw INa9
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3.5.2 uWw)a ph—Eh

MIIATEAIDUSNLRD TV DIRRT LAz HN LA e I B a8 L1

wWuNi pH-Eh LLﬁﬂﬁmqmaa%myﬁaﬁwu
3.5.3 N1391aaILUUFUBLOT®

lusiharagniudazaw lavinnsitaesuuuallfiatwiNeduios  saturation

index wa4laaawiiallsouifisunuussfiads 9 ldsunsuildfa PHREEQC version 2

(Parkhurst and Appelo, 1999) LLiﬁﬂi’]ﬂgin%ﬁﬂﬁ&]’ﬁ]’]ﬂﬂ’]‘iﬁqfdLﬂ@lLLﬂtﬁi’]LL%ﬂ‘ﬁﬁ@]ﬁau

v & o AA A A aa X A v @ A A ea & A A

wind dualadnlueniiags Insnennududwuesdlidinandasunwunniiie
Wisuifisunuennams maussitazisauinandnlsing

(% v
Q/

3.5.4 éﬂé’ﬂ%ﬂamffuaamimaﬁumﬁatﬁ'ﬁéﬁ%ﬁ'\

o > A €A a a v v G € AA 6

fauIaandinmsiasAlasRansanananududusessaandatlddan
9 Aasuulasnnszoens laswiuudaaasaniu

1. WATANTUVDIBBNTLIU- LLATA (Oxygen-—nitrate reduction zone)

2. LUAIANTUVBILRAN/WAINIE (Fe—/Mn—oxyhydroxide reduction zone)

3. [WANIMAauINI%E (Mn removal zone)

4. \UAIANTUVITALNG (Sulfate reduction zone)

5. LUAWANULAZUNIN BRI (High Fe/Mn zone)

a [ & o A
3.6 ﬂ']il,ﬂﬂLﬁﬂﬂi%%quqﬂqaigﬂﬂ@]%

v a 6 a v =} d' d' U Q aana = = =1 1 =3
wiwnaAtenzdnuisluedanineidesnul jizeeiuasiaaivesusinanuass
A 6 = A ' A a o & A o &
UIguaananshadd 9 Maefisneanunld annuwuuruu lilua1sn inesannes
{ a ;3/ Qs 1 { :’ i v 1 { et 1
N UIUNINAAUWNULREINNNIVaIRAN W UNAa IR TN REAAA AILAZAaLLAIN A N
ﬁm@;Namﬁmmiﬁ'wammmﬁLmﬂ:ﬁﬁwﬁvl,ﬁlumﬁ%'ﬂﬁ @iammmﬂuuwugﬁuam

ATEUIWMILAAARN ML AN TR LA
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41 w3 luwdni

@zﬂaumiﬁ’]ﬂaqﬁu Ao mﬂauﬁ@mﬁunwa%i@nwﬁiwﬁnmuﬁwaamiﬁﬁﬂa@ﬁu
nyouaznIatduswinnauin wdodwniouilsazldwvinvasuinnIatdwrwnusiile
m’muﬂammmvlmLﬁﬁ;jﬁauazﬁﬂﬁﬁaq@ﬁuvlﬁ 13N IAaE% I wILaIaznawiNy
Y o o & Adda ¥ ' = 3 o o a
WY aznawnIIanIgIzannUN AW NInTuasn L InalTed Tudiasanudnuaziia
ANINALTIZIUARING NIINIALNTIVITI TV AL AaL T wTwnIIanINanedaLihag laan
%‘%aLLi@umﬁmﬁLLmuaaﬂagjluﬁwuﬁ@mmﬂmﬂau%é‘amnﬁ@ﬁwi'mﬁuaan"[ﬂmn
LN

Twindsznavudsnanieneiulasdawniainazninouwiladwsuiukn Twin
ALNAWUINNITINT DI TUUILIINTZLN m:ﬂaummﬁgﬂﬁ'@wwmﬁunﬂ@slmzu,aﬁn LT
lasenuluvasaznausiNiSenin suaaususin (point  bar) assiindawnisldanu
NALIAN mﬂauﬂsmm’lﬂmmﬁﬁ]:ﬁgﬂsﬁﬂ@s;mwLflu%u%mLLa:m’J@iaLﬁaﬂmwzma
Ina 9 'ld aznawihminiiuiiueadngs iwszihdauszldtihann aznauihwindazy
. o
1290 auih

1) n3ansavasamigailaain ﬁ'ﬂazawé"sagau laun wdsihidwszeonuazanan
A o ' , a . & = < A o
@4 39 83 waziw) wainlaalazanan (VAUAZT) WIMOLENULAZAUDY 9 lumeld na
ALIUAN WAZANAGZIWBAN @znauﬁnmmﬁwmﬂlmyifﬂﬁmmnamugaLLa:@T@mm@?} L6l

¥ ) { 1 Qs ] = a Qf U, U
LU RIULANALL T WA RN UINNIILRZAAUWI LG FuLTeaNnTUaIn1ITNlaTa7 10-100
1 s v ? 6 1 <o & a o
LWATADIW bR 40-60 @ﬂmﬂmummamﬂM TallanunIngs
1 L% 6 & ?,’ v

2) NIIANIILNAWUBIFLANAIYAND LTS TWINNN DA URWINIA A TIL
(graben) lTumananaiiondt udsihunaadwszen lasdasaginiledsniauasaisad i
ARDIANLNANTE %’mi’@qmamﬁ LFUNIT WBIUNIARLIINIZENADWUY LL@iﬁ'}éfoa%iﬁ'm’h
%’m%’@ummiﬁmmwﬁmqam‘wumum 2IUNTN WAIRIVIANRLIINTZHIAAUAS
Iummzﬁmﬂmﬁaﬁlzl,i‘flml,éoa:aw:ﬂamzmngL°1n LV WAL Tl wazwaIsnlng
f1sulunaazaalnal %’uﬁwqmmwﬁﬁmmﬁﬂ 170-300 LNAT T dunIransneney
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wazunsnadulaufwmnion §51unanste Tuusssnszonaansnasnwin 7 9 udas
Tulanunulszanm 50 lwas  sudszEnivasnsauladen 55-80 Lwasdatn uauLs
NIz R awLnad lAn1IE1T9819azB e ﬁwu‘%nm’laé‘?&agﬂnﬁma W1aneene
m'aw‘%mﬁuvl@i”tﬁaamﬂLﬁm‘fﬁmmLminﬁgﬂuaﬁma:ﬂaqﬁu %uﬁwﬁ@%a%iuu%umﬁaﬁﬂu
maaziuoandganiiearaniosniadn digunuiuiiunaasunzia wenanit sewuia
m{wﬁéﬂmamw%asé‘nmﬁl,l,a:éwmaﬂaawqa FanTamunansy sulunjunnuniuas
WuLialanzanunnin 450 was Lwimf']aju 70-80 a9ANLTALTE

uslugusinfing laun Fanlng (hematite) N ING (magnetite) 3ai l1d (ilmenite)
wWaslalasd (ferrihydrite) 1wanaand lansanloe (Fe—oxyhydroxides) tnatne (goethite) &
va'lud (limonite) Fiaalyd (siderite) Tw'lsd (pyrite) aalalnlsd (chalcopyrite) 2@ lulw
(51 (arsenopyrite) aalad (augite) FOSULLAUR (hornblende) Tod3u (olivine) wazlula'lng
(biotite) (31} 8)

CENTIMETER

P & ¥ ) . ¢ . & & .vL A vL ¢ A A _a
E‘JJ‘YI 8. AZNaWNIIBTU Uznaualuuinlaad witWaasUls wituni wsgune waziaeis Jgiy

I3 =) a
FARNLARBUNILIN €
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42 ANAAVINILA

nuanIaTalasldiaIaslodndnuuiiinudn wiskdiwn R suLe s
anuanlnaAsIn, uiiwIAwNIINILNENEY 39RUSIe TN InarI kNN e
(U 9)

(n)

46

40 //
) \ s
) \ /

\ /

f\ /_/—\_/

-70 -50 -30 -10 10 30 50 70 90 110 130 150 170 190 210

U

AN (NINN.)

32

ITHIN (N.)

)]

) -

< 39
s
r
2 37
: \ /
pd
F
G 33 \\
)
31 W
29

-80 -60 -40 -20 0 20 40 60 80 100 120 140 160 180 200 220
ITHINN (X.)

1
o

31 9. Mwaapsuain (1) withiu o 39 N (2) waithey o 99 Y T i 15 fwanaw 2550
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43  WAIANTIMRAVDIRILIATA

] v

J2AUINUNANA (groundwater level) fa srausinldauiiduszuusesdatening
vnaakaze M atduauin lidussawSenin szauihlddu (water table) wadtduausin
AUIIANITENIN T2AUUIIAUIN (potentiometric surface) T=AUUILNIANANANVINALLIIAWYN
(hydraulic head) ussawshiiuanrinldunlunmsenssamsaslagianizludasdians
wWislumaizignnine 1w szauviluusiieziiondt szauiuaith (iver  stage) 7
v & o o 7 ' = A o 7 & o &4 Aa
Jaduszauusiduinetnants lwsaeiszauihueaadudwinldlusnsannssdine
Tagangluanunaauy e Hubbert (1940) LWELWSHANTITLIN T2ALINLIANALTITIT

v A o & A R A v ¢ o A
uirfaussawinnTamaniateni efglEdniunuiwEasan

NANNTI8284 Hubbert (1940) a5UN8737 WI9AUIN (total head) ludatindunasiy
P290NUFINNEAVINzIAUuNaIVeIlaNsa a1 VBT (elevation head) Uazszez

o oA £ A A A o Y | -y
WSIAWINNENFIUWAN (pressure head) (3U 10) TaiAedTaanuaNURMILLBIBIILAE

AULI 5%1,‘1?&8\‘]%’1%'171LLiGIﬁNﬁ’N"ﬂQGIﬂﬂ A9%h

izz—- i S

A
P
h pgi\" g
z
\Vi y
31]7'1' 10. 3TAVUIIAWU (AALL8I91N Hubbert, 1940)
heze— (3)
Pgw 9

lagfl h = S2eUWIIAUIN (hydraulic head, total head) [L]
z = mmgommzﬁuﬁwmLaﬂmﬂmaﬁﬂmwiaﬁu (elevation head) [L]
P = anuauin [force/l’ = (MUT)YL” = MILT ]
. & 3 . ' &
Py = ANWAWILUIBINILMA [MIL] p 811
g = anussdwitasynanussldutasueslan LT
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o e Yumed e A X 4 .
i:@mLm@um"LaJ"lmuagﬂunm M9 9 Nazauiuanahilfssulasaunaia
LEND mm@;maamimﬁsluLuJawaaszé’uﬁnmmamwumﬁmuvl,ﬂEl'avl,ajmml,m%'@ ﬁaa;ﬂ
=4 = C‘ly
Tuafadaad
a g dl a 6 c; s :/
1) gana f]g]mam@mumﬂmiwiaﬂmmaumam‘n@m M3 u WU RITEADYIN
vnaanelulinnie g azaa@ﬂﬁaaﬁ'ﬂqg}mamaﬂan [ F1RTUlwAALATaAa ka9
T T AN : &
Uszinelng dvaasagTuusi i:@ummmaa:a@mq@lwﬁaum‘muu LLa:muqaqﬂiu
@A nNREIY% TzaURIUIaat sl asauszautin i ﬁﬁﬂaé’f\iagﬁ’mﬁnﬂl,ujﬁ’l
s :’ ‘:3/ a IS v 1 1 J o
smummmaamugaq@lmaaqummﬂmﬂumu YN INTIIIRNITERININ WD U—
A A a & a &Y VoA ] 9 a o A o '
WOAINBH ﬂam@mmuvlmaavlﬂgmum ngwﬂuummvlsﬂ% W N298DWANNIN LT
& a o & Y o a £ =< o & A, & = o = @ o
AMUR WV AITWD ANUTWELREFUU T2 ANTAIT Leua I TNt 1Tudw attd Heuedo9
=2 'Y ' ' a ' @ A a A A A ')
s=anlfiauadin waazdisinalingmiauandeni WIDLNANWANRIaRNAN LI AN G 9N
AN T DL AWV DITEALUNLNIANRILANG1IN W L] dasRa sl wnyably
oA 2 _ A o ¥ &
2) WILANUWIAY (vertical recharge) DN¥LANNIN smummmaﬁmugma:
W asuLUada819370157 idutas sausinuianantlfowaladttay weatnbsnany
39N ANLWIAITNAG 8T AU LN a9 I3 T wN N A 89N N9 TINIT LT
A ¢ A A [ o &4
n. 3898196 (mound) TiAa s:@mLLsmumﬂHuga‘lu@auﬂmwaa
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an’]ﬂﬁ’ﬂ%tﬁﬂ%tﬂ 8% N.A. 2551

+ 2+

2+

2+

3+

ia pH Eh SC T DO TDS Na' K Ca” Mg~ CI HCO, CO,  SO,° Fewa Fe Fe

1 632 77 275 280 <02 165 214 178 234 59 2 13417 001 7.5 821 7.20 1.01
2 668 79 242 286 <02 140 85 104 275 7.0 7 11828 003 <01 951 836 1.15
3 651 -59 200 284 <0.2 165 244 179 224 51 2 14879 002 45 1075 9.05 1.70
4 647 —44 293 286 <0.2 175 266 1.68 220 50 2 14636 002 58 1035 9.02 1.33
5 652 -51 311 287 <0.2 180 159 172 268 57 12 11586 002 125 882 7.61 1.21
6 649 43 270 284 <02 160 7.0 119 295 82 8 11464 002 7.0 1852 1550 3.02
7 665 -74 320 264 <02 192 162 157 337 62 3 15853 003 <01 2340 21.00 2.10
8 650 17 328 27.7 <0.2 198 20.8 154 300 7.2 2 15001 002 140 1532 13147 2.15
9 663 -81 135 283 <02 78 46 099 111 51 4 6707 001 <01 4.80 453 027
10 645 -91 312 282 <02 186 244 191 242 55 2 15246 002 1.0 12.65 10.85 1.80
11 669 -99 265 287 <02 157 14.4 091 289 7.6 3 14511 004 <01 11.38 10.05 1.33
12 6.83 —128 421 289 <02 246 91 179 403 117 20 16459 005 130 872 7.52 1.20
13 6.63 -107 380 284 <02 225 220 1.32 333 941 4 190.24 004 <01 19.03 1820 0.83
14 671 -93 295 281 <02 170 239 128 289 52 3 15852 004 20 17.14 1530 1.84
15 690 -96 320 28.0 <02 191 191 142 390 27 5 17066 007 <01 132 1.15 017
16 679 -84 250 286 <02 143 133 176 216 46 3 12802 004 40 955 837 1.18
17 645 -138 300 27.7 <02 175 147 131 256 80 3 15368 002 25 1037 925 1.12
18 662 -97 322 271 <02 191 19.7 100 246 7.6 1 15853 003 55 11.64 10.06 1.58
19 665 -96 318 269 <02 188 186 1.15 243 80 5 164.63 004 <01 865 7.79 0.86
20 6.74 —123 360 4.24 <02 223 323 026 27.4 57 4 189.00 005 <01 14.95 1259 2.36
21 663 —108 243 282 <02 144 160 030 176 59 3 117.07 002 15 19.35 17.21 2.14
22 665 —108 372 27.6 <02 225 269 029 386 81 3 20365 004 05 1478 13.02 1.76
23 664 —115 331 27.6 <02 196 217 027 229 7.1 2 15487 003 <01 17.89 1541 2.48
24 673 —110 301 27.3 <02 178 200 031 17.7 67 3 12193 003 15 1575 13.38 2.37
25 670 —120 384 27.5 <02 232 327 217 204 6.8 4 15242 004 7.5 2198 2005 1.93
26 767 23 137 289 04 74 43 110 111 52 4 6907 001 <041 381 361 0.20
27 511 —111 172 287 <02 92 45 130 140 53 4 81.00 001 03 370 358 0.12
28 518 —109 157 296 <0.2 84 44 100123 51 5 7014 001 <041 395 372 023
29 559 -84 199 292 <02 106 6.5 0.81 223 50 4 10830 003 <041 831 721 1.10
30 3.80 —170 270 291 <0.2 148 160 028 165 57 3 11800 002 1.0 19.00 17.80 1.20
31 512 —113 291 292 <02 155 144 081 298 7.4 3 14800 004 <01 19.00 1820 0.80
32 481 —130 196 301 <0.2 105 134 150 202 32 2 12030 004 30 855 7.35 1.20
N 68 7 162 283 54 8 42 120103 34 5 7230 001 20 001 001 0.00
Y 481 130 196 301 1.9 105 59 092 201 40 3 9800 001 <01 001 001 0.0

Wi mg/L 8ntin pH, Eh (mV), SC (uS/cm), T (°C)
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19 oo '

15191 5. éhashaqmﬁgﬁﬁ%%mmsn‘saﬁumﬁﬂuﬂﬁﬁ 2552/2553

Juh N 1a26 Ua27 1Up28 129 130 Ua 31 1p 32

Y

15-11-52 29.8 28.6 28.3 28.5 29.0 28.8 28.4 30.0 317
7-12-52 26.0 285 28.0 284 28.9 28.8 281 294 26.8
2-1-53 28.2 28.4 28.3 285 29.1 28.7 28.3 29.8 318

6-2-53 28.6 28.3 28.3 28.6 29.2 28.8 28.3 30.0 326

6-3-53 28.6 28.2 28.3 28.7 29.0 28.5 28.3 299 341

3-4-53 31.2 30.4 28.7 28.9 294 28.8 28.4 30.8 35.2

3-5-53 311 28.6 284 28.7 291 28.8 28.5 30.0 326

8-6-53 31.8 285 285 28.9 294 293 28.5 29.7 319

3-7-53 30.5 28.2 284 28.8 291 28.9 284 298 335

3-8-53 29.7 28.7 285 29.0 29.3 29.0 28.4 298 30.3

5-9-53 30.8 28.6 285 28.9 294 28.8 28.5 30.2 31.2
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Zone |
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Zone lll
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4 ¢ & o &
E‘llﬁ 13. LLN%QQ‘IIB\‘ﬂ‘ﬂLWE]‘S“IIEN%'IU'W]'IEIGLHLEB%LNH1El% N.¢f. 2551 ﬂﬂHm‘&:'ﬂ'NLﬂﬁ?lﬂdW]U’]@ﬂﬂ

Aoudnenaiiludl w.a. 2552—2553
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This study (Winkler Method)

This study (Membrane Electrode)

Barcelona et al. (1989)
Groffman and Crossey (1999)
Brown et al. (2000)

6 8

Dissolved Oxygen (mg/L)

3111 15. ANMNANNWEIZHIN Fe’ uaz DO
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o aadq, A 6 . . d. g’

NAMIAWIBLENAIA0IFDTRE9 9 LAz saturation index Laadlk A13197 6 10
uanaiigasnsalgnnaluuy Ca-HCO, wazdl pH daudradunand shnananiaiuiu
UL SO, MIAILANABNT pH waz laaunan

1. azgiliilon aUdiduRa A-SO, complexes N1 pH @1 SO, 84 uaz AL(OH), Tu

d' oI o o a A 1 Id 6
SO, fidn MIasiavihen exglifoudwannidunaaasyd
=3 a ' 5+ { o
2. wanasn alasiauda polynuclear hydroxyl-complexes Fe;(OH), f pH @1
) 3+ ' ¥ 4 d ' 2+ A & )
e Fe g9 wa L L dunansellddaudia Fe(OH) Lﬁaamnmﬁvlum?uam@ga w3
Fiaa lsgaslunumienlusuin srmAudalaan Stumm and Morgan (1996)

HamMISwInuEaIs LI lesauwdudiiaIaufsuiuuinu udldlgduimn

rhafunudaesudsifazdnngadais uudraesenulaniavas solubility control N3

LA 4 A A N o ' A o ) ) A
syhfintegaimie lildnnannisanaseudsauddwiaondssune SI uaasiuslad
Unngluszuuusziiasanwinaanuianinviaa (SI>0) wilarasazarawdn luluin
U108 (S1<0) mM3finianalifagaTaduinnzaingasit (Zhu and Anderson, 2002)

1. WPpdNand kinetics LT ms@mw'ﬁmlaaiﬂidai”woNﬁﬂﬁ%’ﬂeﬁauﬁqmﬁgﬁga
quartz ﬁﬂLﬂuLLiﬁﬁwﬁ'smnﬁq@‘lum?nau, 3amanwan auanatiaidu  amorphous
silica

2. 1% SI nuwsndu pure end—member wausluszuva19LAa solid solution NURNS
TuTaule LI jarosite 1afiTaRaAWANR 10 i1 BLAnLae solid solution (Alpers et al.,
1989)

1 0 s e 1 9/41 [ v v a [ a 1

3. vwavad S| ldday duldldivnedivanudutuesmafsainaded udds
£ | @ v ' o ' | .
PHUNUFAIUIAIY (Bethke, 1996; Wolery, 1992) 1% mlﬁwgmm quartz i Si,0,

dl I . A nl sg/ ' et g; |dl a = g a
wnunaziu  Sio, SI aslidwAndn 2 1 asBugaILINeNvaLIawrieinIziie
supersaturation L&u8

% [}

4. wanIaTdeneiiidefiananafiadny u mInsesrlwaTata particulate
uaz colloid Jai'le

5. ia;gama%‘[ﬂmmﬁnéﬁn%ﬁu%aﬁa ﬁaga"l,@i”mmﬂmsmaaa@iwaanwuﬁlﬁﬂ
unIvpdangunme wsildRorauand19nn 11w awaLia JUNAN dnil wWIaN a7
LANAIN

6. SI lWldusasanrmaiadjizoeiiviedSunausinertasnud jizead
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(%

= ' a aa A a a o
M19791N 6. ﬂ')'l&ll,mi\‘lv(aa%ﬂ (l) L2NNIGALASAIITUWAITNNDINA (Sl)

Well No. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25
Parameters
| (X10_3) 3.6 3.5 2.4 3.8 3.8 4.0 4.6 4.5 1.9 3.9 3.9 5.3 5.1 4.3 4.1 3.2 3.9 4.1 3.9 4.6 3.4 5.2 4.0 3.4 4.4
log {Caz*} -34 -33 -34 -34 33 33 -32 -33 -37 -34 33 32 32 -33 -31 -34 -33 -33 -33 -33 -35 -32 -34 -35 -34
log {CaCOg} -68 -64 -66 -66 -66 66 -63 -65 -71 -66 63 60 62 -62 -59 -64 -66 64 64 62 -67 -61 -64 65 64
log {CaHCOJ} 49 49 -49 -49 49 -49 -47 48 -55 -49 -48 46 47 -48 46 -50 -48 -49 -48 48 -51 -46 49 -51 50
log {CaHSO, } -10.9 -113 -11.1 -108 -11.0 -10.7 -11.9 -11.0 -11.8 -116 -114 -113 -12.0 -12.2 -121 -113
log {CaOH+} -98 -94 -96 97 -96 96 -93 -96 -98 -97 -94 91 -94 -93 -90 -94 97 95 -95 -93 -96 -93 -95 -95 -95
log {CaSO,} -5.3 -56 -55 -50 -53 -5.0 -6.2 -4.9 -5.8 -56 58 -55 -6.1 -63 -6.1 54
log {CI'} -43 -37 -43 -43 35 37 -41 43 40 -43 -41 33 40 41 -39 41 -41 -46 -39 40 41 41 43 -41 -40
log (00327} -67 -64 -64 65 -65 66 -63 -65 -67 -65 63 61 62 -62 -60 -62 -65 63 63 61 -64 -62 63 -63 6.3
log {FeOH} -11.7 -105 -10.7 -105 -106 -102 -104 -93 -11.0 -11.3 -10.7 -109 -109 -105 -11.1 -103 -123 -11.1 -11.1 -113 -109 -11.0 -11.1 -108 -10.9
log (F92+) -40 -39 -39 -39 40 37 -36 -38 42 -38 -39 40 37 -37 48 -39 -39 -39 40 -38 -36 -38 -37 37 -36
log (Fea+) -183 -182 -178 -176 -178 -173 -178 -164 -185 -183 -185 -19.1 -184 -182 -194 -183 -192 -185 -186 -189 -184 -186 -186 -185 -186
log (FeCI+) -8.2 -75 80 -8.1 -73 72 76 79 -80 -80 -78 72 -75 -77 -86 -79 -79 -83 -738 -76 -76 -78 -78 7.7 -7.4
log {FeCOs} -63 -59 -60 -60 61 59 -55 -58 -65 -60 -58 57 55 -56 -64 -58 60 58 59 56 -57 -56 -56 57 55
log (FeHCO;} —47 47 -46 46 —-47 44 42 44 -5.2 —-45 45 46 —4.2 —-43 54 47 —-46 45 46 43 44 43 -43 45 43
log (FeHSO;} -11.5 -118 -11.7 -115 -114 -11.2 -12.3 -11.8 -12.2 -122 -120 -11.8 -121 -128 -123 -115
log {FeOH+} -71 -66 -68 -68 -68 66 -64 -67 -70 -68 -66 66 65 -64 -73 -65 69 67 68 66 -64 -66 65 -H64 63
log {FeSO,} -6.0 -61 -60 -58 -57 -5.5 -6.7 -5.8 -6.3 -62 -64 -6.0 -63 -7.0 —-64 56
log {H*} -63 -67 -65 -65 -65 65 -67 -65 -66 -65 67 68 66 -67 -69 -68 -65 66 67 67 -66 -67 66 67 6.7
log {H;SiO, } -69 -65 -66 -67 -67 68 -65 -67 -66 -67 64 64 66 -65 -63 -65 -68 66 66 65 -66 -67 67 65 66
log {H,SiO,4} -34 -34 -34 -34 35 -35 -33 -34 34 -33 -33 35 35 -34 -35 -35 -34 -34 34 34 -35 -35 -35 -35 -35
log {HCO, } -27 =27 -27 -27 -28 -28 -26 -27 -30 -26 -27 -26 -26 -26 -26 -27 -26 26 26 -26 -28 -25 -26 27 -26
log {K*} 44 46 -44 44 44 46 44 44 46 43 47 44 45 45 45 44 45 46 46 b2 -51 -52 -52 51 -43
log {KSO, } -7.8 -80 -79 -76 -8.0 -7.6 -8.6 -7.6 -85 -80 -84 -82 -92 -98 -92 77
log (M92+) -37 -37 -38 -38 -38 36 37 -37 -38 -38 -36 35 -36 -38 41 -38 -36 -36 -36 -38 -37 -36 37 37 37
log {MgCO3} -74 -70 -72 -73 -74 -72 -70 -71 -74 -73 69 65 68 -70 -71 -714 -714 -70 69 69 -72 -68 -70 -70 69
log (MgHCOJ} -54 -53 -54 54 54 53 53 -53 -57 -53 52 50 50 -54 -56 -55 52 52 51 53 -54 -51 52 53 53
log (MgOH+} -87 -83 -86 86 -85 -84 -85 -85 -85 -86 82 -79 -82 -84 -85 -84 -85 B4 83 -85 -84 -83 -84 83 -83
log {MgS04} -5.6 -59 -58 -54 -55 -5.3 -6.5 -5.1 -6.3 -60 -60 -57 -63 -6.7 —-6.2 56
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Well No. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25
Parameters
log (Mn2+) -53 53 54 54 -50 52 52 53 -54 60 62 59 -60 62 70 57 -53 5.1 -5.9 -53 5.1 -52 54 55 53
log {MnCI+} -89 -84 -91 90 -79 -82 -86 -89 -88 -96 -97 -86 -93 -97 -102 -92 -88 -91 -92 -87 -86 -87 -90 -9.0 -86
log {MnHCOJ} -60 -61 -61 -61 -58 60 -58 -60 -64 -67 -70 -66 66 -69 -76 -64 -60 -58 66 59 -59 -58 -6.0 -63 6.0
log {MnOH+} -94 -91 -93 -94 90 92 -90 -93 -92 -100 -100 -96 -98 -100 -105 -93 -93 -90 -98 -92 -89 -91 -92 -93 -91
log {Na+} -31 -35 -30 -30 32 36 -32 -31 -37 -30 -32 -34 31 -30 -31 -33 -32 -31 31 -29 -32 -30 -31 =31 =29
log {NaHCOg} -60 -65 -59 -59 -62 66 -61 -60 -70 -59 -62 63 59 -59 -60 -62 -61 60 60 -57 -62 -57 -59 -61 58
log {NaSO, } -6.6 -68 66 -65 -7.2 -6.4 -75 -6.8 -7.2 -71  -73 -68 -74 17 -73 65
log {NH} -71 -67 -69 -68 -73 -71 -67 -69 -65 -68 -68 59 65 -67 -68 -68 -70 67 69 -63 -69 -69 -68 67 6.7
log (NH;} 43 42 -43 42 47 44 42 42 40 -41 -44 36 40 43 45 45 -43 41 43 38 44 43 43 42 42
log {NH,SO, } 7.4 -77 74 -76 -76 -7.2 -8.1 -6.5 -8.0 -79 719 -74 -82 -87 -81 74
log {OH } -76 -72 -74 -74 -74 74 -73 -74 -73 -75 -72 -70 -73 -72 -70 -71 -75 -73 -73 -73 -73 -73 -73 -712 712
log (80427} —4.3 -45 44 41 43 -4.0 -5.2 -4.1 -4.9 -45 48 44 -50 -55 -50 43
S| Anhydrite -3.3 -35 34 -30 32 2.9 —4.1 -2.9 -3.8 -3.5 37 -34 —4.1 —4.3 —41 -3.3
S| Aragonite -17 13 15 -15 -15 15 12 -14 -19 15 12 -09 -1.1 -1.1 -08 -13 -15 -13 13 -1.1 -15 10 -13 -14 -1.3
Sl Calcite -15 12 13 -14 -13 -13 10 -12 -18 -13 -10 -07 -10 -10 -06 -11 -13 12 -11 -10 -14 08 -12 -3 -1.2
Sl Chalcedony 0.1 0.1 0.1 0.1 0.1 0.1 0.2 0.1 0.1 0.2 0.2 0.0 0.1 0.1 0.1 0.0 0.1 0.1 0.1 0.2 0.0 0.0 0.0 0.1 0.0
S| Dolomite -33 -25 -29 -30 -30 29 -24 -27 -36 -29 -23 -16 -21 -24 -20 -25 -28 -25 -24 -23 -29 -20 -25 -26 -25
S| FeOH; (5 -42 -31 -32 -31 -31 -27 -28 -18 -35 -39 -33 35 -34 -30 -36 -28 47 -35 -36 -36 -34 -35 -36 32 -34
S| Goethite 1.8 3.0 2.8 2.9 29 33 3.2 4.2 25 22 27 25 26 3.0 2.4 3.2 1.2 25 24 23 26 25 24 27 26
S| Gypsum -3.0 -33 -32 -28 -30 2.7 -3.9 —2.6 -3.6 -33 -35 -32 -39 41 -39 =31
S| Halite -89 -88 -89 -88 83 88 -89 -89 -93 -89 -89 83 -86 -87 -86 -90 -89 -93 -86 -84 -89 -87 -89 -88 -84
S| Hematite 5.6 7.9 7.7 7.9 7.9 8.6 84 104 71 6.3 7.5 71 7.2 8.0 6.9 8.5 45 6.9 6.9 6.6 7.3 6.9 6.9 7.5 72
SI NH; -88 -84 -86 -85 -90 -88 -85 -86 -82 -85 -85 75 -82 -84 -85 85 -87 -84 86 -81 -86 -86 -85 -84 -84
S| Pyrite -10.6 -185 -211 -197 -213 -35.1 -11.2 -6.9 -14.0 -17.3 0.8 -10.5 -96 -108 -104 -6.2
Sl Quartz 0.5 0.5 0.6 0.6 0.5 0.5 0.6 0.5 0.5 0.6 0.6 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.6 0.6 0.5 0.4 0.4 0.5 0.5
S| Rhodochrosite -08 -05 -07 -07 -04 -06 -03 -06 -09 -13 -14 09 -10 -13 -18 -07 -06 -03 -10 -03 -04 -03 -05 -07 -04
Sl Siderite 0.2 0.6 0.6 0.5 0.4 0.7 1.0 0.7 0.1 0.6 0.8 0.8 1.0 1.0 0.1 0.8 0.5 0.7 0.6 1.0 0.8 0.9 0.9 0.9 1.0
SI Si0, -7 -07 -07 -07 -08 -08 -06 -08 -08 -07 -06 -08 -08 -07 -08 -08 -08 -07 -07 -07 -08 -08 -08 -08 -08
Sl Talc -79 54 68 71 -70 67 58 6.8 -63 -70 49 43 -58 58 57 57 -70 6.1 5.7 -59 64 62 62 57 -5.9
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NN wienaeduilaiuaslas Loviey and Goodwin (1988) AMNLANGA1SlUIZELNN
swhauiihresmeoanalfaiuisanuuandafld ludundnmn udiihuuazouaging
Qs a o v g/ Qe J e g/ 1 :‘ o v a
N 6-7 Alaluas %aml%mmmaﬁwmmga NNITWRIVAITEA UYL AL AN T A
a =1 ] 1 [ d‘y ) v Aa dl a = 1
EﬂmemLLGﬁﬂﬁ]amausl,ﬁ]’nmva%aLmum:ml%m@msmawuﬂaamaqﬂﬂﬁsmmuamﬂs
sduuplawinmavesnangsluiunaeunaslidsnglunwissd eafianiams
Inaszaugiinie dfigiRadnddsasnlunmiasaianslungiuusznguis uddnsduny
avhananuaypungu)muiaagnaialidunday 9  (Back and Barnes, 1965;
. 1 1 { 1 =) 1 vV a &/
Langmuir, 1969, 1997; Chapelle and Lovley, 1992) me’lmﬁﬂﬁg\m'nﬂﬂmﬁ%lwvlwmmlu
a @ U g’ v { J 1 g; g’
ANITNUINIINILARATULEFUNIIAT IAAVBIUILIANE AN RANNINT WY 89T L TN
° A A < o 4 AdL ' a g
NNT3INRILUURTITLaTH LLa:mimanmmwmmmammmmU"lfnﬂsﬂmu
1 =3 4:{‘ 1 a a A ‘3/ tﬁq’ dl dl I :’ t-ﬂld
mmanwgammwﬂnmmmuluwuﬂ@auﬂma FardunaniIannITVIaUINN
Aa 2+ A o aA o A Aa a [ A =<
panflaugs Fe' gnaandladluriuiiinuiu 0, luuInaiuads anizliaandiauisla
' & A 2 Ao & ~ 2+ P= v @
wuluiuiaaunawdind o, gnltldniwue mauan Fe~  Hanududuthunaislu
U INARILAE NI AN NG LAT WA 1932013289 1UNINVULUT A mmﬁﬂﬁgaﬁ@ﬂﬂa
1 v { 1 1 IA a g a 3 o %]
AT HAINANUTZLENIILAZLIAT BUNUANNINANRAUNG LA WITNNI TN WIALDIWT

= v & s 1 :/
B LLN&LL%'JT]”I?’J’N@]’Jﬂ‘ﬂ%’]%vlﬂﬂﬂLLﬂJ‘Hﬂ



48

(n) Total Fe (LM) ) Total Mn (UM)

26 28 630000m E- 26 28 "\ 630000m E.
205 s
S o5 .84+o.5 . -
°
159 o %,

B P

£ £

o o

g g

o Ne]

(Te] wn

2 2
Heo) o]

< <
- - / .1
e} |_©

< Yo, 0> "0 Fe0 < Yo

y lve,
| 1 1 1 | 1
(@) Sulfate (M) 3) Eh (mV)
| | |

26 2|8 \ \I 63|0000m EI 26 I % I 63|0000m EI
o P/y 90 Trqg7
\J‘P‘ o, T i @\919._8'11;;16
o S 3

| N ] ]
wn o wn
®_9g7
[ 231 2,
v 2
=z 7 ] i
£ £
3 3
o o
Ne) - Ne]
wn wn
2 2
Heo) - |00
< <
+40
B T "< ), 396

Py Groundwater Samples
+ River—Water Samples

—_— Isoconcentration Lines (mg/L)

51N 16. FUZd3n0NTIAT Eh 20IRILIATA 1A DL W.A. 2551



49

Ananudutuses Fe” slm{ﬂmmaLﬁ@%umﬂmm:mﬂLLa:ﬂﬁﬁ%uﬁ@aﬂ%"uaaLLi
mﬁn‘lu%v'm{’] LLS'f:vLﬁLLﬁ hematite pyrite siderite biotite amphibole L8 pyroxene "j'a@rf?uﬁq
Usznaudie quartz Sanaz 95 Geligsnadamsifia Fe™ a1n Appelo and Postma (1993)
wnasfufidgayas Fe” Twihunenaldud (1) msszasuuvaandladues pyrite (2) M3
NERYVDY siderite (3) N1IREALVDI amphibole LLAE pyroxene W (4) ANIRZAYUULIIAD
289 hematite U8 goethite NLARPUUWAITENTIAAZNOUTWIN N NFNANUTNT DD
bicarbonate U3 siderite AANVRIAYAILLTUN uamnﬂﬁfﬁ;auw‘%ﬁﬂ‘oﬁuwmwﬁ’]ﬁmﬂums
Usias Fe” lusiunana (Chapelle and Lovley, 1992)

Fe” fAazamefianuiadoslusiinnanailifaandiawud Fe(OH), waiasluiuaiin
Fe(OH), lmninlutisssumdnd 0, luszeufiamaiald (Kehew, 2001) dauaasin
WWWNY pH-Eh 28932UU Fe-0,-H,0 LLﬁdw%uﬁw:ag'?Tu wign 1z SeanGanunidnina
anlunsviale Fe”” danudutugs 'L{’]LawLLmaomm{ﬁNu’tquﬂuﬁwalﬁﬂﬁamiaamaz
Taondlwinunenasseziduldnmsaguiuwsasen En lunsassiudhusnnzinendues
waitindandnsduiledenlasd o, sandlungru Wi Eh azasndaldanmesuwiaudn
aslsznaumsinsanGeadvasiiasneszinge s (Appelo and Postma, 1993)

Fe”' uisiuasony total mobile Fe anudNWHEEIMTUIIAAIINMNINT09
é’aa&hdl{ﬁ Fe2+ ﬁazmﬂﬁﬂ%mmﬁﬂaz 89.3 wa4y total mobile Fe 371N Puls and Bacelona
(1989) MInsossintnanalasldnszaunsosswa 045 um '«Jxvlsjﬁﬂﬂﬁ“ﬁagaﬁgﬂﬁm
Aanumsefeniivasnin f?@]qﬂszmﬁmaamiﬁ'}snﬁalﬁaﬂiuﬁu total mobile Fe @4
59989 Fe'” uaz suspended Fe colloids (FuHUguEIna1 <10 um) Twihunena fitleas
dninanuinaSannzidulidsiu Fe colloids lunsassiudadiagdszasdaainis
§137978 dissolved Fe' M3linIzaBnIasuwIa 0.45 um azvillaen Fe’ gandnany
ua391w31z97 Fe colloids AL§nnin 0.45 um &3NTaHIMNITANENTa b e

" Fe colloids gnnsas Fe” 2 fludunuuoidiwin suspended species NInaa
LB% Fe oxyhydroxides %38 Fe organic complexes UIumh Fe3+ ﬁLLﬁ’ﬁ]’%\‘liui{ﬁU’lmaﬁ'ﬂm
HudSauw Fe™ ldun1a1n3% (1) au dissolved Fe*' 8anann total mobile Fe (2) §wIme
Fe' lauldnquijan Freeze and Cherry (1979) na1nfa log [Fe' ] = 0.32-3pH 3Tatg
waaRlwen Fe* tanidinan total mobile Fe i dissolved Fe” unuvsnuadsiiiuda
auydmdymeannsIdiing unsassiudha Fe” Sandszanmifanar 1.7 189 total Fe
mm@mmme@ha‘s:wm@hﬁi’@vl,@ﬁl,azmafmmHﬁEl'amvl,&imzam%'@
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[ 6 a a 1 o
4.9 a'lﬂﬂ%@]aﬂﬁ?laﬂﬂ'l‘iﬂ‘iaﬂi&lﬁaﬂL"lT'lg’li%%’l

minsasiuaserhliiiaseuieendriuanadodnllususinaodi

1. WASANTWDIDDNTLIN- 1AM (Oxygen—nitrate reduction zone) f1 DO
luﬁwmmaﬁﬁm@‘iwme:’j'ﬁ;auw‘%ﬂ“ﬁaan%wmmnﬁm pyrite oxidation lag O, LwAIANTY
28900NTLAU-LULATALRAIIN O, LAz NO; Qﬂ%aasﬂmwz 2-3 lwATWIeoaniiueN
A lwmsennianud T e O, az NO; N1 detection limit nnia ﬁé’ﬂgﬁuf:ﬂo%
awinlifeandanuiudluusinmsasdasznitsinunenauazinfian pH NEIaAaIN8
i 7.2 Wiusinanas 6.8 namsiseludszdiuiizanndasiu Massmann et al,
(2004) S9a9dtinenduses O, uaz NO, LAadulu organic matter—rich riverbed lwtaan
Weunin 1 5% msdesaapuessnsdunidiiadunisluszoznig 2-3 waswasanndiin
Ll,&ili’uwlim‘ﬁ']v[ﬂlu%ui’] (Jacobs et al., 1988; Bourg and Bertin, 1993; von Gunten and
Zobrist, 1993; Doussan et al., 1997; Massmann et al., 2004)

Duivinssdoin 0, reduction tiaa7n oxidizing Fe'" Twihunena WwellWunl pH-Eh
V293211 Fe—-0,—H,0 19831 Fe” fu,aﬁmmwuﬁdwza%ﬂﬂﬁﬁmamiaszwmﬁﬁmmmmz
WNAEH ST TUT I IR O, reduction I@Uﬁammmaagauﬂ%ﬁua: O, reduction
Ty Fe” oxidation £13lainsnuuiida Snsfnu pyrite oxidation lag O, uaz Fe ' i
L‘ﬁ@ﬂﬁ pH madﬁﬂa@@‘i‘md (Lowson, 1982; Nordstrom, 1982; Morses et al., 1987; Appelo et
al., 1998)

NO,” Afiddnlwinunenaifiaduann pyrite oxidation las NO, (Kélle et al., 1983;
Strebel and Boéttcher, 1985; van Beek et al., 1987; Richter et al., 1990; Postma et al.,
1991; Aschenbrenner et al., 1992; Engesgaard and Kipp, 1992)

2. WATANTUVDIREN/MNINTRE (Fe—/Mn—oxyhydroxide reduction zone) fn
pH Waz HCO, Tendaudrenafiuaiin reduction teld H' 11 nedwingsenaudis quartz
Uszanm¥anas 95 TafInaitaseiy Massmann et al. (2004) @3WL91 Mn— hydroxide
reduction ez Fe—hydroxide reduction laatanlu Zone Il #3aUszunmh 150 WwasaNIaLde
sewinsinunanauazinaeu

3. LWANIINIVAUNINTWE (Mn removal zone) Zone IIl W83 Mn(ll)-removal %38
152304 600700 LWATINNLAEAATHIN cation exchange, sorption &% precipitation
1% rhodochrosite (MnCQOs,) (Li et al., 1969; Suess, 1978; Thompson et al., 1986; Lovley
and Phillips, 1988a; Jakobsen and Postma, 1989; Matsunaga et al., 1992; Gingele and
Kasten, 1994; Hencke and Schulz, 1997)
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4. 1205ANTHVaITaLNG (Sulfate reduction zone) 1Tz8zN14 3 AlaluaTanuihn
a . . . . < 1 d o ¥ 2- .
tN@ sulfate reduction §1N Pyrite oxidation LﬂuLmaaﬁmmﬂmﬂaa SO, Pyrite WUNIN
nauwnilsI NI I8unIdge (Berner, 1981b; Postma, 1982; Hartog et al., 2002)
< g v o 2+
5. LUALAANUAZUAINTHEFY (High Fe/Mn zone) lwaitilanuiduduves Fe  uaz
2+ ] 2+ { a £ aaa d
Mn~ §9 Massmann et al. (2004) lawadn Fe fiilannifiaduainujiseiaendn
1 { = g: v =) g‘ Q U a v g 1 Y 1 = ‘=§/ Qi
GaLiaINUAANEATINNLERNIAUE91N TUN19aTINUTNNNTIRBALITIUAATUINNNAIG
M7 nazasiuiana
NO, LHuaisudianasawlunsiia pyrite oxidation (Kofod et al., 1998) NO; #en
@ & @, = v+ a a o o A o Aa A
waplwihumauwidnisiinsldipgSodSinaumenalunsiun Giliddesunendizes
# udaadn NO, gnlilasizuazgnidadlas pyrite oxidation luduwmuaziudwniien
favIaandanaddsundasannnislteandianldidu  sulfate reduction nnelu
J28ENN9 2-3 BIDNANBRUNIALUAT (Lovley and Goodwin, 1988; Massmann et al., 2004)
wialunan&uiuas (Schiring et al., 2000) TaduAILquAa $IwIuTBIATUBUBUTTHUALS
AA A a 1 a A A 1 o o A 6
UIfinandluaznan msiiauazdInlsznauvadaIdunIdinadasauIaend
M3 mavasitvianaiduszoznelng 9 uazustswmn 9 MlimAansdfewudas
matadvasiiuianats nsifsusdatadraiduszuuainaisenit ITaunIniaas
. . a w =) J v 1 { g‘
(chemical evolution) ATawINsiAadnlandalatiiuianaiszoemalumsnasniuas
daitad 13w Milnaveshuiaaszaulunauazninig - mlnaluszezenivilii
e lasudanuusidunu ifedjisouadldunn uazluwlindhgaugaall danusaud
{d‘ =® Jo/ 1 A o A
aandnwu luanefiae lilaitamnsnaal
Chebotarev (1955) NumMItUasuudasiniuiaaluusiimduinazia In1s3ea09
203881384 Lhiwhuasffenuduturesassgilusinaioidahezlansme
Tnatdssnuiiinea waasnnufsuudasitlasldlosaunanay HCOs—SO,~Cl 13831
fAUVBIAlUNILIN (Chebotarev's Sequence) lasun@aaddiszoemalunsiua bidasnin
= { g I a 1 { 1 { Q/ gj :/ A & 1
100 Alawwes MIvasusdasiilluasendaiiolusniTainauazaas 5o buawin Taduus
ngufiiannmasznevestimezs  winlifluinguiiwialdBinzennndsasudiianis
v & ¥ za & o . o @ a P &
sraudrzasnznausuin Allanuduldlddiazlinudrdurasdlunisisuy ol lu
S liifamslnazasiiuiana (Wunusn) snwuindanududusasvasudazansin
g; U ~ dl :’ dl v U 1 o va
ninaagInind ihasnniuenainaldazasasslddan udldazauunauriiled
anududugiuazuienaanuinlanuimi mylnazauriastuwindansmzvasloasu
v & PN & A a & a g v v a A
wanidusialuasuaiue thasnnmslnaiiszoemesuinld duiaagslasudninaun
nidwInn wdnlnailanuiuiessieluaiiuaiwaian azudaanunungdnis
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anwm:mumamﬁmaammmamaLﬂmumﬂwa'mmi"lmmaomﬁLﬂﬁﬂmmaaqugma
o v A A ¥ a a v o Al A el &
mi%wuw@auﬂmagﬂimmmmnmmml,mi'm wazlianuduiurasslodinandgs
RaUNG 1T 1Aan

Aa [ s o &
4.10 ﬂ']ﬁ'LﬂﬂLﬁaﬂsl%%'lﬂqﬂ']aizﬂﬂm%

1 [
4.10.1 NMIATAYVDILLILKRAN

uwnsINuUaIaRNRAn i unaaszauauni IRuRedaunenasnsle
WansTadszmumdmsmlngiiannnizviuniseanfiatuuaiantu (53U 17)
a a & ¥ 4d & a ’~ ’~ A o ' & ¥ A« | A
vSanniaruiiilusgnnzleendianaziiaeandiadw waluruirniduan1ilus
A A Ao o A a adae o 3+ ' < Aa €« 2+ A A

sandlauazifaiandu Watieiandu Fe” luudmanazgnidadidu Fe” Smnansaiatios
aglwihunanaluanzlifeandiauauninzgneandladlundl (1) infeuiluwianniy
WLNMAURERURENUA00NTUARAAN 9 (2) NaunLinNlaanGlanasa1sinannunaIan
(3) Qmmﬂﬁﬁmﬁﬂﬂlﬁ (4) "Lmaanmn*ﬁ'uﬁ']gh,mm nziasy Aunguib uaznza e

]
a o

fudanuaandiauluainie wie (5) AanTswsesnysd 13U nvanztaiiuiaanild
amangn Matthsvde Wiana@uiune
1. NMIYWINIILAR (chemical weathering) nanAETULT (@131991 7) NIE
dmagnmelufivezgneandladussuivinmianiizesuslusznirnfianiagis dang
< A A a & Aa v & & 2+
uishena mdes viauas indnawiimihBonazatueanuuilu Fe”  (Krauskopf and
Bird, 1995)
2. sanBiazuzasusinlsdlagaandion [Huwljisenvildiianieatng
a v v 2+ & I ' a o v
wssuaziuaNuITNTwes Fe lwhunanafluadnenn snznsadeildnanuazlans
A vaan £ A 2 A =~ ] a o @ | ] v A
2% 9 azane laaneln An1sAnsaasiiwInngn 100 1 uddsldidnlaatnsdasust a0
A v &a £ & % A o [ 2— 2+ & Aa A s
00NTLATUIMAATY 2 TUADWNUINATA WG (S, ) Waz Fe  TuaanuwIniiaanaandiatn
[ I3 o a aana { & ' 2+ A
paslwagas IWe lilludanalasaandiaw (UHATo e 2) (19191 8) Tuaausdan Fe™ 0
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H,O

Fe2+
%@( \ é(l H,O o
( J j 2 i E i Ground Surface
: l g bacteria
+ <
Fe2 % ° H,0 _% FeSZA/ e3+
|
h i @ \\ v High Water Table
Fe2+ / FeZ+
\.} Fe%ﬂ FeOOH 6\gsoluti01]
Qrecipitatioy, \Fe(OH)3 FeCO;
Fe,03 \ v
\ assoluti, A | 4 Low Water Table
Fe™ o8 10’7\ ] Fe* g2

|I]|::> &edUCtI 0] ‘
Fe,0r—~— Fe?* ||] |

= Aa 3 & o &
Ell'ﬂ 17. m:n’mmsmmman’[%mmma‘smnm%
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Aa J 3+ 1 = £ > Aaaa {
\aauaznanalu Fe LLa:@mwﬁﬂLﬂuLLimavlmﬁmmuagﬂu pH (UR3e1ed 3) e
el Asead 2 uaz 3 azlaufAsoal 4 wIauvasaidlouiludjisenaed 5
Ujisonafifialisuga  iwszndsnunldandjisead 2 snnddjisead 3
° v o A 4 2 s k4 ia o o
LazaRuQATaITIIUMITUBIANATEY P890 Fe' 1nTt unenanauaieay
20NTLINITNANMUTNTUVDIa0NTLAK 0.33  mmol/l LNV IRNHALAS
A & & ° v A 2+ v o A A 2+
panG ladus Iwlsd azvinldiie Fe® autiuTh 0.09 mmol/l LiaaanGlananad Fe a3
QI J a A aAaa =) ‘=§/ 1 v { Qs
inanauauan (Ugisened 2) lasdjisenad 2-4 1falued 9t 9 9 pH 4 aaM3
a a % 2+ - J 1 < { a J ] ] 1 g’ 1l
WinaanTLatuuad Feo LANTUDE195IL5INY pH MANTY Lausna Ing balazansiing g bl
3+ a 1 { °| ] [ a a 0 2+ % 1
iFe”  ldeandladuslnlsdn pH  ¢éndn 4.5 saruineendiatuwes Fe- T30
a % ' 3+ 1l 3+ a { A Aa 0.4 ' &< X
AONTLATUWUDILT INLIALas Fe  A91UWU Fe ' luuSinmiAiaaandiatuyaus lWlse Nt
WUATIS AU RANLULAAN 1T Thiobacillus ferrooxidans T8990 INININAABNTLAT VDI
2+ 1 o
Fe~ 095 1¥in@n (Lowson, 1982; Nordstrom, 1982; Morses et al., 1987; Appelo and
Postma, 1993)
=% Qs L) =Y J U aaa
3. sandiatuvasusinlsdlas Fe* iatulddluannzilunsa Wiz
= A ° oo ' 3+ & ' A
@il 6) (119197 8) Y lwaasnIazansvasus inlsdlas Fe& sra5ininlasaandiau 10
] oA 3+ aaa dg U v A a 3+ a
Wi udille Fe'  wwuald Uinsenelifeztiasoniuinmanda Fe'  9nnszuiumIan g
' a % 2+ a Aaaa
1w sanGiaTuvad Fe~ lagaandiau (UjAsead 3) (Morses et al., 1987)
4. M3aratzaaswsBiaalsa (UfN5all 26-27) (@19191 8) witwuiln
' < < 2 4 & Aa 2+ a2 o A = a o
fawdsznaun lluaznautuin uaztinuianalwraioWNung Fe” duaqtiaSouifauny
wIBiae bd (Whittemore and Langmuir, 1975; Nesbitt, 1980; Margaritz and Luzier, 1985;
Morin and Cherry, 1986) udagindlsnana wsitlidendTonuinnuanaznenlasasaang
4 \ a \ \ A A a ) & o & \ A a o a
W WAWUINLETINIILT IW LG a N US NN TR MW A SN I INUNaNa 1% NIl AaTaLNeS
ﬁﬂfuﬁ%aluﬁuﬁﬁmﬁﬂﬁﬁﬂ (Postma, 1982; Postma and Jakobsen, 1996)
1 ~ ¢ A ¢ Aa A I3 I
5. N1IRTAIYVDILILNNBING TNIING WAzDaN L6 NI VDILAEN
1 1 a‘lyd o s aaa a A:I ) s v 1
ganaNuIaNaNNRIAY (URTeal 22-23) (113197 8) uddaydasniiniazaiy
aamrmmg:wLLiVstaﬂ%uLLazLLaumua (Postma and Brockenhuus—Schack, 1987) (U131
=1 Aa A o % 1 =3 6 1 = 6 A J v Y 1 voA
@il 11) nalnmsiiasanduzadusinanaanbos 1w w3 lng Heduladiunn wanilla
a A 6 l A A 6 l | a =
WABUNTE LT% 20NTURA WIDIANUAKY LTW LOFABLUA Wuaa NIaUNwin wazlosiin Az
1 1 v Aa aAaa Q = v &/
suInTsLssliiielfitonsantusasnanaan b 163901329 (Banwart et al., 1989;

Hering and Stumm, 1990) uananil wuafiiSonasafiaditioisssantulasnsdvg

U

ANTUVBILIND INFNLaaNTLATUUBIRNTOUNSE (Loviey, 1987; Lovley and Phillips,
1988a, 1988b; Lovley et al., 1990)
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= 1 @ 4 ¢ 1 A & 9 s
AN 7. usmanmﬂmmaaﬂmmaamamﬂasa’lummma

naNws

Zaus

qAALAN
u

aanloé (oxide)

laasenlad (hydroxide)

AMTUBLUA (carbonate)

T8 NG (sulfide)

TaLWG (sulfate)

TALNG (silicate)

Fanlng (hematite)
uunitlng (magnetite)
dadlud (iimenite)
woslalasd (ferrihydrite)
wanaandlaasan o
(Fe—oxyhydroxides)
wnalng (goethite)
aualud (limonite)
Fiaal3q (siderite)
Tw'lsd (pyrite)
aalalwlsd (chalcopyrite)

andlulwlsd (arsenopyrite)

fuawnalsd (melanterite)
Nnlylad (jarosite)

aalad (augite)
FOSULUAKA (hornblende)
18’34 (olivine)

lule'lng (biotite)

Fe,O,
Fe;O,
FeTiO,
Fe(OH),
Fe(OH),

FeOOH
FeOOH.nH,0O
FeCO,

FeS,

CuFeS,
FeAsS

FeSO4'7H20
KFe3(SO4)3'9H20
[Ca(Fe,Mg) 7Al 5Si; 7106

Ca,Na(Fe,Mg),[Sig(Al,Fe,Ti);0,,](OH),

(Fe,Mg),Si0O,
2K[Mg,Fe][AISi5]O,(OH),
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= aaa a A [ ' [ &
M191797 8. ﬂ{]ﬂiiﬂlﬂ&Lﬂﬂ?ﬂﬂllslﬁaﬂi%%'\ﬂ'\ﬂ'\a

f Ujnzen AR’ (kcalimol) log K
1T F <> Fe +e 9.68 ~13.03
2 FeS,+7/20,+H,0—>Fe  +250, +2H" - -
3 Fe"+%0,+H — Fe’ +1/2H,0 - -
4 FeS,+ 15/4 O, + 7/2 H,0 —> Fe(OH), + 280, + 4H" - =
5  2FeS, + 15/2 O, + 5H,0 —> 2FeOOH + 4S0,” + 8H" - -
6 FeS,+ 14Fe’ + 8H,0 —> 15Fe” + 2S0,” + 16H" - -
7 5FeS,+ 14NO, +4H —> 7N, + 5Fe” + 10S0,” + 2H,0 - -
8  10Fe”” +2NO, + 14H,0 —> 10FeOOH + N, + 18H" - -
9 2Fe” +% 0, + 3H,0 —> 2FeO0H + 4H" - -
10 2Fe” + 4HCO, + % O, + 5H,0 —> 2Fe(OH), + 4H,CO, - -
11 Fe,0, + H,0 €> 2FeO0OH - -
12 4Fe” + O, + 4H,0 —> 2Fe,0, + 8H' - -
13 Fe’ + H,0 <> FeOH +H’ 13.2 -9.50
14 Fe™ + H,0 <> FeOH™ + H’ 10.4 ~2.19
15 Fe’ + 2H,0 <> Fe(OH), + 2H 17.1 -5.67
16 Fe’" + 3H,0 <> Fe(OH), + 3H" 24.8 ~12.56
17 Fe” + 4H,0 <> Fe(OH), + 4H" 31.9 ~21.60
18 2Fe™ + 2H,0 <> Fey(OH),  + 2H" 13.5 -2.95
19 3Fe” + 4H,0 <> Fe,(OH),” + 4H’ 14.3 -6.30
20 FeOOH + 3H <> Fe’ + 2H,0 - ~1.00
21 Fe(OH), + 3H <> Fe’" + 3H,0 —  3.00 to 5.00
22 FeOOH + H,0 <> Fe' + 30H - -
23 1 Fe,0, + 3/2 H,0 <> Fe' + 30H - -
24 Fe”" + HCO, <> FeHCO," - 2.00
25 Fe* +CO,” <> FeCO, - 4.38
26 FeCO, (crystalline) <> Fe' + CO, -2.48 -10.89
27 FeCO, (precipitated) <> Fe' + CO, - -10.45
28 Fe” +F <> FeF - 1.00
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13197 8. (fd)

=),

Ufn3en AH" (kcalimol) log K
29 Fe” +F <> FeF” 2.7 6.20
30 Fe’ +2F <> FeF, 48 10.8
31 Fe’ +3F <> FeF, 5.4 14.0
32 R’ +Cl <> Fecl’ - 0.14
33 R’ +Cl <> Fecl” 56 1.48
34 Fe™ +20I <> FeCl,’ - 2.13
35 Fe’ +3CI <> FeCl,’ - 1.13
36 Fe” +S0, <> FeSO,’ 3.23 2.25
37 Fe” + HSO, <> FeHSO, - 1.08
38 Fe’ +8S0, <> FeSO,’ 3.91 4.04
39 Fe” +280,” <> Fe(SO,), 4.60 5.38
40 Fe” + HSO, <> FeHsO,” - 2.48
41 FeSO,7H,0 <> Fe’ +S0,” + 7H,0 4.91 -2.21
42 FeAsO,2H,0 + 3H <> H,AsO, + Fe' + 2H,0 - 0.40
43 FeCr,0, + 4H <> 2Cr(OH), + Fe”' ~24.86 -0.90
44 CuFeS,+2H <> Cu” +Fe + 2HS 35.48 -35.27
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1 [ [~ a @ ] ] A
6. nazatzzasnguusianaandlansenise ldun usinedlalasd
& A & & ¥ a . & A \Aa & ¥ A« '
natng  uaztailalaylod ’meu’mLLiLﬂavl,m]Lﬂaauagﬂmmamf:ﬂau"ﬁummﬂum
aaaduaziwasthi  uiRlsmnninazaseanangiiuianald (Jjfseiad 20 uaz 1)
t:l dy Aaaa a 1 6 L [ g’ dld &
(@19197 8) wananidjaseinisiiausinalndenradunsuldluinnisnizidunse
a A Qo o 1 1 ‘g =) J v { :/ =Y Qs
Ufiseuad 8-9) Tentuvasuinguifetuldunileindadunid lalavaudalnd uaz
Tnu (Appelo and Postma, 1993)
7. M3azargpausnandimne laurd uslwsendu uenillus lediu lule
& & a £ , - A a , a
nd waznaalalud nazaroiiadunadriiasaluaniiz idaandanuinninaniizil
A a < A A & Aaa = o Aa A &
panGan nnsluanzloanauns UfAsoedazthasananar NRvaswsdouluiu
usRanSaInauazsuwanduLIine nd aurnlwnisazatsaaadtdwn1TAaN TN TR BT
e v 2+ A . v o & A R A
WA LN AN NT UL Fe AArauUszunm 10-13 umoll a3t ladnddslunuin
fanluniazaszasninaanainnguusinsanduuazuanilua (Schott and  Berner,
1983; White and Yee, 1985; Postma and Brockenhuus—Schack, 1987; White, 1990; White
and Brantley, 1995)
1a =) 1 =3 6 et ] =}
8. NIIATANYVAILIABLRTYY LT RLANING  §9 IUNIILNTZUIBIITNT D

a

aaa a Aa A x> ' ' &< 8 ¥ o oa = a & = &
Uisonaiinmaianuite wawudlusuivsihandnsandnvasdnenuiiamanaan loe
q ﬂmmzﬂéﬁUﬁuﬁaﬂLLaaﬂszaﬂﬂé’aagﬁavlﬂ

f
a A [ &
4.10.2 N1FLAR[DBNVDILKRANASATIYWN

& I3 2+ A Py ¥ A v v A Aa €
AORRDYAVAIARN Fe  tafaui lUanunszuarinlaaule anindan1is3aas
N Eh ¢ uazidunsneg1sen (Baas—Becking et al, 1960; Back and Barnes, 1965;
Berner, 1981; Barcelona et al., 1989; Barcelona and Holm, 1991) 8nnsliniuainulesan
[ 6 o 6 Aaa a & =3 c‘ 1 :/
AU LT A1SUBLUG T8 WG wardane aninatduasusznauaaueradundn luazaiuiin
A [ 3’ va I o v Aa 1 J 1 { 2+
MINNFAINGANI IUETaza o Ll danaztIav A Aan I nNa NN n Tuszninen Fe
= ~ a aaa a £ =3 = 6 6
wdeuwilderssziindjisereandiatunaznisannanvosusdurinduazine lnd
(Krauskopf and Bird, 1995) Ndnanaan buauazniawianlaasenlsd latiansanuan
Qs a & { { s :‘ v v aQ
inazfiaidugisaa (sol) Taadeunliuihldiduszuznising 9 sanzgndausevlasd
= & \ = 8 & = a . iy o &
wnlaslad 1w mdnanwinidwnineenladlasnaifianduassnasdluimaazauan
o 3 ' =2 Aa € & 24 A o o o a a A x> o
Indeds dewndegnidadidu Fe™ WadudanumsBunidlunialndnuaznauriamnaa
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~< 1 [
4.10.3 NMIANKNAaNYdILLILKRAN

1. aanBiazu ldud (1) Auiwdnlufuduinfalusznivimiiensuis (2)
TudufigWinnanfiuainan (3) lumeh nziaay Aunguii uaznzia Weihuianalva
DANNNFURAIUIWTBNNLLAAN Lﬁaﬁ’]ﬁaan%lﬂumﬂuﬁauauﬁmﬂumjuaaﬂ"lsﬁﬁ AAPRE
sniddiandesenfiadudfinaiin  dhil Eh d uazgandioiuzdweziialu
ga IWa inanda inannuludegiudniduusInlsd (Krauskopf and Bird, 1995) n3anuan

a 2+ { 1 ' d
vaandneandlaasenlodaiugunisazauvad Fe' (Murray, 1979) Waniadulddiud
A Ly 2 | & A a & o Iy 2+ & o A o o
winslasazanwanlwiiduwinafiosnndu vld Fe” Twihmanasaasasieysuidhg
am;amﬁ’l.uﬁq@ (Langmuir and Whittemore, 1971; Whittemore and Langmuir, 1975) 131
ANWuLDUvadrRNRAneand laasan lodluuSalndnuszauiiuianaluuSiaiii
VIR ARBBNNIINTUINUALFUNRNUBONTLIN L% SNARILINN SunzLa (Piisphanen,
1985) (U388 9, 10, 22, 23) (713197 8) (Matsunaga et al., 1992)
= g/ ~ A A s I3 a & 1A & ' g’
2. NMIANNAN IKIFIAEN1E5AIS nanasiAatluusdiaalsd woualuin
@ Ay L A e oA A o o ' 2 a
nziagalusn Jegtuldinziasniwiguilud tasndmuzduazaisaguin i
& & o & . I & A a . o & A, ¥ ¥ a A | &
duwndnda lwdunniunananivaiue wiafanunuiuniguinihiadsdesnaodu
HouwaninanlwAndunawiduazonin LLi%L@avLs@Ta]:Qﬂaaﬂ%vlwﬁasm"ﬁﬂ 9 A%
| A 6 Aa 6 & ' ' A A v e [ @ & J
nasiduusduninduasilalud Ssldnuinatosludnadoudantiu anudunuiening
1 ﬁ a a 1 aaa
wsdannduazinalng  daduasddsznaunanvasusiluludinguls §Asenad 11)
A:I J Aana gd 1 v A 6 =< 1 a 6
(@19197 8) &3 free energy V09U 3eATdan wiTun Indanndnawialaninusalulug
a < A & Y A A a £ A &R ' A @
annsusdlaludnuiaslufuiiietuluedia Jsudairaugaindlugnnizuadounisazaw
a a a v 1 3 e e aaa a J v o v a
anddinmaiialdmetheannnit uamsiuwnausasdfasanfedutiann mlidowuusa
l'ludagluiagiin

3. lmasasanzulas Fe* \iudjisenfimanasasluwinunanatdaorinle
Aa o o a o v Aa 2+ aaa {

N luasasanTu lwanzi@oiuavinldiiensgyide Fe” (UA3unal 8) (@319 8)
S == 2+ L a =
Wdmlngd9i  Fe” Litin 0.1 mmolt  uazdilwasaiszunns 1 mmoli (Appelo  and
Postma, 1993)

o 6 a [ aaa A a Aa

a. lwasasansulaglnlsdoandiadu (JJudiiSundifisanumaia

a o o a 2+ Aaan A A a 6 a a
sandiatupasfiuzaunss Fe- (U381 7-8) (@319 8) aiiialwlsdeandiatulas
a % o Aa Q/ ' ' % 2+ a o 1
2ONTLAU WAIINUVBITH INABaNTLATURANINNIIWRINUVBY Fe~ 8anTLath a3u b

& a v A a J ' 1 6 o v Aa 2+ J Z’ 1 3
lidaandiatuiiiaduainelisnysalazinliife Fe”  wnduluihuians ldwulwlsd
sanfiatuaiiunidlasluasaluannzlifeandian uddalndluuslnldazgneandlad
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Aa A
Taguuaiiisan
a A =1
ATan

. s . 2+ -
%041 Thiobacillus denitrificans Waz§iay1 Fe fﬂxgnaaﬂﬁnvlwﬂmvl,mmm
SonNT

LRSLLA 8791 Gallionella ferruginea (Appelo and Postma, 1993)

1 = 1 [ a A aaa =2
5. ﬂ']ili\‘iﬂ'ls(ﬂﬂNaﬂmaﬂlLSLﬁaﬂTﬂﬂLLﬂﬂﬂLiﬂ fl.lg]ﬂimmi(ﬁmwaﬂ“um

<3 a & ' 7 ' a A a 1 ' = [~ o '
FARNINAYUDLINT 9 LL@’ILL‘]J@V]L?UU'TQ"E%@TQElLi\‘iﬂ’ﬁ(ﬂﬂwaﬂ"ﬂaﬂLﬂﬂﬂI@lﬂuqﬁqsuqﬂi’]En\'ile]
Yo aaa = ai ) a g A, ¥ ¥ v s
ITUGTW (‘l_lgz]ﬂiinl,ﬂll 12) (®1979N 8) LTH 1%‘]J5L’JMW%‘YI°]§N%’| Nelag1uy qu‘iau nauwn

Y a o o 3+ 2+
Y18 azviaiyszin ﬂ’]i@lﬂNﬁﬂ“ﬂﬂGL%gﬂﬂ'ﬁ]Lﬂ@lugﬂ“ﬂadﬁ’ﬁ‘ﬁﬂéﬁauﬂlﬂd Fe Rz Fe

2
' o

a a A 6 a & ' ' A k3 a a g’ 1 & A
mJmiaumumwu@luamazLﬂunmamaaauﬂq@umymsaumﬂum LT WHNDUUN

q

LLazﬂZLaa’mluLW}%m’JLLazL"ll@]aU@;u (Chapelle, 1993; Chapelle and Lovley, 1992)
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aﬁﬂsﬂﬂwauaza§ﬂ

wa a W Qo 3 1 g’ g/ ~a\ ~\
5.1 WQ'Jﬂ%ﬂﬂﬂﬂﬂNW%ﬁi&ﬁ?ﬁd%’l‘UﬁﬂﬂaLLRX%']N'J@]%

@ &

ﬂﬁé’wwuﬁizm’mﬁ’mmmﬁuLLm{ﬁmuLLawuLﬁ@mﬂ%auiﬂaﬁaﬁ'ui:m’mﬁ’l
vanauaztinfaan leun Besszauiin nslwavasin wdvesih uazfinaing inunena
Fandefivihfaulalasanzagrebaluszaumslnariosdin sswufiudsswinginunena
LaztinfnAwi3nin saude (interface)

swimile 9 sradulanssurinuaslvin aoil (gﬂﬁ 18)

1) a1 (losing aquifer, aquifer discharge) WNEAMUIIINNANS LTI AR
Lﬁaamm{wmmavlmaaﬂvl,ﬂ;jmiﬁﬁﬁaau 1 lunquds wnannssdiinoiulniaz
RTINS 2 T19989515%7 51N A LETUENRNINTWINeXEENdY 155U (gaining
stream, effluent stream) 1umtﬁ°7i°f?wb{’1§zyLaﬂﬁﬁaaﬂﬁgﬂaaﬁfﬁo ‘J:ﬁuﬁﬁmmaluﬁfuﬁ
munmaﬁé’numz&ugmﬁwmaﬂﬂ’iﬁ 3oni1 17126 (mound)  FaLAaTuANNTIINTIEINN
(1) ﬁwﬁﬂmvﬁwg%uﬁw 2) szaurinluudinaadnasetnssaaEinautunsgadtng wie
umgwﬁé’mﬁma;j%uﬁ’]

2) HSURN (gaining aquifer, aquifer recharge) #aN8ANUINILNAATUSH BN
FuiitasanTrinfraulnadnun %é’amnﬁﬁmw%aszé’uﬁﬁugﬂquNu unann
ﬁitﬁ%mjﬂ%m:ﬁmsmﬁ?@ 2 fraveemain mﬂ{'}ﬁgtyLﬁﬂﬁﬂﬁLLﬁ%%ﬁW:ﬁﬂﬂ’h 513
1% (losing stream, influent stream) as1finin drsinunenalasuiin mmiwﬁﬁ]zgmul,ﬁﬂﬁ'} fa
ATITINAY miﬁ'mﬁwaaﬁfwmmaﬁvlmaLﬁwuﬂmnmjt{ﬂquﬁmam N%ﬂuﬂ%ﬂﬂqi‘iﬂ
3und1 MInNLALSuaAY (bank  storage) s'fiaLﬁawm@‘l,myluqiiﬂaiﬂmumﬂﬁé?da;Ji'%&l
LL;iﬁtwmstmﬂ"L@”l%ﬁﬂmmaf: %aﬁmu‘iiﬂﬁiwmummﬁaﬁﬂmuawau%'m:?ﬁwmma SIS
ealuituiineunasiiflsnsmsdininusnadiadssesdeni Waa (depression) 3
m@mumuﬁsimmmmv@umlmmmaamuamasmLsawmwﬂumaaama wintuyw

guldlfazSandt na £11189 (cone of depression)
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0 Bwihiiusadn

< fiamamslnazaawsivi

- fianmamsluaganinma
v fhszauusidmi

311 18. ¥RAVBITURIUAZEIIU (D) %’uﬁwgcytémwiﬁ'ﬁﬁ’lvlﬁ%'u (1) %’uﬁﬂﬁ%’uu@imiﬁwgtgféﬁ Q)

3 ek () walams manvinldrwinuazmsiasusia ldluaoi@oinu

& ¥ : _ ¥ v & Y. 4
3) w1 a1 (flow-through aquifer) mmmwmnm‘l%amg"ﬁummwmuaz
A 3 J a J dl' a s e 6 1 g; ? cig; 1
TnasanlUdnaunits LAaTWLaNINTIANUFUNBTNNT IHAaTIN muuwmagim:wmi
. . v - LA Yo ¥ ¥ v o 4
vl:v\amawLflumdmwnaammﬂ@@ﬁgamgq@ﬁmmﬁ 3 luta ez v v et e wnieg
= v & 1 e = 1 :/ [
wazaan lWanmunitazunwSonin ;13un Inasu (flow-through stream)
, o X ; Y da X,
4) mM3luadnusn (zig—zag flow) tiaTuaINN U AuuuLasvasuaiinNiiazwls
o v A Vo @ a ' ') ~ o ~ o a A a '
WY auNwrIa lavinnule 1 T 15% AURIINADURIINALLAN KIaLRauLUaIABEZTIIINT
9% LL&iﬁﬁﬁmuﬁuﬁuﬁwé’oag'vlsjﬁwvl,ﬂaﬁ'uﬁfﬂ ITRINANTENUADNISLUR UL RINA
NI e LT win a9 TaLaw NIRRT NUENLTUNETINYAINT IR A 4 I IR
(Promma et al., 2007) (311 189)
n. Twihgds huiealnasannizesdiuaszii
y v . v Y A iea YA
. TN AREIATI 11 IraanwaItirie bl g8 nuaisinnite
. TN 1aTU ¥U1018 AT NIRAIAI YD ITUIN

3. T Inar wgaw U1eNR MAaN19La ILe o wAANLTWIN IMaNI AT
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iamia"uaaLLajﬁnLLa:ﬁﬂmmaﬁﬁé’aLﬂuﬁaulwaaﬁfnqmﬁtﬁ%m laviasuaivinuay
o | ! & S A o a ] A a .
811513619 9 @uintduaznausisiineannuay 13undn walald3dn (hyporheic  zone)
g Aa Ada o ' A a A 2 A a A @
LIARITURINTIADADYNIN m:uuunﬂﬂuwaulasﬁawawwmaﬁm‘EﬂLLamﬁJawﬂu

TR INITUIILREFITHN
d? [V [V ? [P [ ¥ Y = [P A 6
5.2 m‘m%aammizﬂnLtsdﬂ%%ﬂﬂuwafml,ﬂam]i:rgmaaa‘umim

v a a J [} g; { g 1 a
nIdununInamaaiiiawlidesasiiiainssunagaunwiaslungujidy
miﬁuwuLﬁuﬁa‘ﬁwaﬂs:‘nmimﬁ"mmsgaLLﬁdw:ﬁaﬂ"ﬁnmmuﬁmﬂfﬁuﬂLﬁalﬁl,ﬁ@ms
paNiL UnInmmaainnauaIINENAUNLRISAYITuitat e dnaTInilug19Tia
VBIAWLDI (Schwartz et al., 2005)

MBI IUANN WA= FIN paradigm  shift  LABIALMTIRaTEIKILIAE
nade nouuesduiise (Hubbert's theory) (Hubbert, 1940) TrsfannufNuginindamy
nannsIdiang nantiminazesihmanaasii

1. mﬂﬁaaanwaoﬁﬁmma (groundwater discharge) FNSUNI ManINaaINa

& A o A a & a & Ao ¥ o & Ao &
Tusuiin ldussauitatdsy  shuianalnalufianisaniuiauin ldgsnunyinotinlas
frualifivavwafiuinludnauwinis Sundn sutdusinunena (groundwater divide) ldaa
wazrsnsvadszauinldau (3UN 19) msdnwndesaauwifai laud (1) ggmamvl,aaﬁa

{ 7 { ' o g’ va 'J 1Y a A
auazvaIzUf 19 (Toth 1962) (3Uh 20n) (2) JUTBasTzaLIhlddUNTRal AURIGUrIa

A , { ' g { A & d U L
niidszine (Téth 1963) (3UN 202) uaz (3) AnwdnaiiaAndulug 20n lasldisiu
83Aa (Freeze and Witherspoon 1966, 1967) (311 20@)

2. NN1IRNLY (refraction tangent law) 1A lnaruaw ladatiaglusuiin

1 d‘i‘ | 04 1 6 dl a d‘y v A
dratievzndulaungmeinmannniinguessiuas (U 21)  uwadailteurunis
"lmaL”?zlmlmﬁnmmas:é’uQﬁmﬂlufuﬁﬂ@mLﬁaLLa:éﬂﬁumaamsﬁuﬁaﬁu%’uﬁwﬁwﬁ@ﬁ
FaNUuana1dnaai (Freeze and Cherry, 1979)

3. NIUWRIVDITLALUIIAWK (fluctuation of potentiometric surface) T=AUIN

vana i dussaunanaiansluiilolinesesunslasldszauusiauinasn total

] . | A ]
head (h) T9AaNavINTEY elevation head (z) Wz pressure head (h,) ¥ nNnINazldie
pressure head AUEWIlUNYTAIAN3T (Darcy 1856) NiANMInTInasadiiuaadia lna

AA o ¢ & LY AA o ¢ & o P a & & L aa A
nnenfidndramantgiludnanddndramanidn (U 22) uwiRaiiduniefifuazd

A A o A a A = wad A
FNzAIN WadainINazaturanmsidasuudasaruanlgisinamadasuwuladas

TEAUBIINWINATNLIAN
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Water Table Topography

<— River—Water Flow Direction
—=—  Groundwater Flow Direction

g

Groundwater Divides

] v v v ] 2 v ¥
E‘ﬂﬁ 19. ﬂ’l‘ﬂ‘lﬂﬁi%?j%%’ll&lﬁLL?\W]%?Z‘W’J’NLLN%’IGE]\T&’IEIi%ﬁﬂ'I’JZﬂGﬁ muﬁw&ﬁmﬁuﬂaiﬂmﬂﬂ

uaziivavwaiiviinlassavsniiumuun (Aaulasannaaddifvead Hubbert, 1940)

0.2
Water Table (M)
Discharge Area
= V4
N H I N L
L 1 ! 1 I L '
| ] | 1 | 1 1 |
| | | | | | | |
— 5 T
T T T
0.6 0.8
0.2
Water Table ()
Major Discharge Area
=
N
0.2
Water Table (@)
Discharge Area
=
N

x[L]

= ' aa L R Aa A S RS- §
3‘1]‘7] 20. Gl’l‘!l’lilﬂ’l‘ﬂﬂﬂﬁﬂ\‘l“@li (M) THUILUBLALY (V) mummammuazummugdm (A) THUIAILHD

(ﬁ@LL‘i_]a(ﬁJ’m Toth, 1963; Freeze and Witherspoon, 1967)
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River A

River B

= Confining Layer (K = 0.001 md™)

] Confined Aquifer (K = 100 md™)

] v v 1
gﬂﬁ 21. MIRNRVDINANIINII IHavaIRILIAIa binsddiaTunsuinanininf nalwwwiulna

v J v v 1
FaudwlUauunlaatngls

(n) (2)

= éd & aa & > Aaf o o
31]7] 22, mmmaaangwaams%wmum: (n) NnJvBIATID () MIVLYAMVUVBITULLIO IJCAULIIN

(h) flanaIIWVBd elevation head (z) wae pressure head (h,) ua laitasiinasivadian (t)
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WANNIIBRUEAIIN N eHvasduidTaanalvelananan i
v 7

1. M131MA0aNVIRILIANA (groundwater discharge) N3 WARBANUBIUILIANS
niunmasannulufinll 3U0 20 usasdi1 agrenswalianunwuduannluyioui
- v Y R T - . X
mnmflmaanmaammmaiugﬂmﬂmaﬁLmasmummmmawgmgmﬁaswwmw Y

o ¥ om e o ¥ e g A I S o
maumewummaauﬁummmaagmﬂmwuﬂmvlmaaﬂ WONANNHANUNUN IraoanTLNe-
v X ode ¥ , 4o a4 AN K
Japay 5-30 VaINUNTUUN WaT hinge line T9RatasdaNULLIITRINIABNLANI LA NRNYN
Inasanasaglndlymeiudisihlnasan (Freeze and Cherry 1979, p. 197) 3 nuwIfa
source—and—sink ﬁlﬁ’lumsﬁwaaaLmummmasluﬂaﬁ;ﬁ'u AwNin lnaaanIwaLanaz vin

dld a (% s :’ J a =3 o YV o 1
Tnasannivsunauinaanainlarus miaiwauﬂuuwulmu@mmiwmiﬁmvlﬂgm
' A & A2
angnTarngulunwntii lwaaan

2. N7NIIANLA (refraction tangent law) nymswnin llaeTuranslnadounay
madﬁﬂmgjﬁaau%%aﬁuﬁﬁﬂmaaﬂﬁﬁaau LRBULRAINANIINIT MR ATBIUILANATIIN
AW AW DILRINI DARWTIZ N R N8I I R8T 99 lianvaTunyldeuranvas
FOULNY LﬁaﬁﬂmdmﬂmmaaﬂwmmaLﬁﬁ;j%'uﬁwﬁmmwuﬁwu 30 2471 119z lnaln
wndlusuiiviudaanluluyuann (U0 22) ngmyinmildihuianawadnasiliia
Hauan lURNN1ID AR D URAUNIN R La

3. NSABAIVBITLAVUITIAWI (fluctuation of potentiometric surface) =AU
wisauszniduninvasen 2 9a desiasaniduaaifuaziingdd (Promma et al.,

H v a ‘Vg; g, Q = Q€ v 1 Qs
2007) (37 1) mauqmimum%m 10 16T wazdaulTsansvasn Ity lavinny  0.001
LRI HLANLWIAIA AL TIIANTUNINDS 10,000 T4 LﬁaLaumaamﬁaauM;ﬁumﬁ
Qs J Q Qs :‘ =Y { 1 1 { :/ a

WIIN mwuawa\n‘muLm@umgﬂaﬁmUI@ﬂmsmLmuﬁammmﬁawaammumw
FITNTIGNVININE B LL@imsﬁﬂmm"ﬂ’mﬁﬂﬁﬁgmﬁuﬁadwLl,mﬁ@ﬁ“lajL‘J‘flm'%aém%'u%'uﬁwﬁ
LIIA% AIDINADNITUWRIVITEALLIIA W LT UL TIAURENAUNITLA NI LI AATY

sysumaaTande bl uastwlylenialanaziiunasivasiian lUnu total head (h)
52.1 Mluiuanadelua

:/ a ; (% ad o @ @ { a YRR
M7 eI ATUNANRITTTNTI A NAzIaan N9 wlRna LN
. o ¥ n C¥wa o o ed
Winnu (Fetter 1994, p. 131) m3azastiunanaiiadnaunsznath liinasnudandn
LANANINY TIAnTHhuaadlay hydraulic head Fusd 4 vRannTevidaiuIaaszningiin

a8 lvia leun
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(1) e lasdsnavasihliasgauanaluumids

(2) ANAH L WNETINTBINMUABLTTEINALRSIRBNNATTL
(

(4) WIILFIANU

)
)
=2 ' & o vy R a o o & 7
3) ﬂ']i@]ﬁg]@iz%')’]ﬁi&ltﬂqaﬂlaﬂuq qulﬁuqﬂ@@l@ﬂﬂﬁa@lmuuq
)

WRIUNIRUANNIZVINGA NI AVAIUNADNATINYAIWRIINW LALUANA t3alehal

2
v A

19 uazissawin Wonatunelalasld Bernoulli equation (Fetter, 1994) 3%k

v2 P (4)
E=—+9gz+—

2 p
A A [ & ' ' & A & -1 A | -2
laaf E fia WaINUNIRUaaaniioNIaadin, v as anasa [LT ], g fa aNead [LT ],
z @8 elevation head [L], P A8 anuauvadiluaaauil L], p Ao anunmwusiuaadin

11en8 ML
5.2.2 ngmadﬂ’l{%uazm‘m 218AMNVDITULTIR

Darcy (1856) LI%AMLINNLEAIANNFUNUTRAINATZRIN900TINT LARLAS
ANMNUAATUTRANEAT NAIAD Eomwm@%’ummam%’qaé’mwnﬁlmﬁﬁaga MIABNUH
138N NYVBINNTT (Darcy’s law) 69k (3UN 22):

Ahp (5)

AL

=i A i 3_—1 A o a £ o -1 A A A o o
laufi Q @ total discharge [L'T ], K fia #WUszandrasndula [LT ], A e Aunniinea

Q= KA

L], Ah, fia AuLANGN9289 pressure head [L] (awlﬁ'zyé’nmﬁﬁﬂammﬁadﬁ v), AL
A9 ANNENVOITIBENITIIN [L]

Hubbert (1940) lé£971 pressure head ma"l&il“ﬁéhLmuﬁamaoﬂgmaam%‘ﬁ
lunnnsdl 3514 total head unu dmumsinauwinulu 3uf 22n hy, fdrgenin by, e
nauasstutulunosuiinidooln gﬂﬁ 229 dnlFunifa pressure head tinunenaazlna
INI=AU pressure head @‘iﬂﬂi]’@i:é’uﬁgaﬂdw Favaussiuanufavos mslaudoguil
138n1 Hubbert's Conundrum (Hermance, 1999) ialfuwidauassuiisade aavld h
waagivinunanalnaann h, lss h, ﬁagé’hﬂdﬂ snaululsziduitldn Freeze and
Cherry (1979, p. 18-22) Fetter (1994, p. 141-142) 1.8z Hermance (1999, p. 15-17)
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53  WiUIMalnasan

53.1 anafgiwaasioii-weizlawas

m3lnasanvasihiunaanntwi lddusidulddiiaifaduarasuy@dn
(1) fimmamslnasgluuuinuuss equipotential line agluuuids uaz (2) Anuaatuss
A v ¥ ea a o o ¥ g gy = A
aaaidearavadrzauinldauniatzduussduinuazldinagivaudn (gun 23)
a ¥ s < 1 . & o Y & 'qzu/
suydguinmunulasnilidnauealas  Dupuit  (1863)  Tegniilwiduniinlas
Forchheimer (1930) émyagmﬁﬁamiﬂi:mmmﬂmﬁLLﬁﬂ%dG’Eavl&iﬁmsmwms"LmLLmao
o ~ a . . aa A aa A [
antibwikfa suyAgues Dupuit-Forchheimer aamlnamasiid liduniaila oaldleny
ANNANATUTRANRASN AR S

(n) (2)

-
-
-
I
-
—\--
-

<—  Groundwater Flowlines
+= = Equipotential Lines

51U 23. enzhensluasanzastiviaaainsuiladusedn: (n) milnasss (@) madsznm

fiemnansinalasldauy@giuses Dupuit-Forchheimer

% [

5.3.2 dwilwiiuiaianinnuilvasan

anudladagtunsinunslnazesiunanalusesliddniuauii il
w39auleuna1n Hubbert (1940) ﬁnmma%amnﬁuﬁéfuﬁ’]mmaﬁéﬁuummLLa:vLmadgj
71390 LEwaLauTashuaadusulasaufiugaslas equipotential line szausinlaan
lavaanfagutlusihuianauaziouiinua biiduvauwafiusin (no—flow boundary) N3
Inavasihuaadulmungresasslaginassmni  lunsdiinsihgninualdide

=1 :’ 1 d' g’ =S v :’ ] v a d‘y o v L%
pauiafiviiagnenis dviensislnasealdnainlald uuwidadignirluldasne

LUUFIRBINTOULWIAAFIRTUINRILULNNT MAALa ﬂ"ﬁiuﬁUU%%ﬁTuLua%ﬁa%uﬁaﬂfﬂ@ﬁ'u
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atnalafionnn uwdadhaduanaligneasnnzin equipotential line Tuiufl
i asannurwLiwineS BntanisfannuTinswavasivianalununii lnasen
3 a a d' = a uz d'ly d'dl' =3 o v Qs a 2 = 1 gﬁ
SuAnesalaSoufisunuiunau 9 Jedaudenuanufavaan lainmsinasioui
A 1 a A \ [ D R & ' a A Af wa =<
azfagiimiali JUuuuaindninduamdnsnslwafisadiasannssuyalilveuafiu
nTaautluiinlés1930 Freeze and Cherry (1979, p. 197) wauainwuniin lnasandiies
Souaz 5-30 VOINUNNINNG
LW ANANTUNIINANNENILALFLAUITDILEFUNIINNT MARBIUILNAE Toth
(1962, 1963) $uunszuumsvali 3 afa ldud inadiu unans uazpiinie szuuns
3’ J 1 a v 1 a a a
Inavasihnansdsduagiuaniwnisgnnosdine laud piidszine s3dlinen pliame
. e . T .
(Toth 1970) waraNUsranTveInm sty ldvasruiin (Freeze and Witherspoon 1967) Freeze

and Cherry (1979) LLamgﬂLLuumi"Lﬁm:é'uﬁmﬁu 1unand LLa:QﬁmﬂT@ﬂ%Qﬁﬂi:mﬁ

¥ ]
A

2 { a 0 o A o g &
LLU%LLQZQG a1 9 (E‘llﬁ 20) wauﬁﬁﬂ’]’ﬁ&lfi{\?@nLL@lﬂ@]’Nﬂ%&ﬂﬂ msvl,mﬁmsﬁusﬁaumﬂmu

2 v
A v A v v

WiNth weiatnd lsAaNFaTUN s eI T o a LAt
1) ms‘lwmzé’ugﬁmﬂﬁwmgﬂﬁhﬁﬂﬂmaaﬂvl,ﬂEl’dﬁ;mﬁmﬁaml,a il
equipotential line Wi LUBINNANRATN [asen
J dl o a v L aa w 1 J a‘ dql/ dl d‘
2. wungsluszaunimanues nMwaarniseIlddanuiuilanuini
019U UG LAZ g LENLNAR AR LN WNGININNTT LT 1u‘1qum LRUNIINIT AR
aagNaTIN e IuN G

5.3.3 mﬂ‘naaanmaaﬁﬁmmaadmmﬁ

. X o da Yuo X dY .
luanizaaf iwenalnaaniuiniduinldgaunilnasen uwifatan
o A Ao @ ' 4 S A a A & '

nnanuiiesd jauiusenivihuiaawasiidudilinsdnsainasudisl a.a.
1960-1970 uaz3di3adluna4l a.a. 1990-2000 (Winter, 1995; Stanley and Jones, 2000;
Sophocleous, 2002) WATGNT MAaTaIHILIANE et was Inasena1usITHILA: chemical
flux HIWIBEADITHININLIANALAINRIAUABYIZIARRATY (Dahm et al., 1998; NRC,
2004) Brunke and Gonser (1997) a?ﬂL‘%aaﬁ,’]mma"lmaaﬂ"lﬂgjl,l,sjﬁ,'] nafe Wanuan
or baseflow lummihazidwihlnasandiunin wddduanyn iuienanlnasen’lds
1 :/ d' | a :/ a A a a 1 a QI . . . . v
withazfpmdulihfiadunidaiEendt mnvasiuads (river bank infitration) lunauds

ve ¥ Y. o ¥ . ¥
i luruwinsuafunaniay lrnaaan ludansiin



70
5.3.4 N13IRA22NVAIRIVIAAULUNNAIG

[ 2/ = A :‘
wadinyiazasiviana wuneie madfsuudaszdununmylnazasin
{ =) l-'-§/ :’ a a { 1 Q v

vanafiadwinziAawdasuwilasaderiasiuasdusan (Promma et al., 2007)
nmslnasuiidazgdnisinauuiduanloudiisessg lnadivuaziainas ldlususid
WIIARLNIEI® NNTAaE 4 suuuy (39 1) aanEwnIns e W latduduldsatinaue
witduuuudnuon n1Insedtuadfiszozau nsdunuidaudinuanuilueda eg.,
Meyboom et al., 1966; Meyboom, 1966, 1967; Winter, 1976; Winter et al., 1999; Téth,
1962, 1963, 1999). AIUHNNT HAFBINALAZAINULLAIANAITIURIUNIRINTINULLUEN

aa A d' =

Hauarinmsfsuudasaunanlusaud

54  NHNIIANLA

ﬁﬂﬂ’]@]’]ﬂLll?]lEluﬁﬂ‘ﬂ’]\‘mﬁvlmaijaLﬁﬂﬂﬂiﬁﬂL%%5\‘171]’17’1Lﬁﬂﬁ%uﬁ’]ﬁﬁguﬂizaﬂ%{mm
mM3Bulauandn9nu (Hubbert 1940) anuauwusidn tangent law %umﬂ@mmﬂﬂgmaoa
wadnidu sine law feunadalufiunan Hubbert (1940) SmIUTWINAT AU HUAS
Ko>K, viemslnaasiiansvnindisasdosewineti (gﬂﬁ 24) LLmﬁ@f:vlﬁmmﬂmiﬂgma

W28 @9 inflow Q, WAL outflow Q, annngmamﬁ%aﬂﬁ
dh, (6)

dh,
KA —=K,A,—=
dL, dL,
lagfi dh fia AINNLANANITTHING hydraulic head T10328EN9 dL §9LNA37 dL, WAL dL,
WINNRBNGIY equipotential line ATALYINAY G311 Ay = xcosB;; A, = xcosy; X/dLy =

1/sin0,; x/dL, = 1/sin0, WNUAWALRANRAIIENNITA 6 A6

cose1 p cose2 (7)
1 sine1 2 sine2
K, tane1 (8)
K2 tane2

guM3N 8 labunumIvnind NTutingn9iite 3N Hubbert (1940), Freeze and
Cherry (1979, p. 173) l#@20819009dUNINT avadiunaaiie K/K, = 10
AMNUFUNWTHUFAIIT FIRTUAMUUANEIINLAK 100 L1YINA2 Bu1e189z brabwuuasuls
g: d'd. > a A"‘ =3 (% 1 AI g; d'd. [ a Af = (%
mummauﬂi:ammaamiﬂjuvl,@gom'] uaz lrauwaslurundaraudszansvasniityle
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N , \ & = a a o v a a & '
AN LDW TUNUW (;ﬁjﬂ 21) LL%?ﬂﬂugﬂu’]lerL%aﬁU’]Uﬂ'\ivlfﬁaL']U%Tadu’]ﬂq@l'}aaﬂqd

. < ¥ o, & 2 o
N8 9 lu%ummomawmﬂaﬁ;uu

91 91

Ky Vi

’ ’ ’ ’
K2 ’ ’ V2 ’ ’

K2>K; N V2>V N

311 24. AMNUANGAWILNIWNIANRVDINGITTBUALAIA (N) 1MNEINTN K, DI K, (1) NJoaIs

6 s £>
LWARANAINAN v, MET v,

¥ ]
=) =

Tunaassnudrunuuwdadnedu aasdanain mslnaduduaniufiduiinee
Twass ngmsininazdisuliiunmalnadnaslusnanlienadounduaniiiasu malna
YOI AUANGIINUES Sasunanvasgasinlisusaianldatuamauned
"l&iflﬁ‘éuqmaamaf’] myvnwmingaldesunsiumslravessinunenalile Snnenswnm

a Aaa v 6 ' ' a A=
AngalumsssmiEnalonguessuas Wlingniswniwidaany tangent law

5.5 NI5UBAIVDITLAUUTIABWIAINLIAN

& o ~ &
5.5.1 ﬂ{]?.la\‘lﬂ']isﬁltazﬂ"l‘i‘l"l']LLN%YIﬂ']‘Jlﬂﬁ?IE]\‘J%’]

M3A32990 hydraulic head 3L IUTWINTUTIAURINITANALFUTY b6t
A o ' | o & @ by & v A ' . AaA
UBuKu Tayaudazyauaasddndnasnuuasiluzui iduiiainda hydraulic head 71
ALYINNWLITENIN equipotential line WNUNLEAINITVEY equipotential line Neatitadtduszuwiy
B3NN potentiometric map TEAULIINWUN (potentiometric surface) ‘ﬁgﬂﬁd%aiﬂﬂ Meinzer
& v & ad‘ o 1A 04 s :/ g: 2’ a > %
(1923) Selsiiduszwmuauy@nynduniifaszauusauinuaiazesTuiniiniau ingnn
YN TN UNLEAITZA LTI W Has o wM T IMa2891LIa1a AwIANSINNT
bd ) . a £ (2 .
Travasiiunana wazfinsnmInizanualvesaaulszantuesnidula (Domenico and

Schwartz 1998) ﬁwmma%ammzé’uLLiﬂé’ugo"LﬂmizﬁuLLiaéfm‘h
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¥ g’ VA a
5.5.2 53@1U%’li(§l@]%tlﬁ$ﬂ&lﬂi$t°{lﬁ

Slichter (1899) wuaz King (1899) éi”'dﬁaé'ammjaamménﬁtymaammmaﬁﬁ
daonslwavesinunaaszauan Gedszauinldan (water table) dunwazvianuaini
Uszine ﬂtﬂ'nﬁaﬁgﬂiwﬂﬁwUﬁ'mwii:é'uﬁﬂﬁaua%iﬁ’mdw ﬁﬁmma%afﬂwﬂixﬁm{’]gﬂﬂ
wszautiien ualuszoumslnavesswindussswmsuinoluiuianuii antwavesnd
Usznafitos wuusiassnseuumdamsinavasinuiaadiianalas Hubbert (1940) La@s
ANUFNRHETERINT DNl dauuaAnGw TTauandaNINNnTERITaINaYes King
(1899) Laz289 Hubbert (1940) ash\‘mﬁaﬁf’umsvlmgml,ami@ﬂmiﬁ@ﬁ'maa flow line W&

equipotential line ﬁzﬁuﬁ’ﬂﬁauﬁa@@ﬁ@ﬁ equipotential line LARZLE

5.5.3 JzauLTIawILazdlsEing

] 2

potentiometric  surface  fa W ILANYANATIAVUIIGUTBIN lUTUING]
@ . v 2] A Ao «o Aa < v Sa

W39a% (Meinzer, 1923) duidunilaluumfafidrdaymagnnssdiinedslfafianinig
Tnauazdimimanudims navesituiana luauiinilissai potentiometric surface il
MwasriaupaInllseine (Chamberlin, 1885) fAvanzad llusuindusian szaurilu
. X o, r ¥ Fa . ¥ g a AT
Lazgaunutuii nalniife hydrostatic weight 1898181 NVENLIBBINNINNTURKING

AUTIMAUIN 5:uuﬁﬁwa5’§'ﬂz%’ﬂmawqaLLsaﬁuﬁq‘lﬂ@ULﬁ@mLaummﬁmmaimﬁasl
Chamberlin (1885) W&A431 ANNLANAIIVRITZALMABaNZLALIUNA19VR
Auluavinliiianisiafennvasinuionaluaesia waziilugadlasld  potentiometric
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1. Groundwater recharge X X X X

2. Air entrapment during X X X
groundwater recharge

3. Evapotranspiration and X X X X
phreatophytic consumption

4. Bank-storage near X X X X
streams

5. Tidal effects near oceans X X X X

6. Atmospheric pressure X X X X X

7. External loading of X X
confined aquifers

8. Earthquakes X X

9. Groundwater pumpage X X X X

10. Deep—well injection X X X

11. Artificial recharge X X X

12. Agricultural irrigation and X X X X
drainage

13. Geotechnical drainage of X X X

open pits, slopes, tunnels

ﬁm: Freeze and Cherry (1979)
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Cumulative Nan Well 26 Well26 Well26 Well27 Well27 Well27  Well 28
Day River 18m 22m 26m 18m 22m 26m 18m
1 37.66 37.636 37.635 37.632 37.770 37.771 37.781 37.811
7 37.50 37.571 37.571 37.578 37.654 37.656 37.656 37.683
15 40.31 39.820 39.820 39.822 39.752 39.744 39.717 39.717
21 37.68 37.983 37.982 37.977 38.152 38.158 38.176 38.197
28 36.26 36.689 36.688 36.682 36.960 36.972 37.004 37.034
36 34.85 35.394 35.393 35.387 35.767 35.786 35.832 35.871
42 34.79 35.207 35.206 35.203 35.538 35.555 35.592 35.652
50 35.30 35.562 35.562 35.560 35.778 35.789 35.810 35.856
58 35.81 35.917 35.917 35.916 36.018 36.022 36.027 36.059
65 35.36 35.512 35.512 35.511 35.624 35.627 35.634 35.665
73 34.92 35.106 35.106 35.106 35.229 35.232 35.241 35.270
99 35.54 35.475 35.475 35.478 35.420 35.416 35.395 35.421
112 35.44 35.296 35.295 35.299 35.178 35.169 35.157 35.139
126 35.66 35.399 35.399 35.406 35.226 35.212 35.189 35.184
140 35.46 35.293 35.292 35.296 35.177 35.169 35.141 35.155
155 35.17 35.168 35.168 35.174 34.961 34.924 34.956 34.947
170 35.22 35.042 35.043 35.051 34.922 34.917 34.888 34.913
181 35.34 35.130 35.129 35.131 34.989 34.984 34.946 34.972
211 36.40 35.930 35.927 35.935 35.606 35.587 35.519 35.527
234 35.18 35.082 35.079 35.082 34.992 34.987 34.958 34.974
266 35.17 35.084 35.090 35.090 35.012 35.007 34.982 34.997
273 34.70 34.632 34.632 34.633 34.587 34.537 34.561 34.582
279 35.01 34.814 34.816 34.819 34.642 34.632 34.622 34.587
286 35.28 35.027 35.027 35.032 34.875 34.866 34.846 34.832
296 36.08 35.673 35.673 35.682 35.468 35.462 35.415 35.430
303 35.56 35.457 35.457 35.457 35.397 35.395 35.374 35.392
310 37.63 36.187 36.187 36.204 35.952 35.942 36.687 35.897
321 36.08 35.925 35.925 35.927 35.847 35.842 35.817 35.837
328 35.66 35.622 35.622 35.624 35.602 35.602 35.587 35.605
334 35.62 35.644 35.647 35.647 35.674 35.673 35.667 35.697
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Cumulative Nan Well 26 Well 26  Well 26  Well 27  Well 27  Well 27  Well 28
Day River 18m 22m 26m 18m 22m 26m 18m
343 35.43 35.457 35.457 35.457 35.507 35.510 35.508 35.537
348 35.92 35.854 35.857 35.857 35.847 35.849 35.837 35.862
357 38.72 38.187 38.187 38.194 37.888 37.877 37.818 37.822
364 37.97 37.467 37.462 37.467 37.402 37.397 37.372 37.382
399 35.57 35.703 35.704 35.702 35.821 35.821 35.815 35.865
406 36.26 36.323 36.323 36.321 36.404 36.401 36.397 36.432
413 35.18 35.499 35.497 35.494 35.723 35.728 35.751 35.794
441 34.70 34.816 34.816 34.813 34.930 34.936 34.943 34.980
449 35.62 35.464 35.466 35.466 35.413 35.409 35.393 35.412
457 35.86 35.706 35.705 35.707 35.627 35.620 35.611 35.613
462 35.35 35.338 35.337 35.338 35.337 35.336 35.327 35.348
469 35.79 35.598 35.598 35.600 35.494 35.518 35.487 35.481
476 36.01 35.706 35.704 35.708 35.520 35.508 35.494 35.476
483 35.84 35.607 35.607 35.609 35.435 35.425 35.410 35.385
491 37.43 35.986 35.986 35.990 35.694 35.680 35.632 35.628
500 36.24 35.943 35.943 35.945 35.721 35.705 35.685 35.667
506 36.37 36.004 36.003 35.897 35.648 35.634 35.597 34.585
511 36.33 36.049 36.048 36.051 35.852 35.842 35.792 35.810
518 36.49 36.026 36.052 36.093 35.858 35.853 35.775 35.781
525 35.54 35.524 35.413 35.413 35.298 35.292 35.258 35.273
532 35.65 35.518 35.460 35.460 35.344 35.336 35.301 35.319
539 36.41 36.129 36.077 36.078 35.884 35.878 35.829 35.844
547 35.98 35.808 35.742 35.744 35.568 35.560 35.516 35.521
555 35.89 35.674 35.608 35.610 35.386 35.374 35.328 34.319
561 35.88 35.676 35.658 35.659 35.482 35.475 35.436 35.445
569 35.86 35.787 35.583 35.583 35.382 35.373 35.324 35.329
574 35.64 35.381 35.346 35.348 35.141 35.132 35.083 35.087
581 36.17 35.871 35.760 35.766 35.492 35.474 35.427 35.413
590 35.37 35.489 35.178 35.176 35.045 35.038 34.999 35.005
596 36.24 35.773 35.798 35.802 35.537 35.527 35.464 35.464
602 35.28 35.211 35.102 35.105 34.936 34.926 34.891 34.820
610 35.80 35.595 35.512 35.507 35.339 35.331 35.282 35.291
618 35.50 35.316 35.281 35.282 35.178 35.170 35.133 36.140
624 36.03 35.757 35.777 35.783 35.624 35.618 35.580 35.590
631 35.95 35.823 35.711 35.716 35.602 35.594 35.558 35.575
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Cumulative Nan Well 26 Well 26  Well 26  Well 27  Well 27  Well 27  Well 28
Day River 18m 22m 26m 18m 22m 26m 18m
639 35.44 35.465 35.337 35.337 35.301 35.297 35.273 35.294
644 35.10 35.192 35.062 35.062 34.970 34.961 34.963 34.947
651 35.97 36.066 35.801 35.805 35.731 35.728 35.692 35.720
659 35.14 35.484 35.173 35.176 35.231 35.230 35.221 35.250
665 34.91 35.209 34.996 34.996 35.099 35.101 35.097 35.135
672 34.59 34.939 34.697 34.690 34.829 34.831 34.836 34.874
679 34.60 34.797 34.695 34.697 34.817 34.818 34.820 34.860
686 34.58 34.695 34.678 34.678 34.804 34.810 34.809 34.850
693 35.16 35.196 35.147 35.146 35.189 35.189 35.174 35.212
701 34.38 34.744 34.507 34.504 34.628 34.631 34.631 34.671
708 34.90 35.474 35.054 35.048 35.188 35.191 35.192 35.228
712 34.88 35.032 34.945 34.940 35.037 35.039 35.037 35.072
720 35.74 35.496 35.522 35.522 35.473 35.470 35.443 35.476
726 36.10 35.848 35.856 35.858 35.802 35.800 35.770 35.807
733 36.41 36.440 36.266 36.264 36.251 36.250 36.229 36.259
741 35.22 35.857 35.415 35.409 35.578 35.585 35.593 35.630
747 35.72 35.771 35.772 35.772 35.887 35.890 35.890 35.927
754 34.96 35.350 35.152 35.151 35.352 35.365 35.381 35.418
761 34.39 35.558 35.329 35.329 35.472 35.479 35.553 35.443
776 34.18 34.400 34.340 34.335 34.550 34.557 34.571 34.617
783 35.09 34.827 34.815 34.814 34.898 34.899 34.901
788 34.67 34.808 34.712 34.710 34.795 34.797 34.804
798 35.39 35.150 35.133 35.137 35.045 35.028 35.032 35.008
804 35.37 35.258 35.175 35.174 35.080 35.073 35.048
811 35.08 34.992 34.943 34.942 34.838 34.828 34.809
816 35.00 34.853 34.856 34.856 34.759 34.750 34.732
824 35.16 34.998 34.996 34.995 34.919 34.912 34.889 34.909
832 35.38 35.304 35.290 35.289 35.232 35.226 35.200
837 35.11 35.098 35.020 35.022 34.976 34.970 34.949
845 34.94 34.869 34.836 34.835 34.789 34.779 34.762
854 35.06 34.754 34.778 34.784 34.570 34.555 34.555
859 34.96 34.936 34.854 34.855 34.820 34.813 34.792 34.817
866 35.17 35.005 34.995 34.996 34.914 34.905 34.875
873 35.03 34.856 34.846 34.845 34.746 34.737 34.713
880 35.08 34.804 34.810 34.804 34.643 34.631 34.622
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Cumulative Nan Well 26 Well 26  Well 26  Well 27  Well 27  Well 27  Well 28
Day River 18m 22m 26m 18m 22m 26m 18m
887 35.34 35.113 35.106 35.106 34.937 34.928 34.912 34.921
892 34.85 34.686 34.687 34.692 34.598 34.592 34.570
901 34.49 34.452 34.450 34.449 34.424 34.418 34.403
906 34.45 34.333 34.334 34.335 34.302 34.298 34.275
914 34.38 34.296 34.292 34.294 34.251 34.243 34.235 34.241
921 34.92 34.617 34.613 34.615 34.434 34.418 34.399
928 34.78 34.583 34.583 34.587 34.484 34.476 34.442
936 35.00 34.729 34.728 34.731 34.570 34.569 34.524
942 34.90 34.688 34.686 34.690 34.555 34.546 34.510 34.516
947 34.64 34.466 34.465 34.466 34.367 34.357 34.327
956 34.35 34.138 34.137 34.140 34.006 33.994 33.955
961 34.31 34.084 34.087 34.091 33.931 33.919 33.885
967 34.41 34.154 34.155 34.158 33.985 33.969 33.917
977 34.76 34.434 34.434 34.438 34.212 34.197 34.141 34.139
981 34.82 34.475 34.474 34.479 34.233 34.219 34.164
989 34.77 34.377 34.376 34.383 34.094 34.077 34.018
996 34.76 34.429 34.430 34.435 34.175 34.158 34.097
1002 34.73 34.407 34.406 34.410 34.163 34.146 34.088
1010 34.22 33.965 33.965 33.968 33.754 33.739 33.688
1017 34.52 34.130 33.829 34.135 33.810 33.789 33.729
1022 34.65 34.257 34.257 34.263 33.919 33.898 33.848
1033 34.35 34.067 34.066 34.072 33.859 33.845 33.790
1038 34.66 34.293 34.292 34.299 34.051 34.036 33.978
1045 35.91 35.373 35.373 35.372 35.010 34.987 34.904
1052 36.06 35.694 35.694 35.700 35.388 35.370 35.303
1059 39.64 38.609 38.608 38.619 37.928 37.890 37.762
1066 37.33 36.868 36.864 36.866 36.636 36.619 36.569
1072 36.01 35.665 35.670 35.673 35.602 35.596 35.570
1080 38.14 37.660 37.659 37.663 37.382 37.366 37.289
1088 37.11 36.946 36.946 36.951 36.756 36.743 36.703




93

Cumulative Well 28 Well 28 Well 29 Well 29 Well 29 Well 30 Well 30

Day 22m 26m 18m 22m 26m 18m 22m

1 37.809 37.813 37.906 37.906 37.774 38.040 38.019

7 37.685 37.682 37.676 37.674 37.538 38.080 38.057
15 39.712 39.687 39.376 39.371 38.993 39.340 39.328
21 38.195 38.204 38.402 38.400 38.260 38.575 38.546
28 37.033 37.061 37.447 37.447 37.440 37.711 37.683
36 35.871 35.917 36.492 36.493 36.619 36.847 36.820
42 35.652 35.687 36.170 36.171 36.301 36.487 36.465
50 35.857 35.877 36.201 36.203 36.257 36.329 36.310
58 36.061 36.067 36.232 36.235 36.212 36.170 36.155
65 35.667 35.675 35.847 35.849 35.813 35.885 35.870
73 35.272 35.283 35.461 35.462 35.414 35.599 35.585
99 35.422 35.407 35.384 35.388 35.209 35.337 35.319
112 35.138 35.135 35.019 35.021 34.896 35.169 35.158
126 35.184 35.171 34.886 34.889 34.817 35.027 35.018
140 35.154 35.137 34.468 34.464 34.759 35.007 34.999
155 34.947 34.925 34.846 34.849 34.618 34.764 34.756
170 34.915 34.897 34.799 34.802 34.631 34.823 34.814
181 34.972 34.945 34.796 34.799 34.540 34.720 34.712
211 35.526 35.472 35.042 35.043 34.547 34.800 34.795
234 34.974 34.948 34.782 34.784 34.480 34.735 34.724
266 34.997 34.972 34.841 34.844 34.589 34.803 34.795
273 34.582 34.567 34.519 34.524 34.350 34.517 34.505
279 34.587 34.588 34.529 34.532 34.411 34.590 34.572
286 34.832 34.825 34.519 34.520 34.474 34.736 34.729
296 35.430 35.397 35.122 35.124 34.894 35.066 35.065
303 35.392 35.372 35.227 35.229 35.029 35.264 35.253
310 35.897 35.854 35.519 35.510 35.236 35.425 35.425
321 35.837 35.817 35.639 35.640 35.469 35.708 35.695
328 35.607 35.599 35.519 35.519 35.381 35.605 35.590
334 35.697 35.689 35.646 35.641 35.549 35.790 35.775
343 35.542 35.537 35.574 35.579 35.557 35.735 35.715
348 35.862 35.857 35.792 35.797 35.720 35.924 35.906

357 37.822 37.776 37.234 37.239 36.964 37.333 37.315
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Cumulative Well 28 Well 28 Well 29 Well 29 Well 29 Well 30 Well 30

Day 22m 26m 18m 22m 26m 18m 22m

364 37.382 37.365 37.119 37.124 37.333 37.220 37.200
399 35.865 35.849 36.105 36.107 36.037 36.106 36.088
406 36.432 36.427 36.451 36.453 36.381 36.611 36.587
413 35.794 35.812 36.056 36.060 36.100 36.288 36.261
441 34.981 34.991 35.172 35.211 35.226 35.293 35.279
449 35.413 35.414 35.364 35.368 35.258 35.380 35.368
457 35.615 35.604 35.413 35.414 35.419 35.702 35.690
462 35.348 35.355 35.370 35.372 35.249 35.387 35.362
469 35.482 35.463 35.336 35.339 35.107 35.329 35.302
476 35.476 35.475 35.398 35.400 35.220 35.399 35.386
483 35.384 35.387 35.299 35.302 35.125 35.375 35.359
491 35.627 35.594 35.284 35.286 35.083 35.124 35.103
500 35.666 35.659 35.535 35.537 35.285 35.526 35.512
506 34.583 34.557 35.287 35.288 35.110 35.279 35.257
511 35.809 35.772 35.570 35.550 35.177 35.416 35.402
518 35.779 35.743 35.520 35.522 35.211 35.478 35.470
525 35.274 35.249 35.157 35.160 34.893 35.081 35.065
532 35.319 35.293 35.136 35.140 34.827 35.105 35.094
539 35.844 35.810 35.557 35.560 35.255 35.467 35.461
547 35.519 35.488 35.318 35.320 34.999 35.144 35.131
555 34.317 34.287 35.094 35.097 34.760 35.066 35.057
561 35.446 35.418 35.183 35.185 34.864 35.149 35.141
569 35.328 35.293 35.083 35.085 34.740 34.953 34.940
574 35.086 35.049 34.831 34.834 34.453 34.661 34.645
581 35.411 35.381 34.947 34.948 34.746 35.056 35.046
590 35.004 35.001 34.786 34.787 34.433 34.711 34.700
596 35.465 35.421 35.067 35.067 34.641 34.891 34.888
602 34.819 34.793 34.714 34.715 34.437 34.682 34.671
610 35.288 35.253 35.005 35.006 34.670 34.907 34.899
618 36.140 36.114 34.926 34.931 34.647 34.912 34.901
624 35.591 35.562 35.341 35.342 35.071 35.341 35.333
631 35.573 35.548 35.340 35.340 35.072 35.358 35.349
639 35.296 35.279 35.175 35.175 34.967 35.229 35.212
644 34.950 34.959 34.931 34.931 34.832 35.117 35.101

651 35.720 35.697 35.529 35.533 35.317 35.610 35.598




95

Cumulative Well 28 Well 28 Well 29 Well 29 Well 29 Well 30 Well 30

Day 22m 26m 18m 22m 26m 18m 22m
659 35.251 35.243 35.227 35.230 35.100 35.409 35.389
665 35.135 35.133 35.192 35.193 35.150 35.413 35.394
672 34.876 34.881 34.995 34.997 34.985 35.217 35.198
679 34.861 34.863 34.953 34.960 34.933 35.178 35.160
686 34.852 34.857 34.959 34.963 35.159 35.206 35.189
693 35.213 35.207 35.207 35.210 35.152 35.375 35.363
701 34.674 34.680 34.805 34.805 34.783 35.018 35.000
708 35.230 35.234 35.336 35.342 35.361 35.581 35.568
712 35.073 35.077 35.148 35.153 35.147 35.371 35.358
720 35.478 35.461 35.375 35.380 35.305 35.482 35.476
726 35.809 35.793 35.675 35.680 35.649 35.872 35.864
733 36.261 36.248 36.113 36.116 36.049 36.378 36.358
741 35.631 35.641 35.765 35.768 35.795 36.071 36.051
747 35.931 35.934 35.989 35.993 36.057 36.340 36.325
754 35.427 35.443 35.636 35.642 35.765 36.031 36.012
761 35.447 35.454 35.742 35.747 35.823 35.733 35.736
776 34.618 34.635 34.789 34.792 34.896 35.165 35.145
783 35.076 35.078 35.159

788 34.357 34.356 34.906

798 35.009 35.021 35.017 35.019 34.914 35.210 35.197
804 34.944 34.949 34.745

811 34.180 34177 34.501

816 34.043 34.040 34.351

824 34.908 34.893 34.806 34.809 34.632 34.855 34.843
832 35.103 35.105 34.918

837 34.892 34.895 34.730

845 34.691 34.693 34.504

854 34.353 34.353 34.414

859 34.818 34.802 34.713 34.718 34.570 34.837 34.824
866 34.749 34.751 34.546

873 34.587 34.588 34.351

880 34.218 34.223 34.339

887 34.925 34.918 34.795 34.799 34.631 34.905 34.895
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Cumulative Well 28 Well 28 Well 29 Well 29 Well 29 Well 30 Well 30

Day 22m 26m 18m 22m 26m 18m 22m
892 34.301 34.302 34.268

901 34.359 34.363 34.158

906 34.207 34.211 34.063

914 34.242 34.239 34.220 34.223 34.081 34.362 34.349
921 34.068 34.071 33.944

928 34.233 34.238 33.963

936 34.280 34.285 33.974

942 34.515 34.488 34.240 34.242 33.959 34.294 34.288
947 34.113 34.115 33.797

956 33.719 33.721 33.309

961 33.638 33.640 33.206

967 33.636 33.640 33.200

977 34.139 34.086 33.774 33.776 33.289 33.547 33.543
981 33.760 33.764 33.255

989 33.445 33.451 32.965

996 33.694 33.696 33.139

1002 33.689 33.691 33.134

1010 33.297 33.301 32.720

1017 32.827 32.822 32.639

1022 33.399 33.401 32.786

1033 33.433 33.435 32.905

1038 33.585 33.587 33.092

1045 34.289 34.289 33.716

1052 34.704 34.703 34.137

1059 36.456 36.457 35.647

1066 35.956 35.960 35.339

1072 35.280 35.279 34.887

1080 36.637 36.637 36.085

1088 36.318 36.318 35.961
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Cumulative Well30 Well31 Well31 Well31 Well32 Well32 Well32 Yom

Day 26m 18m 22m 26m 18m 22m 26m River

1 37.765 37.638 37.649 37.618 37.722 37.719 37.725 37.77

7 37.700 37.591 37.591 37.569 38.170 38.163 38.165 38.23
15 38.939 38.341 38.344 38.331 38.738 38.727 38.728 38.86
21 38.302 38.153 38.157 38.141 38.679 38.673 38.672 38.82
28 37.549 37.706 37.709 37.698 38.270 38.264 38.264  38.28
36 36.795 37.258 37.261 37.255 37.860 37.855 37.855 37.75
42 36.446 36.981 36.980 36.977 37.210 37.209 37.208 36.88
50 36.268 36.637 36.633 36.630 35.991 35.996 35.997 35.77
58 36.089 36.292 36.286 36.283 34.771 34.782 34786  34.67
65 35.797 35.985 35.975 35.972 33.792 33.801 33.804 33.29
73 35.505 35.677 35.664 35.660 32.812 32.819 32.822 31.92
99 35.216 35.316 35.301 35.294 32.420 32.429 32437  32.02
112 34.978 34.807 34.815 34.792 32.206 32.210 32211 31.74
126 34.815 34.695 34.733 34.685 32.081 32.090 32.093 31.71
140 34.799 34.789 34.834 34.781 32.679 32.682 32.690 32.59
155 34.548 34.566 34.614 34.561 33.002 33.004 33.012 32.96
170 34.631 34.559 34.601 34.550 32.743 32.748 32.749 3244
181 34.523 34.495 34.528 34.484 32.149 32.152 32149  31.66
211 34.486 33.964 33.980 33.947 31.533 31.536 31.535 31.01
234 34.472 34.214 34.230 34.198 33.645 33.643 33.645 35.05
266 34.556 34.404 34.427 34.390 34.420 34.416 34415 35.37
273 34.367 34.574 34.589 34.559 33.895 33.902 33.895 34.27
279 34.427 34.541 34.560 34.529 33.730 33.733 33.733  33.72
286 34.559 34.511 34.524 34.499 33.936 33.936 33.936  34.17
296 34.895 34.874 34.879 34.857 34.155 34.165 34165 34.67
303 35.052 34.969 34.974 34.952 34.815 34.815 34810 35.80
310 35.199 35.003 35.006 34.989 35.075 35.067 35.069 36.17
321 35.480 35.463 35.471 35.448 35.338 35.335 35.330 35.02
328 35.400 35.412 35.424 35.402 35.765 35.762 35.753 36.74
334 35.606 35.786 35.786 35.772 35.985 35.980 35976  36.93
343 35.585 35.810 35.829 35.804 36.143 36.137 36.127 36.74
348 35.739 35.830 35.847 35.823 36.009 36.005 36.000 36.61
357 36.953 36.574 36.569 36.561 36.714 36.708 36.704  37.61
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Cumulative Well 30 Well 31 Well 31  Well 31  Well32 Well32 Well32  Yom
Day 26m 18m 22m 26m 18m 22m 26m River
364 36.905 36.644 36.654 36.637 37.173 37.165 37.160 38.15
399 35.924 36.022 36.094 36.035 37.421 37.414 37409 37.69
406 36.274 36.189 36.268 36.201 37.462 37.468 37459  37.77
413 36.042 36.223 36.302 36.236 37.606 37.598 37.593 37.93
441 35.184 35.308 35.381 35.319 34.166 34.178 34.179  33.17
449 35.251 35.171 35.191 35.149 33.211 33.224 33.222  31.92
457 35.534 35.471 35.497 35.460 32.562 32.575 32.578 34.00
462 35.234 35.207 35.232 35.196 33.137 33.147 33.152  34.56
469 35.099 34.942 34.958 34.929 32.782 32.790 32.794  34.42
476 35.227 35.269 35.281 35.252 32.764 32.772 32776  34.44
483 35.180 35.054 35.072 35.040 32.637 32.652 32.642 34.31
491 34.958 34.859 34.864 34.842 32.381 32.386 32.383  34.00
500 35.527 35.226 35.240 35.210 32.333 32.340 32.345 34.09
506 35.086 34.955 34.969 34.937 32.245 32.249 32.251  33.99
511 35.190 34.895 34.903 34.879 32.180 32.189 32191 33.86
518 35.252 35.141 35.150 35.123 32.452 32.460 32471  32.74
525 34.884 34.896 34.913 34.879 32.738 32.740 32.739  32.59
532 34.880 34.744 34.744 34.723 32.567 32.570 32570 32.57
539 35.265 35.135 35.143 35.116 32.679 32.686 32.688 32.54
547 34.936 34.764 34.779 34.750 32.679 32.680 32.676  32.36
555 34.798 34.532 34.534 34.519 32.164 32.168 32.166  32.82
561 34.939 34.778 34.776 34.758 32.063 32.065 32.062 31.77
569 34.737 34.507 34.523 34.493 32.117 32.122 32122 31.93
574 34.431 34.232 34.247 34.217 31.931 31.931 31926 31.72
581 34.787 34.553 34.566 34.529 32.427 32.429 32434 32.66
590 34.461 34.229 34.242 34.215 32.273 32.269 32.265 32.23
596 34.633 34.205 34.207 34.188 32.196 32.199 32.200 32.14
602 34.475 34.406 34.413 34.385 32.552 32.559 32.572 33.36
610 34.645 34.423 34.429 34.401 32.875 32.879 32.886 33.60
618 34.662 34.495 34.503 34.476 33.259 33.259 33.256  34.42
624 35.098 35.016 35.021 34.998 34.137 34.131 34130 35.68
631 35.125 34.914 34.921 34.901 34.098 34.096 34.091 35.20
639 34.973 34.894 34.910 34.883 34.638 34.633 34.630 36.11
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Cumulative Well 30 Well 31 Well 31  Well 31  Well32 Well32 Well32  Yom
Day 26m 18m 22m 26m 18m 22m 26m River
644 34.931 35.024 35.044 35.012 34.751 34.749 34.746  36.12
651 35.358 35.225 35.238 35.212 35.036 35.032 35.029 36.29
659 35.181 35.191 35.206 35.177 35.218 35.215 35.210 37.47
665 35.222 35.458 35.482 35.446 35.371 35.369 35.365 36.16
672 35.074 35.311 35.328 35.301 35.099 35.095 35.090 35.68
679 35.033 35.267 35.274 35.254 35.064 35.063 35.061 35.48
686 35.085 35.479 35.485 35.465 34.903 34.902 34.898 34.83
693 35.229 35.346 35.353 35.333 34.751 34.752 34.749  34.96
701 34.899 35.147 35.149 35.133 34.769 34.766 34761  36.34
708 35.465 35.848 35.863 35.834 35.471 35.470 35456  36.33
712 35.259 35.520 35.526 35.505 35.421 35.417 35415 36.19
720 35.351 35.502 35.504 35.486 35.540 35.538 35.537 36.17
726 35.743 36.069 36.075 36.056 35.891 35.886 35.882 36.81
733 36.061 36.190 36.202 36.181 36.627 36.620 36.614 37.62
741 35.922 36.093 36.102 36.087 37.180 37175 37171 38.30
747 36.247 36.593 36.605 36.583 37.595 37.587 37.585 38.52
754 35.975 36.372 36.375 36.352 37.828 37.825 37.825 38.80
761 35.554 35.602 35.603 35.592 35.806 35.803 35.802 38.29
776 35.108 35.537 35.529 35.528 35.740 35.744 35.735 35.50
783 35.730 35.729 35.719 34.528 34.537 34.538 34.08
788 35.479 35.479 35.469 34.029 34.035 34.032 33.66
798 35.075 35.115 35.102 35.095 32.744 32.753 32.755 32.12
804 34.805 34.802 34.789 32.374 32.384 32.383  31.70
811 34.605 34.591 34.580 32.001 32.011 32.013 3145
816 34.373 34.364 34.352 31.884 31.887 31.886 31.39
824 34.742 34.803 34.780 34.773 31.880 31.892 31.896  31.47
832 34.964 34.959 34.934 32.448 32.468 32487 32.81
837 34.778 34.774 34.757 32.747 32.748 32.755  32.85
845 34.571 34.563 34.551 32.416 32.418 32417  32.09
854 34.964 34.958 34.937 32.552 32.559 32.564 32.32
859 34.693 34.839 34.842 34.817 32.631 32.642 32.646 3247
866 34.659 34.651 34.633 32.431 32.441 32.440 32.11
873 34.471 34.458 34.447 32.525 32.527 32.526  32.25
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Cumulative Well 30 Well 31 Well 31  Well 31  Well32 Well32 Well32  Yom
Day 26m 18m 22m 26m 18m 22m 26m River
880 34.845 34.842 34.818 32.357 32.362 32.365 32.17
887 34.734 34.778 34.779 34.752 32.676 32.686 32.691 32.77
892 34.486 34.489 34.465 32.369 32.371 32.368 32.13
901 34.249 34.247 34.225 32.117 32.124 32122  31.82
906 34.505 34.501 34.480 32.047 32.057 32.055 31.70
914 34.221 34.389 34.420 34.395 32.185 32.194 32197  32.02
921 34.046 34.038 34.020 32111 32.116 32118  31.91
928 33.908 33.894 33.891 31.977 31.985 31.988 31.74
936 33.901 33.881 33.873 31.864 31.868 31.872 31.80
942 34.070 33.842 33.819 33.816 32.061 32.070 32.070 32.09
947 33.651 33.635 33.624 31.890 31.889 31.886 31.68
956 33.076 33.058 33.047 31.461 31.457 31.457 31.46
961 32.808 32.778 32.779 31.227 30.484 30.484 31.25
967 32.769 32.749 32.741 31.226 31.226 31.225 31.13
977 33.233 32.751 32.728 32.723 31.247 31.250 31.251  31.17
981 32.724 32.704 32.699 31.143 31.143 31.143  31.10
989 32.381 32.350 32.352 30.865 30.858 30.850 30.72
996 32477 32.454 32.445 30.746 30.746 30.743  30.52
1002 32.456 32.449 32.430 30.606 30.605 30.607  30.47
1010 32.175 32.159 32.149 30.492 30.493 30.497 30.44
1017 31.819 31.783 31.794 30.409 30.412 30.417  30.42
1022 31.944 31.919 31.919 30.519 30.525 30.527  30.45
1033 32.183 32.140 32.149 31.175 31.180 31191 32.31
1038 32.549 32.521 32.517 32.388 32.403 32430 35.82
1045 32.995 32.944 32.960 33.403 33.396 33.400 36.47
1052 33.411 33.364 33.380 34.190 34.175 34.166  37.12
1059 33.920 33.874 33.887 34.752 34.741 34.734 37.57
1066 34.493 34.449 34.461 35.528 35.518 35.512 38.26
1072 34.619 34.588 34.594 36.197 36.186 36.178  39.01
1080 35.385 35.352 35.362 37.019 37.007 36.998 39.22
1088 35.753 35.743 35.741 37.724 37.716 37.709 39.76
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Abstract

A confined alluvial aquifer between two rivers shows interesting redox processes
as a result of groundwater and surface—water interactions and groundwater flow
dynamics. Bank infiltration and exfiltration in this study exhibit a new sequence of redox
reactions. The hypothesis was confirmed at a study site located between Nan and Yom
Rivers in Phitsanulok, Thailand, by analyzing concentrations of redox species and
reactions as a function of distance from rivers. Orgamic matter degradation controls the
bank infiltration. In contrast to current concepts, the O, respiration and 8042_ reduction
occur in a short distance from the groundwater and surface water interface. The
reduction of Fe— and Mn-hydroxides is a major source of the dissolved Fe2+ and Mn2+ in
transition areas. Carbonate dissolution—precipitation reactions control concentrations of

2+
Mn

Keywords groundwater and surface—water interactions, river bank filtration,

hydrogeochemistry, redox reactions, Thailand
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Introduction

A future direction in hydrogeology is to study groundwater and surface—water
interactions and associated hydrogeochemical processes (Glynn and Plummer, 2005).
The groundwater and surface—water interactions have been studied since the 1960s and
have mushroomed in the 1990s (Winter, 1995; Stanley and Jones, 2000). Attention has
evolved from physical to biogeochemical, and to ecological, particularly near the
groundwater and surface—water interface (Dahm et al., 1998; Sophocleous, 2002; NRC,
2004).

Groundwater and surface—water interactions, also called stream—aquifer exchange,
are important in bank areas along major rivers. Many cities rely on the bank groundwater
supply. Here, bank filtration affects groundwater chemistry and quality. The bank
filtration is classified into two types: infiltration and exfiltration. The bank infiltration occurs
when the oxic river water infiltrates into an anoxic groundwater whereas the bank
exfiltration occurs when the anoxic groundwater enters the oxic river water.

Bank infiltration from a river is a major research topic in the past 20 years. Major
concerns are that polluted river water can contaminate the groundwater supply in many
cities located on the banks. Main attention has been focused on geochemical occurrence
during the bank infiltration. Redox processes are highlighted because the water mixing
between oxic river water and anoxic groundwater is complicated and involves several
redox—sensitive species including O,, NO; , Fe'' Mn 8042_, H,S, and CH,. The redox—
sensitive species play an important role on many biogeochemical processes that in turns
affect the groundwater quality and nutrients in the groundwater and surface water
interactions (von Gunten and Zobrist, 1992).

In groundwater and surface—water interactions, redox sequences in groundwater
are a series of redox processes occurring as a function of distance from a stream. A
cause is consumption of organic matter, which is in both dissolved phase in groundwater
and sorbed phase on sediment surface (Massmannn et al., 2004).

Table 1 summarizes geochemical processes from high to low energy (Froehlich et

al.,, 1978; Berner, 1981a,b). The redox sequences in groundwater begin with O,
consumption, NO3_ reduction, Mn(l11/1V) reduction, Fe(lll) reduction, MnCO; precipitation,

8042_ reduction, and increasing influence of seepage water, respectively (Appelo and
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Postma, 1996). Each zone needs not have sharp boundary (Champ et al., 1979; Berner,
1981a,b).

Redox sequences in groundwater during bank infiltration have been observed by
several investigators (von Gunten and Kull, 1986; Jacobs et al., 1988; Lensing et al.,
1994; Stuyfzand, 1989; Bourg and Bertin, 1993; Dousson et al., 1997; Groffman and
Crossey, 1999) but those during bank exfiltration from natural groundwater have never
been observed. A few studies have illustrated redox processes when organic—rich
leachate leaves the aquifer (Baedecker and Back, 1979; Vroblesky and Chapelle, 1994;
Ludvigsen et al., 1998; Christensen et al., 2000).

Redox sequences in bank filtration are scale dependent:

1. Field scale (Lovley and Goodwin, 1988; Chapelle and Lovley, 1992; Brown et
al., 2000; Massmann et al., 2004).

2. Laboratory scale (von Gunten and Zobrist, 1992, 1993; Matsunaga et al., 1992;
Kuhlmann and Schéttler, 1993; Hencke and Schulz, 1997; Schlieker et al., 2001a, b).

Actual redox sequences in groundwater involving bank filtration are still not fully
understood whether or not they are site specific. A challenge is to recognize and to
quantify the hydrogeologic and hydrogeochemical characteristics in certain geologic
settings (Voss, 2005).

A steady-state groundwater flow system, a three—dimensional body of
continuously circulating groundwater bounded by a set of hydrogeologic boundaries (Toth,
1999), depends on topography, geology, and climate (Téth, 1970). The groundwater
flows from a recharge area through a transition zone to a discharge area (Téth, 1962,
1963). Bank infiltration occurs in the recharge area whereas bank exfiltration occurs in

the discharge area.
Redox Sequence in Dynamic River Bank Filtration

A dynamic groundwater flow system depends on changing hydrogeologic
boundaries, topography, geology, and climate (Promma et al., 2007). Seasonally varying
hydrology alters the hydraulic head and thus induces changes in the groundwater flow
direction (Brunke and Gonser, 1997). With low precipitation in the dry season, baseflow

in one stream contributes the discharge. With high precipitation and flood, surface runoff
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and interflow increase. Surface water contributes to subsurface flow, infiltrates banks,
and recharges the aquifer.

The chemical composition of groundwater changes continuously through time
within a groundwater flow system where recharge and discharge are relatively stable (Fig.
1). The variations in hydrogeochemistry may be used to categorize the groundwater flow
system into zones, referred to as hydrochemical facies (Back, 1966). Groundwater flow
influences the facies patterns because the groundwater flow reduces the mixing by
diffusion, carries the chemical imprints of changes from recharge areas, and leaches the
aquifer (Chebotarev, 1955; Back, 1966; Williams, 1970; Wallick, 1981; Fogg and Kreitler,
1982; Sanford, 1994; Ingebritsen and Sanford, 1998; Toth, 1999; Stuyfzand, 1999).
Without the groundwater flow, less variation of groundwater compositions would exist
because diffusion would reduce the difference by mixing slowly through geologic time
(Volker, 1961). A question of interest is, “can chemical composition patterns of
groundwater develop in a dynamic confined alluvial aquifer located between two rivers?”

A sequence of redox reactions has been observed during infiltration of oxic river
water into the aquifer near the banks (von Gunten and Kull, 1986; Jacobs et al., 1988;
Lensing et al., 1994; Stuyfzand, 1989; Bourg and Bertin, 1993; Dousson et al., 1997;
Groffman and Crossey, 1999). Recently, Massmann et al. (2004) has investigated large—
scale redox processes in a river—recharged aquifer along the Oder River in Germany. At
their site, river water consistently infiltrates into the shallow confined aquifer. Reduction
processes from oxygen respiration to sulfate reduction dominate the groundwater quality
about 3 km from the river. Large—scale (km—scale) redox sequences have also been
reported by Lovley and Goodwin (1988); Chapelle and Lovley (1992); Brown et al. (2000).
Reduction of Fe— and Mn-hydroxides leads to high concentrations of iron and
manganese.

This paper describes a new finding that river incision into a confined alluvial
aquifer results in intriguing groundwater flow dynamics that makes the transition areas
between two neighboring rivers largely isolated from oxygenated river water. Discrete
zones of high iron concentrations in the transition areas indicate the isolation. Thus
groundwater resource developers can expect to see high iron groundwater in the

transition areas of a confined alluvial aquifer located between two rivers.
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Methods

Water Sampling

This study analyzes the groundwater from 25 wells located between the Nan and
Yom Rivers (Fig. 3). The wells intersect the same aquifer at similar elevations (Fig. 4).
Elevations of the land surface and the well’s top were measured using standard surveying
methods. At Wells 12—-16, groundwater levels were recorded weekly in 2003.

In this study, the river stages were calculated for the sampling station N1, which is
next to Well 12, in the Nan River and Y3, which is close to Well 16, in the Yom River.
The upstream station to N1 is N5A in the Phitsanulok City and the downstream station is
N74 in Bang Kratum. For N1, d,4 is equal to 50 km and d(x) is equal to 15.4 km. The
upstream station to Y3 is Y16 in Bang Rakam and the downstream station is Y17 in Sam
Ngarm, Phichit. For Y3, dyq is equal to 46.5 km and d(x) is equal to 16.15 km.

Then, fluctuations of groundwater levels and river stages were drawn as a function
of time and were used with flow nets to study groundwater flow patterns, seasonal
variation, and recharge—discharge relationships. Firstly, stages of the Nan River were
compared with heads in Well 12, and those of the Yom River with heads in Well 16.
Secondly, groundwater levels in all wells were analyzed. The groundwater flow dynamics
was then classified into phases following the concept presented in Fig. 2. The
corresponding flow nets were drawn to confirm the classification and interpretation. In
addition, flow paths were calculated using Darcy’s Law, flow nets, and traveled time in
individual phases.

Although the groundwater flow regime was divided into four phases, the
groundwater and river water samplings were carried out in major Phases Il and lll. The
main reason is because the groundwater chemistry is rather constant throughout the year
and Phases | and IV are on transitional changes in a short period of time. Detailed
groundwater sampling activities were conducted in the dry season or Phase Il (February
2006). The groundwater sampling in the rainy season or Phase Ill (September 2003)
emphasized in wells along the cross—section (Figs. 3 and 4). The river water was also
sampled in the same period.

Field parameters including temperature (T), specific conductance (SC), dissolved
oxygen (O,), and pH, were measured immediately after purging by lowering multiple

probes into wells. The O, was measured using a membrane electrode whose the
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detection limit is 0.2 mg/L (Rose and Long, 1988). In addition, redox potential (Eh) was
carefully measured by using the Wood Method (Wood, 1976; Kehew, 2001). A bottle of
Zobell’'s solution for Eh measurements was brought to sample temperature before
reading. The Eh combination electrode consists of a platinum—sensing electrode
connected to a reference electrode, which is made of silver enclosed in silver—chloride
solution.

The groundwater and river water were collected and preserved by using standard
methods as described by American Public Health Association et al. (1998). After purging,
the groundwater samples were collected using a closed flow—through cell with an inline
filter. The groundwater samples were filtered by 0.45 um filters for the analysis of
dissolved metals (Puls and Barcelona, 1989). Unfiltered groundwater samples were also
collected to determine the total iron and manganese. The river water samples were
filtered using 0.45 um filters to exclude suspended clays and Fe— and Mn—oxyhydroxides.
Quality—assurance samples were collected by duplicate sampling once every ten samples.

The groundwater samples for the analysis of dissolved Fe2+ were preserved by 20
mL 65% hydrochloric acid per liter of water and other metals by 10 mL nitric acid per liter
of water. The preservation was done immediately after filling the bottle. Sulfide samples

were carefully filled without air entrapment and preserved by zinc acetate solution. The

remaining samples were stored at 4°C and transported to the laboratory.
Chemical Analysis

The chemical analysis was generally performed within one day after sampling.
Parameters analyzed include total dissolved solids (TDS), sodium (Na+), potassium (K+),
calcium (Ca’"), magnesium (Mg"), chloride (CI'), bicarbonate (HCOs ), carbonate (CO;- ),
sulfate (8042_), sulfide (SZ_), nitrate—N (NO; ), nitrite—N (NO, ), ammonia—N (NH,), silica
(Si0O,), total iron, ferrous iron (Fe2+), and total manganese (Mn). Results were evaluated
for their reliability using charge balance of less than 5% (Appelo and Postma, 1993).

The ferric iron (Fe3+) was calculated using Eq. 2 (Puls and Barcelona, 1989).

Fe’ = Fe,., Fe” (1)

where Fe3+ is ferric iron (mg/L), Feyy is total mobile iron (mg/L), and Fe2+ is dissolved

ferrous iron (mg/L).
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The water samples were analyzed by following standard methods (American
Public Health Association et al., 1998). Alkalinity was determined by titration onsite. The
HCO, and CO, were calculated using the alkalinity. The atomic adsorption
spectrophotometer was used to analyze Na, K, Ca, Mg, Fe, and Mn. TDS was obtained
by drying at 80°C. Chloride was identified by using mercuric nitrate method, sulfate by
turbidimetric method, and silica by molybdosilicate method. The S°, NO5, and NO,

were analyzed by ion chromatography while NH; by nesslerization.
Interpretation

Concentrations of iron and other parameters were drawn on a map and were
superimposed not only by groundwater flow patterns at the time of sampling but also by
the overall zigzag groundwater flow pattern. Then, the effects of groundwater flow
dynamics on redox conditions, particularly in transition areas, were analyzed. The high
iron anomaly in the transition areas was also evaluated for its consistency in space and

time with respect to the zigzag groundwater flow pattern.
Selection of Modeling Code and Model Input

PHREEQC, a geochemical modeling code published by (), was chosen for
conducting speciation and solubility calculations. This program uses H,SiO, as the silica
component but laboratory report silica as SiO,. Since the concentration units are in moles
per liter, no conversion is needed. If the units are in milliequivalents per liter, a
concentration conversion factor of 1.6 is needed.

The main objective was to use chemical analyses of the groundwater to determine
what chemical reactions occurs between the groundwater and the solids. Predictions can
be made if the controlling factors of acidity and metal contents are known. The
procedures of geochemical modeling were as follows: 1 calculate activities of all dissolved
species in individual samples, 2 calculate saturation indices with respect to minerals, 3
plot them on the cross—sections along the flow paths, 4 observe a step—wise change in
pH, 5 test a buffering hypothesis with a titration model, 6 plot results on activity—activity

diagrams (Zhu and Anderson, 2002).
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Site Description

The study area is located about 20 km from the City of Phitsanulok, lower
northern Thailand (Fig. 3). Based on observation in this study, there are two major
seasons in the study area. In 2003, the dry season lasts from November 1 to May 31
whereas the rainy season is between June 1 and October 31. Monsoon rain and tropical
storms contribute most of the precipitation to the area.

Fig. 4 shows a geologic cross—section, which is based on detailed hydrogeologic
investigation in this study. The aquifer is continuous, heterogeneous, and confined. It is
the upper part of Chao Phraya aquifer (Wongsawat and Dhanesvanich, 1983; Department
of Mineral Resources, 2001). The aquifer thickness varies from 13 to 21.5 m. A
continuous clay layer, 13—21 m thick, overlies the aquifer. The underlying confining layer
is also continuous. There are eight gravel lens inside the aquifer. The Nan and Yom
Rivers cut through the top of the aquifer and lens of fine—grained sand that connects to
the aquifer. Therefore, the groundwater is highly interactive with surface—water bodies in
both rivers. The transmissivity and storage coefficient were measured in this study using
the Cooper—Jacob straight-line method (Cooper and Jacob, 1946). Their values are
1,988 mZ/d and 3.3 x 104, respectively. Based on an average aquifer thickness of 16 m,
the hydraulic conductivity is 124.3 m/d. Effective porosity is estimated to be 0.3.

The aquifer consists of Quaternary alluvial deposits of channel-filled sands and
gravels. Major compositions of the aquifer are made of quartz about 95% of the aquifer
materials. No iron-rich sands were observed. Minor iron—-bearing minerals include
hematite, pyrite, siderite, biotite, amphibole, and pyroxene.

Three reasons make the area ideal for testing of the proposed hypothesis. Firstly,
the flow directions of the Nan and Yom Rivers are nearly parallel, approximately
southward. Secondly, the spacing between the rivers is appropriate, about 6-7 km.
Finally, both rivers incise slightly into the confined alluvial aquifer. Their riverbeds are

located about 12—-15 m below the land surface or about 2-5 m of penetration.

Results

Groundwater Flow Paths

Phases of groundwater flow dynamics include: (I) aquifer discharge, (ll) direct flow,

(Il1y aquifer recharge, and (IV) reverse flow (Promma et al., 2007) (Fig. 2). In Phase |,
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groundwater mound in the aquifer discharges into both rivers when river stages drop (Fig.
2a). In Phase ll, groundwater levels respond quickly and the uniform flow occurs from
River A to B when River A rises above River B (Fig. 2b). In Phase lll, while River A
continues a recharging process, River B rises and recharges into the aquifer (Fig. 2¢). In
Phase IV, when River B rises above River A, the uniform flow occurs in a reverse
direction with respect to the Phase Il (Fig. 2d). The resulting flow direction has a zigzag
pattern (Fig. 2e).

Groundwater flow dynamics depends on river stages. The groundwater and
surface—water interactions near the Nan River are more complex than the Yom River.
Fig. 5a illustrates that Phases | occur in the shortest period of time, about three weeks. It
occurs twice in one year. The water exchange in Phase Il is fairly stable in the dry
season but those in Phase lll are highly interactive in the rainy season. Phase IV starts
when river stages drop below the groundwater levels and ends when river stages begin to
rise. Phase |V is also short, about five weeks. Fig. 2 shows corresponding conceptual
models to each phase.

In Fig. 5b, groundwater levels near the Yom River show simple interactions but
exhibit significant fluctuation within a year between 32-39 m. Both groundwater levels
and river stages drop dramatically in the dry season. When river stages are below
groundwater levels in Well 16, the aquifer discharges groundwater into the Yom River.
This event is concurrent with Phases | and Il in the Nan River (Fig. 5a). When the rainy
season begins in June and the river stages rise above groundwater levels, the Yom River
recharges into the aquifer. This event, occurring simultaneously to Phase Il and IV in the
Nan River (Fig. 5a), ends in November.

Fig. 6 confirms that groundwater flow dynamics is a cycle. The cycle can be
ended in less than a year depending on precipitation events and subsequent river runoff.
Phase | is short because the groundwater and surface—water interactions are on
transitional change. Groundwater mound discharges into both rivers. In Phase Il, the
aquifer has a uniform direct flow from the Nan to Yom River. Phases | and Il also repeat
by the end of the year. In Phase lll, both rivers recharge the aquifer during the rainy
season. Phase IV shows that the groundwater flow has a reverse direction to Phase Il
Table 1 shows raw data of Fig. 6. Groundwater levels in the transition areas (Wells 13,

14 and 15) change slowly, indicating that the role of river flow dynamics is less significant



113

in this zone. Although a limitation of the classification is based on the one—year data
sets, the repettition of

Fig. 8 shows flow nets in four phases of groundwater flow dynamics as identified
in Fig. 6. The repetition of Phases | and Il in November—December has similar
groundwater flow patterns to those in January—May. Seasonally varying river stages (Fig.
6) is a predominant factor that controls the groundwater flow directions of the confined
alluvial aquifer. Potentiometric surface is not a subdued replica of the land surface at all
times. River flow dynamics changes groundwater flow directions continuously, particularly
in areas near the rivers.

Based on Figs. 6 and 8, details of groundwater flow directions and flow paths are
as follows. From January 1 to 21, groundwater mounds in transition areas discharge into
both Nan (83°SE) and Yom Rivers (16°SE) with flow paths of 5.8 and 5.6 m, respectively
(Fig. 8a). From January 22 to June 2, groundwater has flown continuously from the Nan
River to the Yom River along 18°SW with a flow path of 18.9 m (Fig. 8b). From June 3 to
September 26, the Yom River has begun to recharge into the aquifer along 88°NE with a
flow path of 35.6 m while the Nan River is still recharging the system along 5°SE with a
flow path of 48.0 m (Fig. 8¢c). From September 27 to October 31, groundwater flows
continuously from the Yom River toward the Nan River along 85°SE-85°NE with a flow
path of 11.2 m while the Nan River becomes a discharge area (Fig. 8d). Phase | repeats
during November 1-21 when the aquifer discharges groundwater into the Nan and Yom
Rivers with flow paths of 5.8 and 5.6 m, respectively. Finally, Phase Il occurs at the end
of the year, between November 22—December 31, with a flow path of 5.7 m from the Nan

to Yom River.
Effects of Groundwater Flow on Hydrogeochemistry

Moving in a zigzag pattern in recharge—discharge areas leads to a lack of dilution—
oxidation by oxygenated water from rivers in the transition areas. A lack of lateral
oxygenated recharge from the river does influence redox reactions and the availability of
redox species including oxygen, nitrate, manganese, iron, sulfate, hydrogen sulfide, and
methane. Iron, which is highly sensitive to dissolved oxygen, usually indicates suboxic or
anoxic conditions of the aquifer. With a lack of oxygenated water, the transition areas are

characterized by high concentrations of dissolved iron (Fig. 2e).
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Chemical Analysis

Tables 3 and 4 show results of groundwater analysis in the dry and rainy season,
respectively. Table 5 presents the river—water quality. Average values of charge balance
are 1.99% and 1.94% for the dry and rainy season, respectively. Therefore, the chemical
analysis is reliable. Quality—assurance samples meet the standard duplicated sampling
criteria.

According to Berner (1981), the presence of redox species found in the aquifer
indicates that the groundwater is under anoxic (post—oxic) conditions (Tables 3 and 4)
whereas the river water is oxic (Table 5). The post-oxic conditions in groundwater are
indicated by very high Fe~  concentrations, low SO,>, and negligible O, and NO; . A
couple of unstable species, 82_ and NO, , are undetectable. The total Mn is also high but
does not show the high anomaly in the transition areas. Eh values in the rainy season
increase slightly with respect to those in the dry season whereas the O, remains

undetectable.
Geochemical Modeling

The calculated concentrations for species are shown in Table , and the saturation
indices are listed in Table . The speciation are plotted in Figure , and show species
distribution along the cross—section A-A’. The species distribution varies along the flow
path because the groundwater chemistry changes drastically. The background
concentration of groundwater is Ca-HCO; type water with a pH slightly higher than
neutral. The downgradient groundwater is predominantly SO, type, with high
concentrations of dissolved metals Al, Fe, Mg, and Na. The downgradient groundwater
has elevated SO,, but the metal concentrations have dropped significantly. The aqueous
species are thus controlled by both pH and major ions.

Al: The dominant species are Al-SO, complexes in low pH, high SO, and
AL(OH); in low SO, and near neutral waters. However, accurate analysis of Al is difficult
to perform. Because of the low dissolved concentrations, particulate and colloidal particles
containing Al can dominate the analysis. The analyses of Al was regarded as maximum
possible values. If an Al content is not reported, no conclusions can be reached about the

saturation state of aluminosilicate minerals.
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Fe3+: Modeling indicates that the dominant iron is polynuclear hydroxyl-complexes
Feg,(OH)45+ in low pH, high Fe3+ solutions. See Stumm and Morgan (1996) for further

. . . 2+, .
discussion. In near neutral water, the species Fe(OH) " is dominant.
Analysis of Mineral Saturation Indices

Figures show the calculated S| for carbonate, sulfate, iron, aluminum, and
manganese minerals at the study site. Calculation results show that a number of minerals
are supersaturated in the groundwater samples. However, not all minerals that are
indicated to be supersaturated are actually present at the site. The following is how to
interpret the calculated Sl values, or to identify the mineral phases that are most likely
present in the system.

Speciation—solubility modeling only can point out the possibilities of solubility
control. Positive identification of the solubility limiting phases can only be accomplished by
microscopic or X—ray analysis of aquifer matrix. In most studies, mineralogy is a difficult
work for entremely fine—grained or amorphous phases and solid solution effects (Jambor
and Blowes, 1994).

S| shows which minerals can be present in the system and are precipitating from
the groundwater (SI>0), and which minerals are dissolving into the groundwater (SI<0).
Several reasons are given why many minerals calculated to be supersaturated may not
actually be present in the system (Zhu and Anderson, 2002).

1. Kinetics constraints. This applies to precipitation of complex structures which
may form simply at high temperatures. Quartz is almost universally supersaturated in
surface waters. If silica does precipitate, it will be in some other form such as amorphous
silica.

2. Sl are for pure end—member minerals but actual minerals in the system can be
solid solutions with complicated compositions. For jarosite, errors of more than one order
of magnitude can be introduced by ignoring solid solutions (Alpers et al., 1989).

3. The magnitude of Sl is not important. The S| depends not only on the
concentrations involved but also on the formula of minerals (Bethke, 1996; Wolery, 1992).
If we were to write the formula of quartz as Si,O, instead of SiO,, the SI would be double.

Therefore, long formula of clay minerals often occur at the top of the supersaturation list.
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4. Analysis errors may be significant. Particulates and colloids often contributes to
filtration sampling errors.

5. Thermodynamic data are questionable for its reliability. The data were obtained
in a number of different ways and from different researchers. Minerals used in the
experiment can be different from those in reality such as grain sizes, crystal forms,
defects, and surface areas.

6. Sl tells nothing about the rate of occurring and quantities of minerals involved in
the reactions.

Sl is a good guide for certain phases and possible processes.
Carbonate minerals

Fig. x Sl values of calcite for the upgradient wells are within 0-0.5, a range well
within the uncertainties obtained from errors in sampling, laboratory analyses, and
thermodynamic properties. Equilibrium with calcite at the site is possible because sandy
aquifer contain less than 1% calcite. Calculated Sl for aragonite are within 0-0.2 but its
presence is unlikely. Whether or not dolomite is present in the sandy aquifer is not
confirmed because the dolomite would be rather unusual under surface conditions. In all

samples, magnesite is undersaturated.
River Bank Infiltration

The river water is oxic. Here, electron acceptors (O,, NO; , and 8042_) play a
more important role than electron donors (DOC) (Massmann et al., 2004). The recharging
river water is a significant input of nutrients for groundwater ecology.

Fig. 10 shows that iron-rich groundwater exists in transition areas. It is mostly
likely that a lack of oxygenated lateral recharge in transition areas has led to this
anomaly. This evidence has confirmed that our hypothesis is plausible. The zigzag flow
pattern and the low penetration from the rivers leave the transition areas with a lack of
dilution and oxidation by oxygenated river water, which influences redox reactions and the
availability of redox species, particularly iron. Consequently, the transition areas are
characterized by high concentrations of dissolved Fe2+. Fig. 2 explains the conceptual

models of the above processes.
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The Fe2+ is a better mobility indicator of redox species in groundwater than the O,.
The O, in lateral recharge from river oxidizes Fe2+ so rapidly that the O, is not
measurable, for example, Wells 12 and 16 (Fig. 10 and Table 3). Nevertheless, the Fe2+
concentrations in recharge—discharge areas at the banks are still moderate.

Redox processes at our study site take place less than 100 m from both rivers
whereas Massmann et al. (2004) finds the affected area of about 3 km from the river and
tens of km by Lovley and Goodwin (1988). Difference in spacing between two successive
rivers may explain the contrast. At our study site, the Nan and Yom Rivers are about 6—7
km apart causing the groundwater flow regime to be more dynamic. Fluctuation of the
river stages in different periods leads to the zigzag groundwater flow pattern. It is of
interest to study the effect of this factor on the groundwater flow regime and subsequent
hydrochemical patterns.

Hydrochemical Facies/Anomaly

The evolutionary pattern of high iron concentrations along the regional
groundwater flow direction does not exist (Figs. 9 and 10). Along the regional
groundwater flow direction, the anomaly is constant in the transition areas at least for the
two sampling periods. Although this feature supports the hypothesis of discrete
hydrochemical zones (Back and Barnes, 1965; Langmuir, 1969, 1997; Chapelle and
Lovley, 1992), the high iron anomaly is not a result of chemical evolution along continuous
flow paths. Additional understanding of the aquifer mineralogy, speciation modeling, and
more frequent samplings will enhance the understanding about the anomaly present.

High iron anomaly appears in transition areas of a confined alluvial aquifer
between two rivers (Fig. 10). This anomaly is a result of lacking of oxygenated water in
the transition areas, which is caused by a zigzag groundwater movement (Fig. 2). Fe2+ is
oxidized immediately upon exposure to the O, at the banks. Anoxic conditions prevail in
the transition areas where the O, is consumed completely. The rationale for appearance
of moderate concentrations of Fe2+ at the banks and the fast oxidation is not fully
understood.

Fig. 10 also illustrates that the high iron anomaly is nearly constant in space and
time. In other words, the high iron anomaly has developed for many years. Also,

seasonal changes of groundwater flow regime do not significantly affect the Fe2+
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distribution in transition areas. The trend of the high iron anomaly is thus nearly parallel
to the shape of the two rivers.

Elevated Fe2+ concentrations in the groundwater are a result of the dissolution and
redox processes of iron—bearing minerals in the aquifer. These minerals including
hematite, pyrite, siderite, biotite, amphibole, and pyroxene, were observed by visual
inspection. The aquifer is made of at least 95% quartz, which does not contribute to the
appearance of Fe2+. According to Appelo and Postma (1993), important sources of Fe2+
in groundwater include: (1) oxidative dissolution of pyrite, (2) dissolution of siderite, (3)
dissolution of amphibole and pyroxene, and (4) reductive dissolution of hematite and
goethite coating on the surface of quartz grains. As indicated by high bicarbonate
concentrations, siderite is an important solubility control. In addition, microorganism is
expected to play an important role on the release of Fe2+ in groundwater (Chapelle and
Lovley, 1992).

The dissolved Fe2+ is the stable phase in anoxic groundwater whereas Fe(OH); is
the dominant species in river water. Fe(OH); is a typical iron species in natural waters
having measurable O, (Kehew, 2001). Fig. 11 shows a pH-Eh diagram of the Fe-O,—
H,O system with values found in this study. Although the aquifer is shallow, the anoxic
conditions strongly control the appearance of high Fe2+. Vertical recharge from rainfall in
the rainy season slightly influences the redox conditions of the groundwater as indicated
by an upward shift in Eh values in Fig. 11. In contrast, the redox conditions of the river is
homogeneous with a slight decrease of O, of the Yom river in the rainy season (Table 5).
Although the Eh was measured quantitatively onsite, Fig. 11 should be, however,
evaluated as qualitatively as possible (Appelo and Postma, 1993).

Fig. 12 shows that the dissolved Fe2+ is directly proportional to the total mobile Fe.
This linear relationship is a result of filtration. The dissolved Fe2+ is about 89.3% of the
total mobile Fe (Table 3). According to Puls and Bacelona (1989), the filtration of
groundwater samples by using 0.45 um filters for iron analyses will not provide accurate
information concerning the mobility of iron. If the purpose of the investigation is to
evaluate the total mobile Fe species, which includes dissolved Fe2+ and suspended Fe
colloids (<10 pm in diameter) in groundwater, which is the objective of this paper,
significant underestimation of the mobility may result because the Fe colloids are

excluded. In contrast, if the objective is to investigate the truly dissolved Fe2+, the use of
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0.45 um filters still results in the overestimation of dissolved Fe2+ because the Fe colloids
smaller than 0.45 um in size can pass through the filters.

If the Fe colloids are filtered, the Fe3+ values in Tables 3 and 4 can represent the
amount of all suspended species such as Fe oxyhydroxides, Fe organic complexes,
among others. The actual amount of Fe3+ in groundwater remains doubtful. Table 6
shows that the Fe3+ can be obtained by either (1) subtracting dissolved Fe2+ from total
mobile Fe or (2) calculating Fe3+ using the theoretical method described by Freeze and
Cherry (1979); that is, log [Fe3+] = 0.32-3pH. The latter method yields so small
concentrations of Fe3+ that the total mobile Fe is almost entirely the dissolved Fe2+, which
is a common assumption in hydrogeology. On the other hand, the first method shows
that Fe3+ is about 11.7% of the total Fe (Tables 3 and 4). The discrepancy between

measured and theoretical values of Fe3+ is not fully understood.
Redox Sequence

Massmann et al. (2004) proposed that there are five zones in a bank infiltration

process including:
Oxygen—Nitrate Reduction Zone

Low DO in groundwater is caused by oxygen consumption by aerobic
microorganism and by pyrite oxidation by O,. The oxygen-nitrate reduction zone shows
that O, and NO; are reduced within a few meters or less than a meter of penetration. In
this study, the O, and NO; concentrations are below the detection limit in all wells. This
evidence indicates that the aquifer is highly anoxic, even near the groundwater and
surface water interface. The pH also drops between the river water (N1) and the
groundwater (Well 12) from 7.2 to 6.8. Results in this study are coherent to Massmann et
al. (2004), who also suspected that the O, and NO; reduction occur within the organic
matter—rich riverbed in less than one day. The microbial degradation of organic matter
can occur within a few meters of river—water penetration (Jacobs et al., 1988; Bourg and
Bertin, 1993; von Gunten and Zobrist, 1993; Doussan et al., 1997; Massmann et al.,
2004).

We also speculated that the O, reduction is by oxidizing Fe2+ in the groundwater.

However, the pH-Eh diagram of Fe—-O,-H,O system indicates that the Fe2+ remains
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stable although the groundwater is located near the interface. Therefore, the competition
between the O, reduction by microbial activity and the O, reduction by Fe2+ oxidation is
not fully understood.

The pyrite oxidation by O, and Fe2+ has been studied as major reactions that
decrease the pH of natural waters (Lowson, 1982; Nordstrom, 1982; Morses et al., 1987;
Appelo et al., 1998). with a minor role by .

Low NO; in groundwater is caused by pyrite oxidation by NO; . The low NO;
concentrations are caused by the pyrite oxidation by NO; (Kélle et al., 1983; Strebel and
Bottcher, 1985; van Beek et al.,, 1987; Richter et al., 1990; Postma et al., 1991;
Aschenbrenner et al., 1992; Engesgaard and Kipp, 1992).

Fe—/Mn-Oxyhydroxide Reduction Zone

About xxx mmol L' Mn”" and xxx mmol L~ Fe~" were produced in this zone. The
pH and HCO; values are rather constant although the reduction consumes H. The
aquifer sand consists of about 95% quartz. Similar observation was made by Massmann
et al. (2004), who found that Mn— and Fe—hydroxide reduction was dominant in Zone I,

150 m from the groundwater and surface water interface.
Mn(Il)-Removal Zone

Massmann et al. (2004) presented that the Zone lll of Mn(ll)-removal, 600—700 m
away from the river, was occured by cation exchange, sorption, and particularly slow
precipitation as rhodochrosite (MnCO3) (Li et al., 1969; Suess, 1978; Thompson et al.,
1986; Lovley and Phillips, 1988a; Jakobsen and Postma, 1989; Matsunaga et al., 1992;
Gingele and Kasten, 1994; Hencke and Schulz, 1997). Base on Table x, we oppose this
idea because the all groundwater samples are undersaturated for rhodochrosite and other

Mn minerals.
High Fe/Mn Zone

This zone is characterised by high Fe2+ and Mn2+ concentrations. Massmann et
al. (2004) proposed that the high Fe2+ concentrations were a result of continuously
progressing redox reactions along the groundwater flow path. In contrast, we propose

that it is because of the groundwater flow dynamics.
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Pyrite oxidation is a source of 8042_. Pyrite is typically found in organic matter—
rich clays (Berner, 1981b; Postma, 1982; Hartog et al., 2002).

NO; is an electron acceptor in the pyrite oxidation (Table 1) (Kofod et al., 1998).
The NO; is negligible in the groundwater although the study area has been extensively
used for paddy field for which N fertilisers are heavily used. We suspect that the NO,
may be consumed by plants and reduced by pyrite oxidation in the paddy soil and
confining units.

The redox sequence can proceed from oxygen consumption towards sulfate
reduction within a few to tens of km (Lovley and Goodwin, 1988; Massmann et al., 2004)
or within tens of m (Schiring et al., 2000). An important controlling factor is the amount
of organic C and other redox species in sediments. The reactivity and composition of

organic matter affects the redox sequence.
Discussion

The presence of vertical recharge is less important than the absence of lateral
recharge, as evident by the high iron anomaly in transition areas (Fig. 10). At the study
area, vertical recharge from rainfall is insignificant to redox conditions of the aquifer. This
study is contrast to results presented by Edmunds et al. (1987), Groffman and Crossey
(1999), and Massmann et al. (2004). Results of this study are also contradictory to
isotope analysis in nearby aquifers by Howard Humphreys (1986), who found that the
groundwater at shallow depths of up to 50 m is likely to be less than 10 years old and
that the groundwater recharge is almost entirely from rainfall. Vertical recharge is focused
initially where the vadose zone is thin with respect to adjacent areas. It then progresses
laterally over time to areas with a thicker unsaturated zone (Winter, 1983). The changing
magnitude and distribution of vertical recharge affects the groundwater flow dynamics,
particularly in transition areas. The oxygenated vertical recharge is also subject to O,
consumption when entering the subsurface.

Vertical recharge from canals is negligible. Only a few field investigations detail
the pathways of water infiltration from stream channels or canals to the water table
(Stephens, 1996). The aquifer in this study is too deep from the land surface to have a
groundwater mound rising in the vadose zone to intersect the channel (Phase ). This

fact is always true even if the flow duration are sufficiently long for the vadose zone to
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reach steady—state moisture distribution, as long as the aquifer can transmit the recharge
away from the area (Bouwer and Maddock, 1997).

Results in this study are opposite to Brunke and Gonser (1997) and Massmann et
al. (2004), who consider infiltration processes from a single river into an aquifer. Clearly
in our study, at a particular moment in time, one river may be effluent while another
influent. The baseflow from the aquifer into the stream does not always occur in the dry
season, but it occurs at both rivers for three weeks in our study. To estimate the
infiltration into the banks, hydraulic heads in nearby rivers must be carefully considered.
Classification of the effluent or influent condition requires a thorough understanding of
groundwater flow system in three dimensions.

Flow paths of oxygenated lateral recharge have, therefore, a zigzag pattern near
recharge—discharge areas at the banks rather than a continuous curvilinear one across
the entire flow system. Our study site does not conform to the conceptual model of a
continuous flow regime across the entire system (i.e., Toth, 1963; Mayboom, 1966, 1967;
Winter, 1976, 1999). Fig. 9 shows that lateral groundwater recharge from rivers does not
penetrate into transition areas. Groundwater flow paths in each time period are very
short, 5.6—48 m, in comparison with the distance of 67 km between the two rivers.

In general, the groundwater flow direction in transition areas has a similar zigzag
pattern while flowing toward 47°SE. As opposite to steady—state concept in Fig. 1, the
regional groundwater flow direction in transition areas is nearly parallel to the river flow
(Fig. 9). This observation is consistent with what Larkin and Sharp (1992) refers to as the
“underflow—component dominated stream-—aquifer system,” which the groundwater moves
parallel to the river channel and in the same direction as the streamflow. The underflow
component is predominant in fluvial systems of mixed—loaded to bed—loaded character
and in systems with large channel gradients, small sinuosities, large width—to—depth
ratios, and low river channel penetrations.

Flow paths between groundwater and surface water are often treated
approximately as two—dimensional and steady state (e.g., Mayboom et al., 1966;
Mayboom, 1966, 1967; Winter, 1976; Winter et al., 1999; Téth, 1962, 1963, 1999).
However, this study shows that the interaction between groundwater and surface water is
three—dimensional and highly dynamic. A thorough understanding of the groundwater and

surface—water interaction requires a three—dimensional transient analysis of the
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groundwater flow dynamics in the vicinity of the surface water bodies (Sophocleous et al.,
1988; Sophocleous, 1991; Harvey and Bencala, 1993; Wondzell and Swanson, 1996;
Woessner, 2000; Sophocleous, 2002).

Conclusions

Hydrogeochemical processes are always complex. Our knowledge about the
interactions among water and associated geochemical processes is limited to results from
laboratory studies. Field studies show a good natural pattern of rock—water interactions at
a larger scale.

Groundwater is dynamic. Hydrogeochemical changes are, however, not as
dynamic as the hydraulic heads. The dynamic portion of an aquifer occurs near the river
whereas the transition area nearly unchanged. Phases of groundwater flow dynamics
(aquifer discharge, direct flow, aquifer recharge, and reverse flow) did not show obvious
changes in major ions but show a clear changes in temperature, redox potential, and DO.

In the interactions, the infiltration into aquifer induced high DO into the aquifer but
it is consumed rapidly by organic matter. The exfiltration from the aquifer released the
reduced species but got clogged at the interface where redox species precipitated
immediately after react with oxygen.

When two rivers partially cut into a confined alluvial aquifer, seasonal fluctuations
of river stages lead to a highly dynamic groundwater flow system and dynamic
hydrogeochemical processes near the groundwater and surface—water interface. In
isolated transition areas, oxygenated lateral recharge cannot get into and play no role.
This mechanism results in discrete zones of high redox constituents such as iron in
groundwater. Dynamic groundwater flow patterns control redox conditions and anomaly
patterns of redox species.

The understanding of hydrogeochemical processes of bank filtration is crucial for
groundwater production, groundwater ecology, and other activities at the bank. The
groundwater flow dynamics between two rivers truncates the groundwater flow path
yielding the zigzag groundwater flow pattern. Without the continuous flow path, the old
concept of hydrochemical facies and redox sequence along the continuous flow path must
be revised. This study shows an interesting finding that the small degree of river—water

penetration due to truncated flow path can show a different scheme of the redox requence
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in the area located between two rivers. The area near the rivers has different
characteristics from the transition area. Vertical recharge play little role on the

hydrogeochemistry in this area.

Acknowledgement Thailand Research Fund provided financial support (RMU5080056).

References

Adler, M., Hensen, C., Kasten, S., Schulz, H.D., 2000. Computer Simulation of deep sulfate reduction
in sediments of the Amazon Fan. Internat. J. Earth Sci. 88, 641-654.

American Public Health Association, American Water Works Association, Water Pollution Control
Federation. 1998. Standard methods for the examination of water and wastewater, 20th ed.,
Am. Publ. Health Assoc., Washington DC

Appelo, C.A.J., Postma, D., 1996. Geochemistry, groundwater and pollution. Balkema, Rotterdam.

Appelo, C.AJ., Verweij, E., Schafer, H., 1998. A hydrochemical transport model for an oxidation
experiment with pyrite/calcite/exchangers/organic matter containing sand. Appl. Geochem. 13,
257-268.

Aschenbrenner, F., Richter, G.M., Richter, J., 1992. Modeling groundwater quality in an agriculturally
used water catchment. Environ. Geol. Water Sci. 20, 43-55.

Back, W. 1966. Hydrochemical facies and groundwater flow patterns in northern part of Atlantic
Coastal Plain. USGS Prof. Paper 498-A.

Back, W., Barnes, |., 1965. Relation of electrochemical potentials and iron content to groundwater flow
patterns. USGS Prof. Paper 498-C.

Baedecker, M.J., Back, W., 1979. Modern marine sediments as an analog to the chemically stressed
environment of a landfill. J. Hydrol 43, 393—414.

Barcelona, M.J., Holm, T.R., 1991. Oxidation—reduction capacities of aquifer solids. Environ. Sci.
Technol. 25, 1565-1572.

Barcelona, M.J., Holm, T.R., Schock, M.R., George, G.K., 1989. Spatial and temporal gradients in
aquifer oxidation—reduction conditions. Water Resour. Res. 25, 991-1003.

Berner, R.A., 1981a. A new geochemical classification of sedimentary environments. J. Sed. Petr. 51
(2), 359-365.

Berner, R.A., 1981b. Authigenic mineral formation resulting from organic matter decomposition in
modern sediments. Forts. Mineral 59, 117-135.

Boudreau, B.P., 1986. Mathematics of tracer mixing in sediments |: spatially dependent diffusive

mixing. Am. J. Sci. 286, 161-198.



125

Bourg, C.M., Bertin, C., 1993. Beochemical Processes during the Infiltration of River Water into an
Alluvial Aquifer. Environ. Sci. Technol. 27, 661-666.

Bouwer, H., Maddock, T.lll., 1997. Making sense of the interaction between groundwater and
streamflow: lessons from watermasters and adjudicators. Rivers 6, 19-31.

Brown, C.J., Schoonen, M.A.A., Candela, J.L., 2000. Geochemical modeling of iron, sulfur, oxygen,
and carbon in a coastal plain aquifer. J. Hydrol. 237, 147-168.

Brunke, M., Gonser, T., 1997. The ecological significance of exchange processes between rivers and
groundwater. Freshwater Biol. 37, 1-33.

Canfield, D.E., 1989a. Sulfate reduction and oxic respiration in marine sediments: Implications for
organic carbon preservation in euxinic environments. Deep—Sea Res. 36, 121-138.

Canfield, D.E., 1989b. Reactive iron in marine sediments. Geochim. Cosmochim. Acta 53, 619-632.

Canfield, D.E., Raiswell, R., Westrich, J.T., Reaves, C.M., Berner, R., 1986. The use of chromium
reduction in the analysis of reduced inorganic sulfur in sediments and shales. Chem. Geol. 54,
149-155.

Canfield, D.E., Thamdrup, B., Hansen, J.W., 1993. The anaerobic degradation of organic matter in
Danish coastal sediments: Iron reduction, manganese reduction, and sulfate reduction.
Geochim. Cosmochim. Acta 57, 3867-3883.

Champ, D.R., Gulens, J., Jackson, R.E., 1979. Oxidationreduction sequences in ground water flow
systems. Can. J. Earth Sci. 16, 12-23.

Chapelle, F.H., Loveley, D.R., 1992. Competitive exclusion of sulfate reduction by Fe(lll)-reducing
bacteria: a mechanism for producing discrete zones of high—iron ground water. Ground Water
30 (1), 29-36.

Chebotarev, Il., 1955. Metamorphism of natural waters in the crust of weathering. Geochim.
Cosmochim. Acta 8, 1-2, 22-48, 137-170, 198-212.

Christensen, T.H., Bjerg, P.L., Banwart, S.A., Jakobsen, R., Heron, G., Albrechtsen, H.—J., 2000.
Characterization of redox conditions in groundwater contaminant plumes. J. Contam. Hydrol.
45, 165-241.

Cooper, H.H., Jacob, C.E., 1946. A generalized graphical method for evaluating formation constants
and summarizing well field history. Trans. Am. Geoph. Union 27, 526-534.

Cornwell, J.C., Morse, J.W., 1987. The characterization of iron sulfide minerals in anoxic marine
sediments. Marine Chem. 22, 193-206.

Dahm, C.N., Grimm, N.B., Marmonier, P., Valett, M.H., Vervier, P., 1998. Nutrient dynamics at the
interface between surface waters and groundwaters. Freshwater Biol. 40, 427—451.

Department of Mineral Resources, 2001. Hydrogeologic map of Phitsanulok, Thailand: Scale
1:100,000. Department of Mineral Resources, Bangkok.

Dousson, C., Poitevin, G., Ledoux, E., Detay, M., 1997. River bank filtration: modelling of the changes

in water chemistry with emphasis on nitrogen species. J. Contam. Hydrol. 25, 129-156.



126

Edmunds, W.M., Cook, J.M., Darling, W.G., Kinniburgh, D.G., Miles, D.L., Bath, A.H., Morgan—Jones,
M., Andrews, J.N., 1987. Baseline geochemical conditions in the Chalk aquifer, Berkshire, UK:
a basis for groundwater quality management. Applied Geochem. 2, 251-274.

Engesgaard, P., Kipp, K.L., 1992. A geochemical transport model for redox—controlled movement of
mineral fronts in groundwater flow systems: A case of nitrate removal by oxidation of pyrite.
Water Resour. Res. 28, 2829-2843.

Fogg, G.E., Kreitler, Ch.W., 1982. Groundwater hydraulics and hydrochemical facies in Eocene
aquifers of the East Texas Basin, Report of Investigation No. 127, Bureau of Economic
Geology, University of Texas, Austin.

Freeze, R.A., Cherry, J.A., 1979. Groundwater. Englewood Cliffs, Prentice Hall.

Freeze, R.A., Witherspoon, P.A. 1967. Theoretical analysis of regional groundwater flow, II: effect of
water table configuration and subsurface permeability variations. Water Resour. Res. 3, 623—
634.

Froehlich, P.N., Klinkhammer, G.P., Luedtke, N.A., Heath, G.R., Cullen, D., Dauphin, P., 1978. Early
oxidation of organic matter in pelagic sediments of the eastern equatorial Atlantic: suboxic
diagnesis. Geochim. Cosmochim. Acta 43, 1075-1090.

Gagnon, C., Mucci, A., Pelletier, E., 1995. Anomalous accumulation of acid—volatile sulphides (AVS) in
a coastal marine sediment, Saguenay Fjord, Canada. Geochim. Cosmochim. Acta 59, 2663—
2675.

Gingele, F.X., Kasten, S., 1994. Solid—phase manganese in Southeast Atlantic sediments: Implications
for the palaeoenvironment. Mar. Geol. 121, 317-332.

Glynn, P.D., Plummer, L.N., 2005. Geochemistry and the understanding of groundwater systems.
Hydrogeol. J. 13, 263-287.

Groffman, A.R., Crossey, L.J., 1999. Transient redox regimes in a shallow alluvial aquifer. Chem. Geol.
161, 415-442.

Hartog, N., Griffioen, J., van der Weijden, C., 2002. H. Distribution and reactivity of O,—reducing
components from a layered aquifer. Environ. Sci. Technol. 36, 2338—-2344.

Harvey, J.W., Bencala, K.E., 1993. The effect of stream bed topography on surface—subsurface water
exchange in mountain catchments. Water Resour. Res. 29, 89-98.

Hines, M.E., Bazylinski, D.A., Tugel, J.B., Lyons, W.B., 1991. Anaerobic microbial biogeochemistry in
sediments from two basns in the Gulf of Maine—evidence for iron and manganese reduction.
Estuarine Coastal Shelf Sci. 32, 313-324.

Holzbecher, E., Horner, C., Massmann, G., Pekdeger, A. and Merz, C., 2002. Redox—Modeling for the
Oderbruch Aquifer. In: Schulz, H.D., Teutsch, G. (eds.), Geochemical Processes—Conceptual
Models for Reactive Transport in Soil and Groundwater, WILEY-VCH, pp. 191-1214 (chapter
11).



127

Howard Humphreys, 1986. Sukhothai groundwater development project: Environmental isotope studies,
Royal Irrigation Department, Bangkok.

Hsieh, Y.P., Yang, C.H., 1989. Diffusion methods for the determination of reduced inorganic sulfur
species in sediments. Limnol. Oceanogr. 34, 1126—1130.

Hubbert, M.K., 1940. The theory of groundwater motion. Jour. Geol. 48, 785-944.

Ingebritsen, S.E., Sanford, W.E., 1998. Groundwater in geologic processes. Cambridge University
Press, New York.

Jacobs, L.A., von Gunten, H.R., Keil, R., Kuslys, M., 1988. Geochemical changes along a river—
groundwater infiltration flow path: Glattfelden, Switzerland. Geochim. Cosmochim. Acta 52,
2693-2706.

Jakobsen, R., Postma, D., 1989. Formation and solid solution behavior of Ca—rhodochrosite in marine
muds of the Baltic deeps. Geochim. Cosmochim. Acta 53, 2639-2648.

Kehew, A.E., 2001. Applied chemical hydrogeology. Prentice Hall, New Jersey.

Kehew, A.E., Straw, W.T., Steinmann, W.K., Barrese, P.G., Passarella, G., Peng, W.S., 1996.
Groundwater quality and flow in a shallow glaciofluvial aquifer impacted by agricultural
contamination. Ground Water 34, 491-500.

Kolle, W., Strebel, O., Béttcher, J., 1985. Formation of sulfate by microbial denitrification in a reducing
aquifer. Water Supply 3, 35-40.

Kolle, W., Strebel, O., Bottcher, J., 1987. Reduced sulfur compounds in sandy aquifers and their
interaction with groundwater. Internat. Symp. Groundwater Monitoring, Dresden, Germany.

Langmuir, D., 1969. Geochemistry of iron in coastal-plain groundwater of the Camden, New Jersey
area. USGS Prof. Paper 650-C.

Langmuir, D., 1997. Aqueous environmental geochemistry. Prentice Hall, New Jersey.

Larkin, R.G., Sharp, J.M.Jr., 1992. On the relationship between river—basin geomorphology, aquifer
hydraulics, and groundwater flow direction in alluvial aquifers. Geol. Soc. Am. Bull. 104, 1608—
1620.

Lensing, H.J., Vogt, M., Herrling, B., 1994. Modeling of biologically mediated redox processes in the
subsurface. J. Hydrol. 159, 125-143.

Lovley, D.R., Goodwin, S., 1988. Hydrogen concentrations as an indicator of the predominant terminal
electron—accepting reactions in aquatic sediments. Geochim. Cosmochim. Acta 52, 2993—
3003.

Lovley, D.R., Phillips, E.J.P., 1988a. Novel mode of microbial metabolism: organic carbon oxidation
coupled to dissimilatory reduction of iron and manganese. Appl. Environ. Microbiol. 54, 1472—
1480.

Lovley, D.R., Phillips, E.J.P., 1988b. Manganese inhibition of microbial iron reduction in anaerobic
sediments. Geomicrobiol. J. 6, 145-155.

Lowson, R.J., 1982. Aqueous oxidation of pyrite by molecular oxygen. Chem. Rev. 82, 461-497.



128

Ludvigsen, L., Albrechtsen, H.J., Heron, G., Bjerg, P.L., Christensen, T.H., 1998. Anaerobic microbial
redox processes in a landfill leachate contaminated aquifer (Grinsted, Denmark). J. Contam.
Hydrol. 33, 273-291.

Massmann, G., Merz, C., Pekdeger, A., 2003b. Sulfide oxidation and sulfate reduction in a shallow
groundwater system (Oderbruch Aquifer, Germany). J. Hydrol. 278, 231-243.

Massmann, G., Pekdeger, A., Merz, C., 2004. Redox processes in the Oderbruch polder groundwater
flow system in Germany. Applied Geochem. 19, 863-886.

Massmann, G., Pekdeger, A., Merz, C., Quast, J., Schafmeister, M.T., 2003a. Infiltration of River Water
into the Groundwater— Quantifying 250 Years of Iron Reduction in an Anoxic Aquifer
(Oderbruch, Germany). In: Schulz, H.D., Hadeler, A. (Eds.), Geochemical Processes in Soil
and Groundwater. Measurement—Modelling—Upscaling. Wiley—VCH, Weinheim, 560-579.

Matsunaga, T., Karametaxas, G., von Gunten, H.R., Lichtner, P.C., 1992. Redox chemistry of iron and
manganese minerals in river—-recharged aquifers: A model interpretation of a column
experiment. Geochim. Cosmochim. Acta 57, 1691-1704.

Mayboom, P., 1966. Unsteady groundwater flow near a willow ring in a hummocky moraine. J. Hydrol.
4, 38-62.

Mayboom, P., 1967. Mass transfer studies to determine the groundwater regime of permanent lakes in
hummocky moraine of western Canada. J. Hydrol. 5, 117-142.

Mayboom, P., van Everdingen, R.O., Freeze, R.A., 1966. Patterns of groundwater flow in seven
discharge areas in Saskatchewan and Manitoba. Geol. Surv. Canada Bull. 147.

Mehra, O.P., Jackson, M.L., 1960. Iron oxide removal from soils and clays by a dithionite—citrate
system buffered with sodium bicarbonate. Clays Clay Min. 5, 317-327.

Middelburg, J.J., 1989. A simple rate model for organic carbon decomposition in marine sediments.
Geochim. Cosmochim. Acta 53, 1577-1581.

Moses, C.O., Nordstrom, D.K., Herman, J.S., Mills, A.L., 1987. Aqueous pyrite oxidation by dissolved
oxygen and by ferric iron. Geochim. Cosmochim. Acta 51, 1561-1571.

National Research Council, 2004. Groundwater fluxes across interfaces, Committee on Hydrologic
Science, The National Academies Press, Washington DC.

Nordstrom, D.K., 1982. Aqueous pyrite oxidation and the consequent formation of secondary iron
minerals. In: Nordstrom, D.K. (Ed.). Soil Sci. Soc. Am., Spec. Publ. No. 10, 37-56.

Park, S.S., Jaffe’, P.R., 1996. Development of a sediment redox potential for the assessment of
postdepositional metal mobility. Ecol. Modelling 91, 169-181.

Parkhurst, D.L., Appelo, C.AJ., 2000. PHREEQC (Version 2)-A Computer Program for Speciation,
Batch—Reaction, One—Dimensional Transport, and Inverse Geochemical Calculations. USGS.

Postma, D., 1982. Pyrite And siderite formation in brackish and freshwater swamp sediments. Am. J.

Sci. 282, 1151-1183.



129

Postma, D., Boesen, C., Kristiansen, H., Larsen, F., 1991. Nitrate Reduction in an Unconfined Sandy
Aquifer: Water Chemistry, Reduction Processes, and Geochemical Modeling. Water Res. Res.
27 (8), 2027-2045.

Postma, D., Jakobsen, R., 1996. Redox zonation: Equilibrium constraints on the Fe(lll)/SO4-reduction
interface. Geochim. Cosmochim. Acta 17, 3169-3175.

Puls, R.W., Bacelona, M.J., 1989. Ground water sampling for metals analyses. Superfund Ground
Water Issue, EPA/540/4-89/001.

Ritsema, C.J., Groenenberg, J.E., Bisdom, E.B.A., 1992. The transformation of potential into actual
sulphate soils studied in column experiments. Geoderma 55, 259-271.

Rose, S., Long, A., 1988. Monitoring dissolved oxygen in groundwater: some basic considerations.
Groundwater Monitor Rev. 16, 15-20.

Sanford, R.F., 1994. A quantitative model of groundwater flow during formation of tabular sandstone
uranium deposits. Econo. Geol. 89, 341-360.

Schlieker, M., Schiring, J., Hencke, J., Mai, H., Schulz, H.D., 2001b. The influence of advective
transport on redox fronts in column experiments and their numeric modeling. Part 2: modeling
of the solid phase and secondary redox reactions. Environ. Geol. 41, 17-24.

Schlieker, M., Schiiring, J., Hencke, J., Schulz, H.D., 2001a. The influence of advective transport on
redox fronts in column experiments and their numeric modelling (part 1): the influence of
variable flow velocities on turnover rates of primary redox processes. Environ. Geol. 40, 1353—
1361.

Schiring, J., Schlieker, M., Hencke, J., 2000. Redox fronts in aquifer systems and parameters
controlling theirdimensions. In: Schiiring, J., Schulz, H.D., Fischer, W.R., Béttcher, J.,
Duijnisveld, W.H.M. (eds.), Redox— Fundamentals, Processes and Applications. Springer,
Berlin.

Soetaert, K., Herman, P.M.J., Middelburg, J.J., 1996. A model of early diagenesis processes from the
shelf to abyssal depths. Geochim. Cosmochim. Acta 60, 1019—-1040.

Sophocleous, M.A., 1991. Stream-floodwave propagation through the Great Bend alluvial aquifer,
Kansas: Field measurements and numerical simulations. J. Hydrol. 124, 207-228.

Sophocleous, M.A., 2002. Interactions between groundwater and surface water: The state of the
science. Hydrogeol. J. 10, 52-67.

Sophocleous, M.A., Townsend, M.A., Vogler, L.D., McClain, T.J., Marks, E.T., Coble, G.R., 1988.
Experimental studies in stream-aquifer interaction along the Arkansas River in central Kansas:
Field testing and analysis. J. Hydrol. 98, 249-273.

Stanley, E.H., Jones, J.B., 2000. Surface—subsurface interactions: past, present, and future. In: Jones,
J.B., Mulholland, P.J. (eds) Streams and ground waters. Academic Press, San Diego, 405—

417.



130

Starr, R.C., Gilham, R.W., 1989. Denitrification and organic carbon availability in two aquifers. Ground
Water 31, 934-947.

Stephens, D.B., 1996. Vadose zone hydrology. CRC Press—Lewis Publishers, Boca Raton.

Stuyfzand, P.J., 1989. Hydrology and water quality aspects of rhine bank groundwater in The
Netherlands. J. Hydrol. 106, 341-363.

Stuyfzand, P.J., 1999. Patterns in groundwater chemistry resulting from groundwater flow. Hydrogeol.
J. 7,15-27.

Suess, E., 1978. Mineral phases formed in anoxic sediments by microbial decomposition of organic
matter. Geochim. Cosmochim. Acta 43, 339-352.

Thompson, J., Higgs, N.C., Jarvis, I., Hydes, D.J., Colley, S., Wilson, T.R.S., 1986. The behaviour of
manganese in Atlantic carbonate sediments. Geochim. Cosmochim. Acta 50, 1807-1818.

Thorstenson, D.C., Fisher, D.W., Croft, M.G., 1979. The geochemistry of the Fox Hills—Basal Hell
Creek Aquifer in Southwestern North Dakota and Northwestern South Dakota. Water Resour.
Res. 15, 1479-1498.

Toth, J. 1999. Groundwater as a geologic agent: An overview of the causes, processes, and
manifestations. Hydrogeol. J. 7, 1-14.

Toth, J., 1962. A theory of groundwater motion in small drainage basins in central Alberta, Canada. J.
Geophys. Res. 67, 4375-4387.

Téth, J., 1963. A theoretical analysis of groundwater flow in small drainage basins. J. Geophys. Res.
68, 4795-4812.

Toth, J., 1970. A conceptual model of the groundwater regime and the hydrogeologic environment. J.
Hydrol. 10, 164-176.

US Environmental Protection Agency, 1992. Secondary drinking water regulations: Guidance for
nuisance chemicals, EPA 810/K-92-001,
http://www.epa.gov/safewater/consumer/2ndstandards.html

van Beek, C.G.E.M., Boukes, H., van Rijsbergen, D., Straatman, R., 1987. The threat of the
Netherlands waterworks by nitrate in the abstracted groundwater, as demonstrated on the well
field Vierlingsbeek. Water Supply 6, 313—-318.

van Cappellen, P., Wang, Y., 1996. Cycling of iron and manganese in surface sediments: A general
theory for the coupled transport and reaction of carbon, oxygen, nitrogen, sulfur, iron, and
manganese. Am. J. Sci. 296, 197-243.

van den Berg, G.A., Loch, J.P.G., van der Heijdt, L.M., Zwolsman, J.J.G., 2000. Redox processes in
recent sediments of the river Meuse, the Netherlands. Biogeochem. 48, 217-235.

Volker, A., 1961. Source of brackish groundwater in Pleistocene formations beneath the Dutch
polderland. Econ. Geol. 56, 1045-1057.

von Gunten, U., Kull, T.P., 1986. Infiltration of inorganic compounds from the Glatt River, Switzerland,

into a groundwater aquifer. Water, Air and Soil Poll. 29, 333-346.



131

von Gunten, U., Zobrist, J., 1993. Biogeochemical changes in groundwater—inflltration systems: Column
studies. Geochim. Cosmochim. Acta 57, 3895-3906.

Voss, C.l., 2005. The future of hydrogeology. Hydrogeol. J. 13, 1-6.

Vrobelsky, D.A., Chapelle, F.H., 1994. Temporal and spatial changes of terminal electron—accepting
processes in a petroleum hydrocarbon—contaminated aquifer and the significance for
contaminant biodegradation. Water Resour. Res. 30 (5), 1561-1570.

Wallick, E.l., 1981. Chemical evolution of groundwater in a drainage basin of Holocene age, east—
central Alberta, Canada. J. Hydrol. 54, 245-283.

Williams, R.E., 1970. Groundwater flow systems and accumulation of evaporate minerals. Am. Assoc.
Petrol. Geol. Bull. 54, 1290-1295.

Winter, T.C., 1976. Numerical simulation analysis of the interaction of lakes and ground water. USGS
Prof. Paper 1001.

Winter, T.C., 1983. The interaction of lakes with variably saturated porous media. Water Resour. Res.
19, 1203-1218.

Winter, T.C., 1995. Recent advances in understanding the interaction of groundwater and surface
water. Rev. Geophys. Supp., 985-994.

Winter, T.C., 1999. Relation of streams, lakes, and wetlands to groundwater flow systems. Hydrogeol.
J. 7, 28-45.

Winter, T.C., Harvey, J.W., Franke, O.L., Alley, W.M., 1999. Groundwater and surface water: A single
resource. USGS Cir. 1139.

Woessner, W.W., 2000. Stream and fluvial plain groundwater interactions: rescaling hydrogeologic
thought. Ground Water 38, 423—429.

Wondzell, S.M., Swanson, F.J., 1996. Seasonal and storm flow dynamics of the hyporheic zone of a
4" order mountain stream: I. Hydrological processes. J. North Am. Benthological Soc. 15, 3—
19.

Wongsawat, S., Dhanesvanich, O., 1983. Hydrogeological map of Thailand: Scale 1:1,000,000.
Department of Mineral Resources, Bangkok.

Wood, W.W., 1976. Guidelines for collection and field analysis of groundwater samples for selected

unstable constituents. USGS Tech. Water Resour. Invest., Book 1, Chapter D-2.



132

List of Figure Captions

Fig.

Fig.

Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

1. lllustration of a confined local groundwater flow system under steady—state
conditions.

2. Schematic of conceptual models of iron accumulation in transition areas of a
confined local groundwater flow system between two rivers under dynamic
conditions: (a) groundwater recharges into both rivers; (b) groundwater flows from
one river (A) to another (B); (c) both rivers recharge into the aquifer; and (d)
groundwater reverses its river—to—river flow direction. The resulting groundwater
flow has a zigzag pattern (e) preventing the oxic lateral recharge from reaching
the transition areas.

3. Location of the study area and groundwater and surface—water sampling points,
Phitsanulok, Thailand.

4. Geologic cross—section.

5. Flownets of groundwater flow dynamics.

6. Zigzag groundwater flow.

7. Groundwater type.

8. Plots of redox species across the study area.

9. pH-Eh diagram of iron, sulfur, and nitrogen. Stable phases of iron include Fe2+ in
groundwater and Fe(OH); in river water.

10. Relationship between Fe and DO.



Table 1. Summary of a Sequence of Redox Zones during Bank Filtration
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Redox Zones Berner (1981) Massmann et al. (2004) This paper
O, reduction I | |

NO, reduction I | |

Mn(llI/1V) reduction 1] Il Il

Fe(lll) reduction \% Il 1}

MnCO; precipitation \% 1 Il

S0, reduction Vi v v
Increasing influence of seepage VIl \Y, -

water




Table 2. Groundwater Quality between Two Rivers, Phitsanulok, Thailand

Well MDY  pH Eh sc T DO TDS Na K ca Mg~ c Hco, co, so S° NO; NO, NH; SO, Mng, Fews Fe.  Fe  CB
No. (mV) (usicm) (°c) (mglL) (mg/L) (mM) (mM) (mM) (mM) (mM)  (MM) (UM) (M) (M) (M) (M) (UM)  (UM)  (UM)  (UM)  (UM) (M) (%)
1 03/06/03 6.38 148.21 276  27.99 171 092 005 058 024 006 222 033 781 <02 <02 <02 474 399 8 145

02117/06 6.32 -77.91 275 2801 <02 165 220  0.17 147 129 18
2 03/06/03 672 14597 238  28.59 145 037 003 069 029 020 1.8 050 <1 <02 <02 <02 553 416 7 166

09/13/03 6.68  -6.57 235 2752 <02 138 040 003 067 030 014 198 050 135 <02 <02 <02 500 349 7 163 144 19

02/21/06 6.68 —79.46 242 2862 <02 140 1.94 050 170 150 21
3 03/08/03 653 169.00 204  28.44 179 106 005 056 021 006 246 050 469 <02 <02 <02 424 433 6 185

02117/06 6.51 —59.31 200 2845 <02 165 244 033 193 162 30
4 03/08/03 654 18232 207  28.64 181 116 004 055 021 006 244 050 604 <02 <02 <02 612 416 7 182

02117/06 6.47 —44.74 293 2860 <02 175 240 033 185 162 24
5  03/08/03 650 173.92 310 28.76 188 069 004 067 023 034 1.8 033 1302 <02 <02 <02 188 349 14 156

02117/06 652 —51.76 311 2873 <02 180 190 033 158 136 22
6 03/09/03 646 183.09 260 28.46 164 030 003 074 034 023 170 017 729 <02 <02 <02 341 349 10 323

02/19/06 649 —43.18 270 2842 <02 160 188 033 332 278 54
7 03/09/03 677 154.97 324 2637 205 070 004 084 026 008 236 067 <1 <02 <02 <02 576 466 11 414

02119/06 6.65 —74.46 320 2640 <02 192 260 0.50 11 414 376 38
8  03/09/03 652 14361 320 27.77 203 090 004 075 030 006 240 033 1458 <02 05 <02 512 366 9 267

09/13/03 650 —10.37 320 2763 <02 191 089 004 074 029 008 248 033 1354 <02 <02 <02 488 383 8 264 233 31

02117/06 650  17.87 328 2770 <02 198 246 033 275 236 39
9 03/16/03 6.66 146.07 137 28.37 84 020 003 028 021 011 106 017 <1 <02 <02 <02 859 366 5 84

02/20/06 6.63 —81.20 135 2833  <0.2 78 110 0417 86 81 5
10 03/16/03 655 13520 310 28.11 191 106 005 060 023 006 252 050 104 <02 <02 <02 706 466 2 212

02/22/06 6.45 —91.38 312 2820 <02 186 250 033 227 194 32
11 03/16/03 677 126.03 268 28.75 162 063 002 072 031 008 220 067 <1 <02 <02 <02 365 516 1 205

02/22/06 6.69 —99.33 265 2870 <02 157 2.38 204 180 24
12 03/2003 685  97.74 423 28.85 256 040 005 101 048 056 276 1.00 1354 <02 <02 <02 2529 333 2 156

09/14/03  6.97 1.64 423 2818 <02 250 039 004 099 046 042 268 133 1458 <02 <02 <02 1824 333 2 145 128 17

02/21/06 6.83 —128.62 421 2891 <02 246 270 083 156 135 22



Table 2. (continued)

Well M/DIY  pH Eh scC T DO TDS  Na+ K+ Ca2+ Mg2+  Cl- HCO3- CO32- SO42- S2- NO3- NO2- NH3  SiO2 Mntotal Fetotal Fe2+ Fe3+ CB
No. (mV) (usicm) (°c) (mg/L) (mg/L) (mM) (mM) (mM) (mM) (mM)  (MmM) (LUM) (UM) (UM) (UM)  (UM) (M) (M) (UM) (M) (M) (M) (%)
13 03/21/03 660 118.45 383 28.39 233 096 003 083 037 0.1 310 067 <1 <02 <02 <02 929 349 2 348

09/14/03 6.62  62.32 379 27.76 <0.2 234 089 003 081 038 008 3.08 067 <1 <02 <02 <02 706 316 3 346 306 41

02/21/06  6.63 —107.89 380 2843 <0.2 225 312 067 341 326 15
14 03/22/03 6.75 132.85 291 28.06 179 1.04 003 072 021 0.08 268 0.83 208 <02 <02 <02 471 399 1 303

09/14/03  6.83 1.05 290 27.61 <0.2 179 103 003 072 021 0.06 260 083 104 <02 <02 <02 706 383 2 296 261 35

02/21/06 6.71 -93.82 295 2813 <0.2 170 260 067 307 274 33
15 03/22/03 7.24 141.15 318 28.00 196 083 0.04 122 011 0.14 297 267 <1 <02 <02 <02 271 349 0 23

09/14/03 6.95 -39.12 315  27.69 <0.2 197 080 0.04 093 012 0.14 282 133 104 <02 <02 <02 359 333 1 22 19 3

02/18/06 6.90 -96.45 320 28.05 <0.2 191 280 1.17 24 21 3
16 03/23/03 6.81  130.00 247  28.72 150 058 0.05 079 019 0.08 212 067 417 <02 <02 <02  30.6 333 3 170

09/14/03  6.74 10.88 244 26.69 <0.2 152 060 0.04 054 017 0.06 200 050 313 <02 <02 <02 294 349 2 144 127 17

02/18/06 6.79  -84.49 250 28.65 <0.2 143 210 067 171 150 21
17 04/08/03 6.46  89.92 301 27.65 186 064 0.03 064 033 0.08 256 0.17 260 <02 <02 <02 494 366 9 183

02/18/06 6.45 -138.65 300 27.72 <0.2 175 064 0.03 064 033 0.08 252 0.33 186 166 20
18  04/08/03 6.46  130.60 320 27.11 200 086 0.03 061 031 0.03 266 017 573 <02 <02 <02 647 366 12 202

02/18/06 6.62 -97.97 322 2719 <0.2 191 260 0.50 209 180 28
19 04/17/03 6.61 131.67 319 26.92 200 0.81 003 061 033 0.14 282 033 <1 <02 <02 <02 412 399 2 159

02/22/06 6.65 —96.66 318 26.96 <0.2 188 081 0.03 061 033 0.14 270 067 155 140 15
20 04/29/03 6.68 107.83 357 24.41 235 140 001 078 048 0.1 312 050 <1 <02 <02 <02 1388 399 9 257

02/20/06 6.74 —123.83 360 24.48 <0.2 223 310 083 268 226 42
21 04/29/03 658 118.35 250 2817 153 070 0.01 044 024 0.08 196 017 156 <02 <02 <02 365 333 12 352

09/13/03 6.63 —80.37 248  27.30 <0.2 150 068 0.01 044 023 0.08 180 033 313 <02 <02 <02 188 366 13 352 311 41

02/19/06 6.63 —108.01 243 2823 <0.2 144 192 0.33 347 308 38
22 04/29/03 670 119.62 378 27.65 234 117 001 096 033 0.08 310 033 52 <02 <02 <02 412 300 10 266

09/13/03 6.65 —58.68 361 27.64 <0.2 220 117 001 095 032 0.17 340 067 104 <02 <02 <02  37.1 316 9 262 232 31

02/19/06 6.65 —108.36 372 27.62 <0.2 225 334 067 265 233 32
25 09/13/03 6.70 -120.55 380 27.50 <0.2 228 141 005 052 028 0.14 250 067 833 <02 <02 <02 50.0 316 9 377 332 44

02/22/06 6.70 —120.20 384 27.55 <0.2 232 250 067 394 359 35




Table 3. Water Quality of Nan and Yom
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Rivers, Phitsanulok, Thailand

2+

Sample No. M/D/Y  pH Eh SC T DO TDS Fe

(mV) (Us/em) (°c)  (mg/L)  (mg/L)  (mglL)
Dry Season

N1 02/25/06 7.2 407.33 170 26.3 7.5 101 0.52
09/12/04 7.5 450.42 150 28.2 7.0 90 0.69
N2 02/25/06 7.1 416.05 168 26.5 7.2 99 0.51
09/12/04 7.2 423.82 144 29.2 7.2 85 0.54
N3 02/25/06 6.8 421.47 175  26.7 7.2 102 0.43
09/12/04 7.8 427.51 156  30.1 71 93 0.42
Y1 02/25/06 7.3 400.95 320 26.5 6.8 196 0.64
09/12/04 7.6 402.31 310 3141 6.6 189 0.62
Y2 02/25/06 7.2 396.38 327 26.8 7.0 200 0.52
09/12/04 7.7 406.15 305 315 6.3 185 0.63
Y3 02/25/06 7.0 399.74 331 264 7.2 201 0.42
09/12/04 7.6 405.05 302 305 6.8 184 0.54
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Table 4. lonic Strength (l), lon Activities, and Saturation Indices (SI) with respect to Minerals

Well No. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25
Parameters
| (><10_3) 3.6 35 24 3.8 3.8 4.0 4.6 4.5 1.9 3.9 3.9 5.3 5.1 4.3 41 3.2 3.9 41 3.9 4.6 3.4 5.2 4.0 3.4 4.4
log {Caz+} -34 -33 -34 -34 -33 33 32 -33 37 -34 33 -32 -32 33 =31 -34 -33 33 33 -33 -35 32 -34 -35 -34
log {CaCOg3} -68 64 -66 66 66 66 -63 -65 -71 -66 63 60 -62 62 -59 -64 -66 64 64 62 -67 -6.1 -64 65 6.4
log {CaHCO;} 49 -49 49 49 49 49 47 48 55 -49 48 46 47 48 46 50 -48 49 -48 -48 51 -46 -49 51 -5.0
log {CaHSO;} -10.9 -113 -111 -108 -11.0 -10.7 -11.9 -11.0 -11.8 -116 -114 -113 -12.0 -12.2 -121 -113
log (CaOH+} -98 94 96 97 96 96 -93 -96 98 97 -94 -91 -94 93 90 94 97 95 95 93 96 93 95 95 95
log {CaSO,} -5.3 56 -55 -50 -53 -5.0 6.2 4.9 -5.8 56 -58 -55 61 -6.3 61 54
log (le} -43 37 -43 43 -35 37 41 43 40 -43 41 -33 40 -41 -39 441 —4.1 -46 -39 -40 441 —4.1 -43 41 —4.0
log (00327} -67 64 -64 65 -65 66 -63 -65 -67 65 -63 -6.1 -62 62 -60 -62 -65 63 -63 -6.1 -64 62 -63 -63 -63
log {FeOH,} -11.7 -105 -107 -105 -106 -102 -104 -93 -110 -113 -10.7 -109 -109 -105 -111 -103 -123 -111 -111 -113 -109 -110 -111 -108 -10.9
log (Fe2+) 40 39 39 -39 40 37 36 38 42 38 39 40 37 37 48 39 39 -39 40 38 36 38 37 37 36
log (Fe3+) -183 -182 -178 -176 -178 -173 -178 -164 -185 -183 -185 -191 -184 -182 -194 -183 -192 -185 -186 -189 -184 -186 -186 -185 -18.6
log (FeCI+) -8.2 -7.5 -8.0 -8.1 -7.3 -7.2 -7.6 -7.9 -8.0 -8.0 -7.8 -7.2 -7.5 -7.7 -8.6 -7.9 -7.9 -8.3 -7.8 -7.6 -7.6 -7.8 -7.8 7.7 -7.4
log {FeCO3} -63 -59 -60 -60 -61 -59 55 58 65 60 -58 57 -55 -56 64 -58 60 -58 59 56 57 -56 56 57 -55
log {FeHCO;) 47 47 -46 46 47 44 42 44 52 -45 45 46 42 43 54 47 46 45 46 43 44 43 43 45 43
log {FeHSO;} -11.5 -11.8 -11.7 -115 -114 -11.2 -12.3 -11.8 -12.2 -122 -120 -11.8 -121 -128 -123 -115
log {FeOHf} -71 -66 68 68 -68 66 64 67 -70 68 66 66 -65 64 -73 65 69 67 68 66 64 H66 65 -64 -63
log {FeSO,} -6.0 -6.1 -6.0 -58 57 -5.5 -6.7 -5.8 -6.3 -62 -64 6.0 -6.3 -7.0 -64 -56
log {H+} -63 67 -65 -65 65 65 -67 65 66 65 -67 68 66 -67 69 68 65 -66 67 67 -66 -67 66 67 67
log {HBSiO[} -69 65 -66 -67 -67 -68 -65 -67 66 67 -64 64 66 -65 63 65 68 -66 66 65 -66 -67 67 65 6.6
log {H,SiO,} -34 -34 -34 -34 -35 35 -33 -34 34 -33 33 35 35 -34 35 35 -34 -34 34 34 35 -35 B35 -35 -35
log (HCO;} -27 27 27 -27 -28 -28 -26 -27 -30 26 27 -26 -26 -26 -26 -27 -26 -26 -26 -26 28 -25 -26 27 -26
log (K+} 44 -46 44 44 44 46 44 44 46 43 47 44 45 45 45 44 45 46 46 52 51 -52 52 51 —4.3
log {KSO, } -7.8 80 -79 -76 -80 -76 -86 -76 -85 80 -84 -82 92 -98 92 -77
log (Mgz+) -37 37 -38 -38 -38 36 37 -37 -38 -38 -36 -35 -36 -38 41 -38 -36 -36 -36 -38 -37 36 37 -37 =37
log {MgCO3} -7.4 -7.0 -7.2 -7.3 -7.4 -7.2 -7.0 71 -7.4 -7.3 -6.9 —-6.5 —6.8 -7.0 71 71 -71 -7.0 -6.9 -6.9 -7.2 —6.8 -7.0 -7.0 -6.9
log (MgHCO;} -5.4 -5.3 -5.4 -5.4 -5.4 -5.3 -5.3 -5.3 -5.7 -5.3 -5.2 -5.0 -5.0 -5.4 -5.6 -5.5 -5.2 -5.2 -5.1 -5.3 -5.4 -5.1 -5.2 -5.3 -5.3
log (MgOH+} 87 83 86 86 85 -84 85 -85 B85 86 82 79 -B82 -84 85 B84 B85 -84 83 B85 -84 83 -84 83 -83
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Well No. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25
Parameters
log {MgSO,} 5.6 -59 58 -54 55 -5.3 —6.5 -5.1 —6.3 -6.0 6.0 -57 63 -6.7 —-6.2 56
log (Mn2+) -53 53 -54 -54 50 -52 -52 -53 -54 -60 -62 59 -60 -62 -70 -57 -53 -51 59 53 -51 52 54 -55 53
log (MnCI+) -89 -84 91 90 79 -82 -86 -89 -88 -96 97 86 93 -97 -102 92 -88 -91 92 87 -86 -87 90 90 -86
log {MnHCO;) -60 -61 -61 61 -58 -60 -58 60 64 -67 -70 66 66 -69 -76 64 60 -58 66 -59 59 -58 -60 63 6.0
log {MnOH+} 94 -91 -93 94 90 -92 90 -93 -92 -100 -100 -96 -98 -100 -105 -93 -93 -90 -98 92 -89 -91 -92 -93 -91
log {Na*} -314 -3 -30 30 32 -36 -32 -31 37 -30 -32 -34 31 -30 -31 33 32 -31 -31 -29 32 -30 -31 31 -29
log {NaHCO3} -60 -65 -59 59 62 -66 -61 60 -70 -59 -62 63 59 -59 -60 62 61 -60 -60 -57 62 -57 -59 61 58
log {NaSO, } —6.6 -68 66 -65 -72 -6.4 -7.5 -6.8 -7.2 -71 73 -68 -74 17 -7.3 65
log {NH} -71 -67 -69 68 -73 -71 -67 69 65 -68 -68 59 65 -67 68 68 -70 -67 69 63 69 -69 -68 67 67
log {NH;} 43 42 -43 42 47 44 42 42 40 -41 44 -36 40 43 45 -45 43 41 -43 -38 44 43 -43 42 42
log {NH,SO, } -74 -7.7 -74 -76 -76 -7.2 -8.1 -6.5 -8.0 -79 79 -74 -82 -87 -81 74
log {OH } -76 -72 -74 -74 -74 -74 -73 -74 -73 -75 -72 -70 -73 -72 -70 -71 -75 -73 -73 -73 -73 -73 -73 72 712
log (80427} —4.3 -45 44 41 43 -4.0 -5.2 -4.1 -4.9 -45 48 44 -50 -55 -50 43
Sl Anhydrite -3.3 -35 34 -30 -32 -2.9 -4.1 -2.9 -3.8 -35 37 -34 41 43 -41 33
Sl Aragonite -7 -13 -15 -15 -15 -15 -12 -14 -19 -15 -12 -09 -11 -11 -08 -13 -15 -13 -13 -11 -15 -10 -13 -14 -13
Sl Calcite -5 -12 -13 -14 -13 -13 -10 -12 -18 -13 -10 -07 -10 -10 -06 -11 -13 -12 -11 -10 -14 -08 -12 -13 -12
Sl Chalcedony 0.1 0.1 0.1 0.1 0.1 0.1 0.2 0.1 0.1 0.2 0.2 0.0 0.1 0.1 0.1 0.0 0.1 0.1 0.1 0.2 0.0 0.0 0.0 0.1 0.0
S| Dolomite -33 25 -29 30 30 -29 -24 27 -36 -29 -23 -16 -21 -24 20 -25 -28 -25 -24 -23 -29 20 -25 -26 -25
Sl FeOH; -42 -3¢ -32 -31 381 -27 -28 -18 35 -39 -33 35 -34 -30 -36 -28 47 -35 -36 -36 -34 35 -36 32 -34
S| Goethite 1.8 3.0 2.8 29 29 33 3.2 4.2 25 22 2.7 25 26 3.0 24 3.2 1.2 25 24 23 26 25 24 2.7 2.6
S| Gypsum -3.0 -33 -32 -28 -30 2.7 -3.9 -2.6 -3.6 -33 35 -32 -39 41 -39 -31
S| Halite -89 -88 -89 88 83 -88 -89 -89 93 -89 -89 83 86 -87 -86 90 -89 -93 -86 -84 -89 -87 -89 -88 -84
S| Hematite 5.6 7.9 7.7 7.9 7.9 8.6 84 104 71 6.3 7.5 71 7.2 8.0 6.9 8.5 45 6.9 6.9 6.6 7.3 6.9 6.9 7.5 72
SI NH; g -88 -84 -86 -85 90 -88 -85 -86 -82 -85 -85 75 -82 -84 -85 85 -87 -84 -86 -81 -86 -86 -85 -84 -84
S| Pyrite -10.6 -185 -211 -197 -213 -35.1 -11.2 -6.9 -14.0 -17.3 08 -10.5 -9.6 -108 -104 6.2
S| Pyrochroite -78 -72 -76 -76 -72 -74 -71 -75 -73 -83 -81 -75 -79 -80 -84 -73 -76 -71 -78 -70 -70 -71 -73 -73 741
Sl Quartz 0.5 0.5 0.6 0.6 0.5 0.5 0.6 0.5 0.5 0.6 0.6 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.6 0.6 0.5 0.4 0.4 0.5 0.5
SI Rhodochrosite -08 -05 -07 -07 -04 -06 -03 -06 -09 -13 -14 -09 -10 -13 -18 -07 -06 -03 -10 -03 -04 -03 -05 -07 -04
Sl Siderite 0.2 0.6 0.6 0.5 0.4 0.7 1.0 0.7 0.1 0.6 0.8 0.8 1.0 1.0 0.1 0.8 0.5 0.7 0.6 1.0 0.8 0.9 0.9 0.9 1.0
SI SiO, () -7 -07 -07 -07 -08 -08 -06 -08 -08 -07 -06 -08 -08 -07 -08 -08 -08 -07 -07 -07 -08 -08 -08 -08 -08
Sl Talc -79 -54 -68 -71 -70 -67 -58 68 63 -70 49 43 58 -58 -57 57 -70 -61 -57 -59 64 -62 -62 57 59




139

Fig. 1

Transition Areas

= Confining Layer =~ <€— Surface-Water Flow Direction
Confined Aquifer —=— Groundwater Flow Direction



Fig. 2

a) Phase 1; Aquifer Discharge

River B

c) Phase Ill: Aquifer Recharge

River B

River A

e) Zigzag Groundwater Flow Pattern

River B .
River A

High Iron Anomaly
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b) Phase Il: Direct River—to—River Flow

River B

d) Phase 1V: Reverse River—to—River Flow
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Fig. 3
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Fig. 4
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Fig. 5

a) Phase 1: Jan 19, 2003

b) Phase Il: Mar 22, 2003
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Fig. 8
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Fig. 9
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Abstract

Transient streams and aquifers exchange water in three dimensions but previous
studies have relied on steady-state, one— and two—dimensional models. The construction
and use of simplified two—dimensional cross—sections under steady—state conditions to
show groundwater flow paths should consider three—dimensional, transient effects. This
paper demonstrates a three—dimensional, transient simulation of zigzag groundwater flow
patterns as a result of river incision into the confined aquifer and related seasonally
fluctuation of river—water levels using a forward particle—tracking model, PATH3D. At a
study site located between Nan and Yom Rivers in Phitsanulok, Thailand, a confined
alluvial aquifer located between these rivers has discrete zones of anomalously high
concentrations of iron in transition areas. To prove that groundwater flow dynamics
shown as zigzag pathlines is a cause rather than chemical evolution along continuous
flow paths, the transient flow and particle tracking models were developed to study
groundwater pathlines and to calculate corresponding travel times. Results confirm the
zigzag groundwater pathlines and provide a good application example of three—
dimensional, transient simulation of particle tracking modeling as a standard

postprocessing procedure to flow modeling of groundwater/surface—water interaction.

Keywords Groundwater/surface—water interaction, Particle tracking, Groundwater flow

model, Transient simulation, Thailand
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Introduction

Particle tracking is the most general method for calculating the flow paths or
pathlines of purely advective solute particles (Zheng and Bennett, 2002). If water density
is uniform, the pathlines of oxygenated lateral recharge under advection alone conincide
with the pathlines of groundwater flow. It delineates groundwater pathlines by tracking the
movement of imaginary particles placed in the groundwater flow system. It helps visualize
the flow patterns, which is commonly used as postprocessors to groundwater flow
modeling. For example, particles are placed around the perimeter of the model to yield
the groundwater flow field.

The particle-tracking model depicts recharge—discharge areas more clearly,
particularly in accessing the effects of partially penetrating streams (Anderson and
Woessner, 1992). In transient simulation, the path of a particle is dependent on a
changing velocity field. The movement of dissolved oxygen in groundwater in this study
can be tracked for advective transport using a particle tracking code. A general program
consists of four components including performing velocity interpolation, advancing of
particles using analytical and numerical integration, defining initial particle locations, and
formatting the output (Zheng and Bennett, 2002). Calculated results are commonly saved
as intermediate particle positions in various times. Then, another graphical program
draws images of pathlines as desired.

For analytical approach, Nelson (1978) was a pioneering scientist who developed
a particle tracking code, which later became a computer program S—PATHS (Oberlander
and Nelson, 1984). Analytical solutions of particle tracking along streamlines were
proposed by Bear and Verruijt (1987), Kinzelbach (1986) and Javandel et al. (1984).
Newsom and Wilson (1988) determined capture zones around a pumping well located
near a fully penetrating stream but the model is limited to two—dimensional steady—state
conditions.

Particle tracking codes based on semianalytical approach include USGS
MODPATH code (Pollock, 1988, 1989, 1994) and USEPA WHPA code (Blandford and
Huyakorn, 1991). MODPATH uses the head solution obtained from USGS MODFLOW
code (McDonald and Harbaugh, 1988, Harbaugh and McDonald, 1996, Harbaugh et al.,

2000). WHPA, a collection of analytical and numerical solutions for studying wellhead
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protection areas, includes GPTRAC code that applies a semianalytical solution for particle
tracking.

For numerical approach, particles are introduced into the groundwater flow system
and moved in the domain as a function of velocity distribution that is calculated from
heads generated by a numerical groundwater flow model (Zheng and Bennett, 2002).
Therefore, the flow model execution is always required prior to particle tracking simulation.
Particle tracking codes use interpolation to calculate velocities at particle locations.
Commonly used particle tracking codes that are based on numerical solutions are USGS
MOC (Konikow and Bredehoeft, 1978), RNDWALK (Prickett et al., 1981), GWPATH
(Shafer, 1987, 1990), FLOWPATH (Franz and Guiguer, 1990) and PATH3D (Zheng,
1989). USGS MOC and RNDWALK use the Eulers method. GWPATH uses the fourth—
order Runge—Kutta method and accepts steady—state head solution from two—dimensional
flow model. FLOWPATH is also two—dimensional and its particle—tracking scheme is
based on Euler's method with adaptive step size control. PATH3D is a three—dimensional
particle tracking code based on the fourth—order Runge—Kutta method with a step—
doubling adaptive step size control procedure. PATH3D uses either steady—state or
transient head solutions obtained from MODFLOW as inputs to calculate pathlines or any
block—centered finite—difference model.

Particle tracking is a useful tool to delineate pathlines as a result of
groundwater/surface—water interaction. In groundwater/surface—water interaction, a
current focus is on transient three—dimensional analysis of dynamic interaction (Dahm et
al., 1998, Sophocleous, 2002, NRC, 2004, Promma et al., 2007). Groundwater flow
dynamics is referred to as changing groundwater flow patterns caused by seasonal
fluctuations of surface—water levels and vertical groundwater recharge (Promma et al.,
2007). Woessner (2000) points out that a large—scale groundwater/surface—water
interaction is controlled by: (1) the distribution and magnitude of hydraulic conductivities
within the channel and surrounding alluvial sediments, (2) the relation of stream stage to
the adjacent groundwater level, and (3) the position and geometry of the stream channel
within the alluvial plain. The flow direction of the hydrologic interactions depends on
hydraulic heads.

In addition, groundwater/surface—water interaction and related advective transport

are significant to the understanding of a sequential redox reactions that are observed
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during infiltration of oxic river water into the aquifer and during exfiltration of anoxic
groundwater into the river (von Gunten and Kull, 1986; Jacobs et al., 1988; Lovley and
Goodwin, 1988; Lensing et al., 1994; Stuyfzand, 1989; Chapelle and Lovley, 1992; Bourg
and Bertin, 1993; Dousson et al., 1997; Groffman and Crossey, 1999; Brown et al., 2000;
Massmann et al., 2004). The study of hydrogeochemical processes with respect to
groundwater/surface—water interactions is a future direction of hydrogeology (Glynn and
Plummer, 2005).

Particle tracking models have been applied mainly to study the boundary of
capture zones of existing or proposed hydraulic control systems in two dimensions
(Schafer—Perini and Wilson, 1991; Bair et al., 1991; Lerner, 1992; Forster et al., 1997;
Tiedeman and Gorelick, 1993; Mulligan and Ahlfeld, 1999) and in three dimensions
(Zheng et al., 1989; Kinzelbach et al., 1992; Faybishenko et al., 1995; Bair and Lahm,
1996; Schafer, 1996; Zlotnik, 1997; Steward, 1999). However, a few particle—tracking
studies involved in the three—dimensional transient simulation.

Seasonally fluctuation of river—water levels alters the hydraulic head and thus
induces dynamic changes in groundwater flow patterns. As Brunke and Gonser (1997)
summarized that there are two major groundwater—flow patterns. One pattern occurs
when the river loses water to bank infiltration of the aquifer during flooding in the rainy
season and another in the dry season when the stored groundwater is released into the
river. Later, Promma et al. (2007) discovered that there are at least four groundwater—
flow patterns if two parallel intriguing rivers bind a confined aquifer. These dynamic
groundwater—flow patterns have never been examined for the detailed pathlines using a
three—dimensional, transient, particle tracking simulation.

In this study, the lateral groundwater recharge from rivers carries a chemical
imprint, such as dissolved oxygen, to transport advectively in the groundwater flow field.
Advective transport is referred to as the movement of solutes at the average seepage
velocity of groundwater (Zheng and Bennett, 2002). At field scale, the advective transport
plays more important role on the migration of oxygenated lateral recharge from rivers than
the dispersive process. The advective calculation provides a good estimate of the solute
movement. This paper demonstrates a three—dimensional, transient simulation of zigzag

groundwater flow patterns as a result of river incision into the confined aquifer and related
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seasonally fluctuation of river—water levels using a forward particle—tracking model,

PATH3D.
Site Description

The hydrology of southern Phitsanulok, Thailand, is characterized by the dynamic
interaction between groundwater and river water. One of the most interesting feature is
the dynamic interaction between groundwater and two parallel rivers. The study area is
located about 20 km from the City of Phitsanulok, lower northern Thailand. Fig. 3 shows
that the site is located inside a half—graben Tertiary structure (Wongsawat and
Dhanesvanich, 1983). Pre—Tertiary rocks form a basement with 1-2 km deep at the
bottom. The Quaternary aquifer sediments overlie the semi—consolidated Tertiary ones.
With flat topography, the groundwater flow dynamics is difficult to determine.

Fig. 4 shows a cross—section which is based on detailed hydrogeologic
investigation in this study. The aquifer is continuous, heterogeneous, and confined. It is
the upper part of Chao Phraya aquifer, an alluvial deposit of channel-filled sand and
gravel (Department of Mineral Resources, 2001). The aquifer thickness varies from 13 to
21.5 m. A continuous clay layer, 13-21 m thick, overlies the aquifer. The underlying
confining layer is also continuous. There are 8 gravel lens inside the aquifer. The Nan
and Yom Rivers cut through the top of the aquifer and lens of fine—grained sand that
connects to the aquifer. Therefore, the groundwater is highly interactive with surface—
water bodies in both rivers. The aquifer yields at least 1,056 m3/d of groundwater. The
transmissivity and storage coefficient of the aquifer, measured in this study, are 1,988
m’/d and 3.3 x 10, respectively.

Three reasons make the area ideal for testing of the proposed hypothesis. Firstly,
the flow directions of the Nan and Yom Rivers are nearly parallel, approximately
southward. Secondly, the spacing between the rivers is appropriate, about 6-7 km.
Finally, both rivers incise slightly into the confined alluvial aquifer. As measured at
gauging stations upstream and downstream to the study area in 2002, their riverbeds are
located about 12—-15 m below the land surface or about 2-5 m of penetration (Royal

Irrigation Department, unpublished data).
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Research Method

Simulation Code

The simulation code used was Groundwater Vistas, version 3 (demonstration—
public domain) (Environmental Solutions Inc, 2001). Groundwater Vistas is a groundwater
modeling software for Microsoft Windows that couples many public—-domain groundwater
modeling codes with graphical analysis tools. In this software, the MODFLOW code
(McDonald and Harbaugh, 1988; Harbaugh and McDonald, 1996) was used to simulate
head distribution and relevant velocity field prior to performing the particle—tracking model.
The finite—difference groundwater flow model is the most widely used because of its
simplicity and the ease with which it can be applied to three—dimensional problems. After
flow modeling, the PATH3D code (Zheng, 1989) was used to calculate flow paths and
travel times within the domain. PATH3D was selected to solve many contamination
problems, for example, Zheng et al. (1991) and Levy (1993). In this study, the simulation
focused on calculating an approximate evaluation of the advective transport of dissolved
oxygen in lateral recharge from Nan and Yom Rivers. Particles were placed in the
upgradient areas at the potentiometric surface and moved until they reached the

discharge points. The particle progress was tracked forward in time.
Conceptual Model

The model was developed using the conceptual hydrogeologic model shown in
Fig. 1. A continuous flow regime is truncated if two successive parallel rivers that incise
partially into the confined aquifer have seasonally varying water levels. The truncated
flow leads to a lack of oxygenated water from rivers in transition areas. While vertical
recharge from rainfall can occur through a confining unit, a lack of lateral recharge plays a
more important role. Consequently, the transition areas are isolated from oxic conditions
that can be indicated by abnormally high concentrations of some redox—sensitive species
such as iron. This anomaly is a result of groundwater flow dynamics rather than the slow
chemical evolution (Promma et al., 2007).

Fig. 2 shows a schematic of conceptual models described above. When
groundwater moves slowly from a recharge zone into the aquifer in one season, it
transports dissolved oxygen only by tens of meters (Fig. 2a). After the transition into the

rainy season, the groundwater and solutes move along other directions by tens of meters



156

and the former recharge zone becomes a discharge area (Fig. 2b). Moving in a zigzag
pattern in recharge—discharge areas leads to a lack of dilution—oxidation by oxygenated
water from rivers in the transition areas. A lack of lateral oxygenated recharge from the
river does influence redox reactions and the availability of redox—sensitive species
including oxygen, nitrate, manganese, iron, sulfate, hydrogen sulfide and methane. Iron,
which is highly sensitive to dissolved oxygen, usually indicates suboxic or anoxic
conditions of the aquifer. With a lack of oxygenated water, the transition areas are

characterized by high concentrations of dissolved iron (Fig. 2c).
Storage Parameters

During a transient simulation, water is released from or taken into aquifer storage.
Heads change with time as a result of this event. The storativity, capacity of an aquifer to
transfer groundwater to and from the storage, is important in transient modeling. Values
of storativity are obtained using pumping tests in this study. The storativity is assumed to

be uniform within the aquifer. There is no storage in confining layers.
Initial Conditions

The initial condition for a transient model was selected from a steady—state head
solution generated by a calibrated model. According to Anderson and Woessner (1992),
the initial head distribution at the beginning of the simulation for calibration was obtained
by using static steady—state values, where heads are constant throughout the domain. In
the transient modeling, the dynamic average steady—state conditions, where head varies

spatially, was obtained from the calibrated model.
Boundary Conditions

The propagation of transient effects on the boundary was monitored. This is to
avoid that the stress would cause heads or flows to change positions and would thus
make the model unrealistic. Boundary conditions were changed by expanding the grid
and moving the boundary away from the domain center. Also, the change in flow rates
across a boundary was evaluated. For constant head boundary, the flow across the
boundary is the same for the initial condition and for the final time step. For specified flux

boundary, the head along the boundary is the same as well. No flow boundary was set
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far from the model center. This method ensures that the boundary does not affect the

solution.
Spatial Discretization

Heads were calculated at discrete points, called nodes, in space. The region of
simulation, a domain, was visualized as divided into cells or blocks surrounding each
node. These cells were separated by grid lines located between adjacent nodes.
Hydraulic properties were specified for each cell and are assumed uniform within the cell.
In a simulation of partially penetrating streams, grid discretization in both horizontal and
vertical dimensions is important in identifying accurate pathlines. To simulate groundwater
flow between two rivers, a regularly spaced, finite—difference model grid was constructed
and rotated so that the x—axis would be parallel to the rivers (Fig. x). Each cell is 200 x
200 m in the horizontal plane. The grid consists of 50 rows and 50 columns, and the
rotation angle from true north is clockwise 45 degrees. The grid rotation is to align model
rows with the principal direction of regional groundwater flow, which is toward 30°SE. To
maintain reasonable computer runtimes, the domain of the regional model was not

entered southeast.
Temporal Discretization

The regional scale model simulates transient groundwater flow for a period from
January to December 2003. In the transient flow model, the total simulation time of 1—
year was divided into 52 stress periods. For each stress period, the average
hydrogeologic conditions for that time are assumed to be constant. Each stress period
was divided into 10 time steps. Heads were calculated for times corresponding to the end
of each time step.

Several trial runs of the model were done using different time steps. The largest
possible time step that does not affect the solution was chosen in the transient simulation.
The solution proceeds through at least five time steps. The time step increases as the
simulation progresses as a geometric progression of ratio 1.414. The simulation period is
discretized into blocks of time of variable lengths, known as stress periods. Parameter

values were changed to fit scenarios in each stress period.
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Calibration

Since a flow solution must be obtained first before particle tracking calculation can
be made, the particle tracking simulation are functioned as the postprocessing step. It
used the grid system and hydraulic head solution obtained from the flow model.

The data used to verify the modeling results were obtained from 25 wells located
between the Nan and Yom Rivers (Fig. 3) (Promma et al., 2007). Groundwater levels at
Wells 12-16 were recorded weekly. Convergence criterion was set at below 0.001 m. As
a rule of thumb, this criterion should be at least two orders of magnitude smaller than the
desired head values, which range between 30 and 40 m (Anderson and Woessner, 1992).

Manual trial-and—error calibration was used in the calibration. Calibration targets,
the calibrated value with its associated error, was set before the calibration. Most
calibration values do not coincide with nodes. This type of error was evaluated to be 1 m

or more in the model? The grid was adjusted to minimize the error.

Results and Discussion

Simulated Groundwater Flow Patterns

At most locations, particles moved almost horizontally in and out of rivers. On
entering the aquifer, their movement became zigzag in the general SE direction of
groundwater flow. Flow within the domain is demonstrated by the 10 particle paths
displayed in the map view of Fig. x. Numbers shown at stars along the paths represent
the travel time, in days, to that point. Cross—sectional view of particle paths A through J
are displayed along with equipotential lines in Fig. x.

Fig. 6 shows that the simulated groundwater flow patterns match with observed
patterns very well. From January 27 (mid dry season) to June 3 (early rainy season),
groundwater has flown continuously from the Nan River to the Yom River along 17°SW
with a flow path of 15.2 m (Fig. 6a). From June 4 to October 4 (early dry season), the
Yom River has begun to recharge into the aquifer along 80°NE with a flow path of 35 m
while the Nan River is still recharging the system along 5°SE with a flow path of 40.3 m
(Fig. 6b). From October 5 to January 7 (mid dry season), groundwater flows continuously
from the Yom River toward the Nan River along 81°SE with a flow path of 34.7 m while
the Nan River becomes a discharge area (Fig. 6c¢). Finally, from January 8 to 26,

groundwater mounds in transition areas discharge into both Nan (82°SE) and Yom Rivers
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(15°SE) with flow paths of 4.5 m (Fig. 6d). The regional groundwater flow direction is

toward 62°SE (Fig. 6e), which is nearly parallel to the rivers.
Simulated Fluctuation of Groundwater Levels

For the fluctuation of groundwater levels, simulated heads match those in
observational wells, Wells 12-16. Fig. 5 illustrates that groundwater levels near the Nan
River (Well 12) are highly fluctuated. They are fairly stable in the dry season and slightly
rise in the rainy season. In contrast, groundwater levels near the Yom River (Wells 16)
drop in the dry season but rapidly rise in the rainy season. This feature responds to river
water levels. In the transition areas (Wells 13, 14 and 15), groundwater levels, however,
change slowly, indicating that the role of river flow dynamics is less significant.
Groundwater levels in all areas reach their peaks by the end of rainy season in late
September—early October.

Flow paths between groundwater and surface water are often treated
approximately as two-dimensional and steady-state (e.g., Mayboom et al.,, 1966;
Mayboom, 1966, 1967; Winter, 1976; Winter et al., 1999; Téth, 1962, 1963, 1999).
However, this study shows that the interaction between groundwater and surface water is
three—dimensional and highly dynamic. A thorough wunderstanding of the
groundwater/surface—water interaction requires a three—dimensional, and transient
analysis of the flow dynamics in the vicinity of the surface water bodies (Sophocleous et
al., 1988; Sophocleous, 1991; Harvey and Bencala, 1993; Wondzell and Swanson, 1996;
Woessner, 2000; Sophocleous, 2002; Promma et al., 2007).

Conclusions

This paper shows an interesting simulation of groundwater flow dynamics using
transient, three—dimensional approach. Results confirm that when two rivers partially cut
into a confined aquifer and the seasonal fluctuations of river stages lead to a highly
dynamic groundwater flow system. The reversal of groundwater flow directions occurs
when changing water levels in both rivers. This in turn results in seasonal reversal of
groundwater flow paths in a zigzag pattern rather than a continuous curvilinear one.

Transition areas are thus isolated from oxygenated recharge water.
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Streams and aquifers exchange water horizontally and vertically but most studies
have relied on one— or two—dimensional models. A detailed three—dimensional study is
needed for a better understanding of the groundwater/surface water interactions. The
construction and use of simplified two—dimensional cross—sections under steady—state
conditions to show groundwater flow paths should consider the implications of three—

dimensional and transient effects.
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Table 1. Model design
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Criteria

Design/Selection

Software used
Aquifer type
Domain x—axis
Domain y—axis
Domain z—axis
Time

Boundary Conditions

Initial Conditions
K

n

Recharge rate

Calibration targets

Groundwater Vistas (v.3 student version: MODFLOW2000)
Confined

Maximum 50 columns x 200 m

Maximum 50 rows x 200 m

1 layer x Varied thickness (13-21 m)

Steady state (4 scenarios)

Source: constant head

Sink: constant head

Hydraulic head = 40 m in all active cells

Heterogeneous (98.7— m/day)

0.3

Initial value = 0.000003 m/day; trial and error

(1) 10 wells; RMS < 0.1 m; Convergence criterion 0.001 m
(2) Matched flow pattern
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Table 2. Design of a particle—tracking model

Criteria

Design/Selection

Software used
Domain x—axis
Domain y—axis
Domain z—axis

Time

Boundary Conditions
Initial Conditions

Calibration targets

Groundwater Vistas (v.3 student version: PATH3D)
Same as flow model

Same as flow model

Same as flow model

Steady state (4 scenarios)

Depending on each scenario

Co=0

(1) 10 wells; RMS < 0.1 m

(2) Matched anomaly pattern
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Introduction

Over the past 20 years, the understanding of hydrogeochemical processes in
groundwater and surface—water interactions has increased greatly. The literature on the
interpretation of geochemical processes in groundwater by using chemical/isotropic data
and simulations of hypothetical reactions is considerable (Glynn and Plummer, 2005).
Geochemists have evaluated redox reactions and the partial equilibrium concept in
aquifers in which chemical evolution is driven by one or more concurrent irreversible
reactions. Carbonates, primary silicates, clays and sulfide minerals, ion exchange, and
organic carbon reactions play important roles in driving chemical evolution in these
systems. Hydrogeochemists have also addressed important environmental issues, such
as arsenic contamination, nutrient and trace element transformations, the origins of acid—
mine drainage water, and geomicrobiological reactions in the subsurface that affect
reaction rates, redox processes, and freshwater aquifer storage and recovery.

Pioneering works on hydrogeochemistry include Palissy (1580), Palmer (1911),
Renick (1924), Piper (1944), and Hem (1959, 1992) (Back and Herman, 1997;
Narasimhan, 2005). Landmarked advances include the hydrochemical facies concept, the
application of thermodynamic equilibrium principles, the understanding of redox reactions
and groundwater dating (Glynn and Plummer, 2005). The geochemistry of groundwater is
well described by Appelo and Postma (1993), Chapelle (1993), Drever (1997), Hem
(1959, 1992), Hitchon et al. (1999), Langmuir (1997), Nordstrom and Munoz (1994), and
Stumm and Morgan (1996).

Hydrochemical Facies

Hydrochemical data are useful in determining a source of groundwater recharge
and related groundwater flow direction.

Back (1960, 1966) first defined the hydrochemical facies concept by explaining
observations of hydrochemical patterns as a function of groundwater flow. The
hydrochemical patterns affect regional variations of groundwater composition. The
sequence of hydrochemical patterns along the groundwater flowpath is called chemical
evolution, which was reported by Cederstrom (1946), Foster (1950), Chebotarev (1955),
Garmonov (1958), Kamensky (1958), White et al. (1963), among others. The concept
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involves regional flow to allow sufficient time and exposure between groundwater and
minerals to react. Local flow thus rarely show the chemical evolution.

Concentrations of dissolved constituents in groundwater can vary spatially and
temporally along a groundwater flow path as a result of hydrogeochemical reactions
during the groundwater movement. In this case, hydrochemical facies or zones are align
parallel to the groundwater flow direction. Chemical evolution is a description of the
changes in hydrochemical facies from recharge to discharge areas along the groundwater
flow path. The study of hydrogeochemistry related to groundwater and surface water
interaction requires understanding of the aqueous reactivity, aquifer materials, and
recharge characteristics.

Hydrochemical facies observed in groundwater can be related to:

1. heterogeneities in either reactive mineral abundances or in hydrologic
properties,

2. mapping hydrochemical facies and zones can help indicate the regional
groundwater flow directions.

Differences between regional flow directions deduced from hydrochemical patterns
and those indicated by a modern (predevelopment) potentiometric surface can indicate
changes in hydraulic conditions (e.g. recharge rate) on a shorter, more recent time scale
than those responsible for hydrochemical observations (Plummer et al. 2004a, 2004b,

2004c; Sanford et al. 2004a, 2004b).
Modeling of Oxidation—Reduction Processes

The thermodynamic equilibrium theory helps assess departures from equilibrium
and calculate a sequence of redox reactions. Oxidation—reduction (redox) processes in
groundwater involve irreversible nonequilibrium reactions and subsequent changes in the
oxidation states of elements. Early development of speciation models did not account for
the different oxidation states. This development was based on the electrochemical theory
proposed by metallurgists (Pourbaix, 1949). Later, the pH and redox conditions were
used to characterize dominant aqueous species, mineral reactions and stabilities
(Krumbein and Garrels, 1952; Baas—Becking et al., 1960; Garrels and Christ, 1965;
Sill[ n, 1967). Historical development about the application of redox processes in

hydrogeochemistry was reviewed by Thorstenson (1984) and Hostettler (1984).
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Most redox reactions are inequilibrium and the assessment of redox states in
natural groundwater is difficult (Morris and Stumm, 1967; Baedecker and Back, 1979;
Champ et al., 1979; Thorstenson et al., 1979; Thorstenson, 1984; Runnells and Lindberg,
1990; Stumm and Morgan, 1996). Berner (1981) and Stumm and Morgan (1996) best
described the sequence of redox reactions in natural aqueous environments.

The first speciation model for redox reactions is called the PATHI model
(Helgeson, 1968; Helgeson et al., 1970). Later, D.C. Thorstenson extended the
geochemical reaction modeling from simple inorganic hydrogeochemical reactions to
complex redox processes by using electron conservation convention (Parkhurst et al.,
1980, 1982; Plummer et al., 1983). This concept was also used in PHREEQE (Parkhurst
et al., 1980), BALANCE (Parkhurst et al., 1982), and NETPATH (Plummer et al., 1994).
Next, the computing capacity was increased and the O—H mass—balance relations was
applied in EQ3/6 (Wolery, 1979; Wolery et al., 1990), PHREEQC, and PHREEQCI
(Parkhurst, 1995; Parkhurst and Appelo, 1999; Charlton et al., 1997; Charlton and
Parkhurst, 2002).

Groundwater Dating

Advances in the measurement at low concentrations of chemical and isotopic
tracers lead to increasing estimates of groundwater ages, which are called groundwater
dating. The groundwater dating has proven useful in extracting information on rates of
geochemical and microbiological processes in aquifers. Therefore, a future research for
this study is to conduct an isotope study of groundwater to confirm the groundwater age,
the travel time between the point of recharge from rivers and the point of sampling (Glynn
and Plummer, 2005), in this dynamic groundwater system.

Typically, multiple tracers are used in estimating ground—water ages because of
uncertainties in the available techniques, flow and transport complexities, and difficulties in
obtaining representative data. A number of papers review the advantages and limitations
of geochemical dating techniques in more detail than can be afforded here (Davis and
Bentley 1982; Fontes 1983; Moser and Rauert 1983; Evans 1983; Florkowski and
Rozanski 1986; Frhlich 1990; Plummer et al. 1993; Lehmann et al. 1993; Ma’foszewski
and Zuber 1996; Cook and Solomon 1997; Kipfer et al. 2002). The subject of dating of



179

“young” ground water is covered in Cook and Herczeg (2000), Plummer (2005), and in the
“IAEA Guidebook on the Use of Chlorofluorocarbons in Hydrology” (IAEA 2005).

Two conceptually different approaches are available to date ground water. The
first approach involves the measurement of a “clock;” that is, the measurement of the
concentration of an element or isotope having known (or assumed) initial concentration
inputs, and a known rate of growth or decay in the ground-water environment. The
second approach makes use of the known history of a time—dependent environmental

“signal” in the water and/ or in the solutes that recharge a ground-water system.
Numerical Modeling of Geochemical Processes

According to Glynn and Plummer (2005), numerical models for quantitatively
interpreting hydrogeochemical processes or chemical evolution in groundwater have been
developed in the past 35 years. There are two approaches including inverse and forward.
The inverse modeling uses mass balances to chemical/isotopic composition of
groundwater to calculate transferred mass of minerals and gases. Inverse
hydrogeochemical models include BALANCE (Parkhurst et al.,, 1982), NETPATH
(Plummer et al., 1994), PHREEQC (Parkhurst, 1995; Parkhurst and Appelo, 1999),
PHREEQCI (Charlton et al., 1997; Charlton and Parkhurst, 2002) and SPREADBAL
(Bowser and Jones, 2002). On the other hand, the forward modeling simulates results of
assumed geochemicallisotopic reactions, both aqueous speciation and mass—transfer
reactions, by setting initial conditions and a set of reactions and by using thermodynamic
database. Forward hydrogeochemical models include PATHI (Helgeson, 1968; Helgeson
et al.,, 1969, 1970), EQ3/6 (Wolery, 1979; Wolery et al., 1990), PHREEQE (Parkhurst et
al., 1980), PHREEQCI (Charlton et al., 1997; Charlton and Parkhurst, 2002), and PHAST
(Thorstenson and Parkhurst, 2002, 2004).

Inverse hydrogeochemical modeling is used to describe the observed
chemicallisotopic characteristics of groundwater (Plummer et al., 1983; Plummer, 1985).
The required data are initial and final compositions of groundwater. The inverse model
simulates chemical evolution from the initial to final conditions. The flowpath needs not
be specified although the selection of initial and final conpositions of groundwater from the
specific flowpath is significant in determining reaction rates or groundwater velocities. A

complete list of reactions for the suspected chemical evolution is needed. Reasonable
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guesses about what minerals and gases might be dissolving, precipitating, or exsolving
need to be made. Aqueous speciation modeling helps eliminate thermodynamically
impossible reactions. Reaction kinetics is needed to determine the possibility of
occurrence and evolutionary duration. Results can sometimes show that there exists no
chemical evolution. The inability to identify an acceptable reaction model indicates
inadequate data, invalid conceptualization of the hydrogeochemical system, and
inappropriate assumption of hypothetical reactions.

Forward hydrogeochemical modeling simulates both chemical and isotopic
evolution in groundwater flow system (Charlton and Parkhurst, 2002; Thorstenson and
Parkhurst 2002, 2004). It can be used with flow and contaminant transport models. The
increased improvement in forward modeling has outpaced that in thermodynamic/kinetic
databases, which are still needed to quantify and predict reactions (Glynn and Plummer,
2005).

Hydrogeochemical models have limitations. Thermodynamic databases contain
few organic species (Nordstrom, 2004). Without appropriate databases, the capability of
forward modeling is limited. @ Moreover, most speciation models mainly simulate
equilibrium thermodynamics, which is not always the case for redox species, strong
aqueous complexes, and polymerized species (Glynn and Plummer, 2005). Also, the
kinetics of these reactions can be slow and often depends on microbial catalysis.

Geochemical/reactive transport models, which couple of flow, contaminant
transport, and hydrogeochemical models, remain incomplete (Glynn and Plummer, 2005).
The current development still has problems of convergence, numerical oscillations, and
numerical dispersion. Also, the concepts of flow and contaminant transport models
involve large scale whereas the hydrogeochemical models focus on the molecular scale.
This leads to conceptual problems and uncertainties for the application of
geochemical/reactive transport models. Computer processing time and memory are
another problematic issue. Reviews on hydrogeochemical modeling of groundwater are
described by Plummer et al. (1983), Plummer (1985), Plummer (1992), Parkhurst and
Plummer (1993), Bethke (1996), Glynn and Brown (1996), Parkhurst (1997), Nordstrom
(2004), and Konikow and Glynn (2005, in press).

Construction of hydrogeochemical modeling begins with putting all available data

within a conceptual framework. The user then confronts the available observations with
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his/her  intuition/experience and  a-priori  understanding of the  system.
Knowledge/assumptions concerning reaction thermodynamics and kinetics, mineral forms,
geology, and hydrology are also essential. By itself, constructing a model should: (1)
result in improved understanding of the chemical and isotopic reactions responsible for
the observed evolution of the waters; (2) help refine/correct hydrological understanding of
the system, and, most importantly; (3) help assess the nature of remaining uncertainties in
the constructed conceptual framework.

The construction of an initially simple model is highly advisable. The number and
complexity of processes considered should be increased gradually as the model is
refined, to the extent needed to understand or explain available observations, or,
stretching the use of the model further, to the extent needed to make simple testable
predictions. The user must at some point decide when sufficient adjustments have been
made to the representation of parameters and processes, and when the constructed
model is adequate for its intended purpose. Alternatively, the user may reject the model
as inadequate, and may need to construct an entirely different model and/or seek new
data or information. In many respects, geochemical modeling is a process of elimination
of hypothetical reaction models, within a given set of uncertainties relating to the input
data, the thermodynamic data, and available system knowledge (Plummer et al. 1983).
Forward geochemical modeling requires a valid initial conceptualization of the system that
includes representative reaction possibilities and is consistent with geochemical intuition.
A forward model that does not predict a geochemically reasonable result, or that does not
agree with the limited observations that might be available, can be eliminated. In inverse
geochemical modeling, multiple reactants and products are considered and reaction sets
that are inconsistent with available observations are eliminated. In both types of modeling,
the available observations are usually not sufficient to eliminate all the reaction
possibilities.

As is true for practically any type of modeling effort, modeling designed primarily
to explain the available data, such as inverse geochemical modeling, or inverse flow
modeling, should be conducted preferably before predictive or “forward” modeling is
conducted (such as geochemical transport modeling). Inverse geochemical modeling is
best used early in the data—acquisition process because it forces the user to evaluate the

nature and extent of knowledge gaps and uncertainties. Inverse geochemical modeling
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can be used to guide the field—data acquisition process, and can also be used to help
construct “forward” geochemical models (Glynn and Brown 1996). Depending on the
questions being addressed, inverse geochemical modeling may be all that is needed in a
particular investigation.

Views on the application and use of “forward” numerical models differ amongst
scientists and engineers. Some strive to construct numerical models that are as “realistic,”
and suitably complex as possible; they use the constructed models, after a “validation”
exercise, to make predictions on the future state of a system. Other scientists consider
that a model is, by definition, a much simplified construct of assumptions that is meant to
help understand some facet(s) of reality; they see models merely as tools that provide
some understanding of possible system behavior, and they use sensitivity analyses
(multiple model runs with varying parameters, boundary and/or initial conditions) to
increase their quantitative understanding of process interactions and of the assumption
construct. The validity of each approach depends to some extent on the type of modeling
that is conducted, and on what predictions are sought. Nevertheless, the present authors
tend to consider models as tools that should be used primarily to increase system
understanding rather than to make predictions, and the discussion in this paper relates to
their view. Konikow and Bredehoeft (1992), Nordstrom (1994, 2004), Oreskes et al.
(1994), Oreskes (2000) and Konikow and Glynn (2005, in press) discuss some of the
differing views relating to the philosophy of applying and testing ground—water flow and
geochemical models.

Ground-water systems typically have less geochemical and hydrogeologic
information known about them than may be desirable for predictive modeling of
geochemical transport. Detailed hydrogeologic and geochemical studies often are too
expensive to consider, particularly on large aquifer systems. The lack of chemical and
hydrological data means that investigators should try to use, as efficiently as possible, all
tools and knowledge available. A combination of inverse and forward modeling of ground—
water flow and transport, and inverse and forward geochemical modeling, may often
provide substantial knowledge gains, and at a minimum can be used to identify the most
critical data needed to gain a better understanding of the ground—-water system. In
general, modeling (hydrological/geochemical; inverse or forward) should be conducted as

part of a continuous iterative cycle, helping guide data acquisition, helping interpret the
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data obtained, and helping provide an integrated understanding of the ground—water

system, to a desired (or financially feasible) level of detail.
Speciation Modeling

In the early 1960s, geochemists applied to the speciation of natural waters the
fundamental principles of thermodynamic equilibrium first established by Gibbs (1876,
1878). Garrels and Thompson (1962) developed the first ion—association model applicable
to natural waters. According to Nordstrom et al. (1979), pioneering models include PATHI
(Helgeson, 1968; Helgeson et al., 1969, 1970) and WATEQ (Truesdell and Jones 1974).

Additionally, theoretical development and parameterization of the Specific
Interaction Model for electrolyte solutions and their mixtures by K.S. Pitzer and
colleagues, and the extensions made to natural waters by C.E. Harvie, N. Moller, J.H.
Weare and others (e.g. Harvie et al. 1984), allowed the speciation of many highly saline
natural waters (Pitzer 1991, 1994). Numerical simulations of aqueous solutions and their
reactions with other solid, gas, and fluid phases continues to be refined and extended
through the measurement of additional thermodynamic data and improved theoretical
descriptions of reactive processes (sorption, solid—solutions, kinetics of heterogeneous
reactions, organic reactions, extensions to high temperature, pressure, and ionic strength).

Application of speciation models to low—temperature groundwater environments
has led to several important principles/observations. Reactions among aqueous species
that occur within the same oxidation state of the elements involved (e.g. CO2/HCO3 /CO3
2; SO4 2/ HSO4 ) are rapid and equilibrium can be assumed. In contrast, equilibrium is
usually not attained between aqueous species with differing oxidation states (e.g.
S0O42/HS; HCO3 /CH4; Fe(ll)/Fe(lll)). A small number of minerals, usually of relatively
high solubility, appear to behave reversibly in natural systems (e.g. calcite, gypsum, halite,
fluorite); most other minerals do not react to equilibrium but can still have an important
effect on natural-water chemistry (plagioclase, biotite, and other primary silicates).
Metastable minerals tend to approach equilibrium more easily than their more stable
polymorphs (Steefel and Van Cappellen 1990; amorphous ferric hydroxide instead of
hematite). Some weathering products of primary silicates (e.g. kaolinite and gibbsite) tend
to react to equilibrium, but kinetic processes are important in the formation of complex

siliceous clay minerals such as smectites (Jones and Bowser 1978; Eberl et al. 1990;
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White and Brantley 1995; Drever 1997; Bowser and Jones 2002; Kim et al. 2004).
Thermodynamic equilibrium can be defined as a reactive steadystate (microscopic
reversibility) between an aqueous phase and a bulk solid phase. As the ability to observe
mineral surfaces improved, it was recognized that on laboratory time scales, interfacial
reactions that occurred only involved a few atomic layers of the bulk solid (Walton 1967;
Buddemeier et al. 1972; Mozeto et al. 1984; Garnier 1985; Plummer et al. 1992).

Ground-water systems were recognized early on as partial equilibrium systems
(Korzhinskii 1936; Helgeson 1968); that is, where some reactions respond reversibly while
driven by one or more irreversible reactions (e.g. oxidation of organic carbon driving
sulfate reduction, and/or carbonate mineral reactions; dissolution of anyhydrite driving
dedolomitization; dissolution of primary silicates driving the formation of clays and
cementation with calcite and silica). These reactions are important in understanding
geochemical evolution of ground—water systems, and can affect the hydrologic properties
of aquifer systems. Some natural waters that appear to be at or near equilibrium with a
given mineral phase, according to speciation calculations, may in fact be undergoing
significant dissolution/precipitation of the mineral as a result of other irreversible reactions.

PHREEQC (Parkhurst and Appelo 1999) in AquaChem version 4.0 (Waterloo
Hydrogeologic Inc 2003) was used to study speciation of the groundwater. PHREEQC
calculates equilibrium activities of chemical species in solution and saturation indices of
solid phases in equilibrium with the groundwater. The Saturation Index (SI) of a selected
mineral phase is the degree of saturation, which was used as a means to determine if
certain minerals have a tendency to dissolve into or precipitate out of the groundwater in
order to reach equilibrium. It is calculated as follows:

S| = log(IAP/KT) (1)
where IAP = the ion activity product for the given material, KT = the reaction constant at
the given temperature

If SI > 0, then the solution is super—saturated with respect to the mineral phase,
and precipitation will be likely. If SI < 0, then the solution is below saturation of the
specified mineral phase and dissolution will be expected. If SI = 0, then the solution is in
equilibrium with the specified mineral phase.

MODPATH is written primarily in standard Fortran 77 and can be compiled with
any standard Fortran 90 compiler. The MODPATH package has been widely applied to
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MODFLOW-based groundwater flow simulation studies. It is useful as a visualization tool
to help understand flow patterns in simulated groundwater flow systems. It also has been
widely used to delineate sources of water to discharge sites and aquifers in systems
simulated with MODFLOW. MODPATH has a number of limitations, which are related to
(1) underlying assumptions in the particle tracking scheme, (2) discretization effects, and
(3) uncertainty in parameters and boundary conditions.

MT3DMS is a numerical contaminant—transport model that consists of a
comprehensive set of options and capabilities for simulating advection, hydrodynamic
dispersion, and chemical reactions of contaminants in groundwater (Zheng and Wang
1999). MT3DMS stands for the Modular 3—Dimensional Transport model with Multi—
Species structure. It was originally developed at SS Papadopulos & Associates Inc, and
documented later for the Robert S. Kerr Environmental Research Laboratory of the US
Environmental Protection Agency (Zheng 1990; Zheng and Bennett 2002). MT3DMS can
be linked to MODFLOW-2000 using the LMT6 package (Zheng et al. 2001). The
MT3DMS code and its predecessor have been used in many studies of contaminant
transport and remediation (Johnson et al. 1994; Poeter and McKenna 1995; Hahn 1996;
Hyndman and Gorelick 1996; Huang and Mayer 1997; Lessoff and Konikow 1997; Wang
and Zheng 1997; Eggleston and Rojstaczer 1998; Loague et al. 1998; Sawyer and
Lieuallen—Dulam 1998; Zhan and McKay 1998; Zheng and Jiao 1998; Aly and Peralta
1999a, b; Katz and Gvirtzman 1999; Lu et al. 1999; Holder et al. 2000; Hyndman et al.
2000; and Woessner 2000).

PHREEQC is a numerical hydrogeochemical model based on an ion—-association
aqueous model (Parkhurst and Appelo 1999). It is capable of (1) calculating activities and
saturation states for a given groundwater analysis, (2) calculating how water composition
changes in response to reactions or a change in temperature, and (3) testing a concept or
a suite of reactions for a hydrogeochemical hypothesis (Plummer et al. 1988; Plummer et
al. 1991; Plummer et al. 1994; Charlton et al. 1997). The hydrogeochemical model is
developed from space—rocket science and has been used in many case studies (Smith
and Missen 1982; Parkhurst and Plummer 1993; Appelo and Postma 1993; Bethke 1996).
It prevents errors or violations of basic chemical laws. The mass action and mass

balance relationship gives a set of non-linear equations for which a solution can be
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obtained using Newton—Raphson iteration. The hydrogeochemical models have been
used to study the evolution of water quality as influenced by:
o Silicate weathering (Helgeson et al. 1970; Lichtner 1985)
e Carbonate reactions (Plummer et al. 1983)
o Effects of acidification and buffering reactions (Cosby et al. 1985)
e Ore deposition and leaching of mine tailings (Garven and Freeze 1984;
Liu and Narasimhan 1989)
e Cation exchange with salt—water intrusion (Appelo and Willemsen
1987; Appelo et al. 1990)
e Complexation of heavy metals and sorption (Felmy et al. 1984)
e Denitrification (Postma et al. 1991).

The PHREEQC code and its predecessor have been used in many studies
(Parkhurst et al. 1980; Appelo and Willemsen 1987; Mirecki and Parks 1993; Nordstrom
1996; Alpers and Nordstrom 1999; Gimeno Serrano et al. 2000; Nordstrom 2000; Welch
et al. 2000).

AquaChem is another software package that interacts users with PHREEQC
(Waterloo Hydrogeologic Inc 2003). It is developed for graphical display and numerical
analysis and modeling of water quality data. AquaChem's data analysis capabilities
include unit conversions, charge balances, sample comparison and mixing, statistical
summaries, trend analysis, and relevant plotting to represent the chemical characteristics
of water quality data, among others.

The plot types available in AquaChem include:

e Correlation plots: X-Y Scatter, Ludwig—Langelier, and Wilcox

e Summary plots: Box and Whisker, Frequency Histogram, and Schoeller

e Trilinear plots: Piper, Durov, Ternary, and Giggenbach

e Time—Seriesplot

e Geothermometer plot

e Sample plots: Radial, Stiff, and Pie

e Thematic Map plots: Bubble, Pie, Radial and Stiff plots at sample
locations

Each of these plots provides a unique interpretation of the many complex

interactions between the groundwater and aquifer materials, and identifies important data
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trends and groupings. AguaChem also has a link to PHREEQC for calculating equilibrium
concentrations (or activities) of chemical species in solution and saturation indices of solid

phases in equilibrium with a solution.
Hydrogeochemistry of Iron

High concentrations of dissolved Fe2+ in groundwater are described in terms of
equilibrium thermodynamics and microbial—-involved redox reactions. The main sources of
Fe2+ in groundwater are (1) the dissolution products of iron—bearing minerals, (2) the
reduction of Fe(lll) oxyhydroxides in sediments, and (3) the oxidation of Fe(lll) by
microorganisms (Chapelle and Lovley 1992; Appelo and Postma 1993; Chapelle 1993).
Prior to 1985, most hydrogeochemists considered Fe(lll) reduction to be an abiotic
reaction initiated by reducing conditions (Lovley et al. 1991). Under anaerobic conditions
with decreasing redox potential, thermodynamics analysis indicates that the iron occurs as

Fe(lll) oxyhydroxides, carbonate siderite, and ferrous sulfides (Back and Barnes 1965;

Langmuir 1969; Langmuir 1997).
Iron Transport in Groundwater

The iron is mobile in vadose and groundwater zones under specific conditions
(Langmuir 1997). In oxidized groundwater, dissolved iron is mobile below about pH 3 to 4
as Fe3+ and Fe(lll) inorganic complexes. Fe(lll) is also mobile in many soils and
groundwaters as ferric—organic (humic—fulvic) complexes up to pH 5 to 6 and as colloidal
ferric oxyhydroxides between about pH 3 to 8. Under reducing conditions, the iron is
soluble and mobile as Fe2+ below about pH 7 to 8. It usually occurs as uncomplexed Fe2+
ion. However, when sulfur is present and sulfate reduction is dominant, Fe2+ precipitates
as sulfides. Therefore, the high—iron groundwater reflects the reduction of poorly soluble
Fe(lll) oxyhydroxides to the highly soluble ferrous state. High—iron groundwater develops
only if there is little or no sulfate reduction in the aquifer because the sulfide generation
tends to precipitate Fe2+ as iron sulfides (Berner 1969). The sulfate reduction is observed
if Fe(lll) oxyhydroxides in aquifer materials are depleted (Ponnamperuma 1972; Froelich
et al. 1979; Reeburgh 1983). Fe(lll) is usually complex, whereas Fe2+ occurs

uncomplexed in most groundwaters.



188

Microorganisms also play an important role in the oxidation of Fe2+ and the
reduction of Fe(lll). The first microorganism known to reduce Fe(lll) was isolated in 1987
(Lovley and Phillips 1988). For groundwater, the Fe(lll)-reducing microorganisms were
isolated and characterized two years later (Lovley et al. 1989). This strain was name
“172”, as isolated from a 172-ft—-deep core. It is a short blunt rod. Another
microorganism is GS—15, which is an elongated rod. Fe(lll) oxyhydroxides are reduced
under anaerobic conditions to Fe2+ by Shewanella putrefaciens and the Fe2+ is mobilized.
Some Fe2+ enter the anaerobic portion of aquifers and remains in the groundwater.

The accumulation of dissolved iron in groundwater represents a truncation of the
iron cycle (Chapelle 1993). When the Fe(lll) reduction occurs at the interface of an
anaerobic and anaerobic zone, there is the possibility that some Fe2+ produced will be
cycled back to Fe(lll) oxyhydroxides. In many aquifers, however, Fe(lll) reduction occurs
where molecular oxygen is absent and there is no possibility of reoxidation. Thus, the
dissolved Fe2+ may accumulate in solution, causing high—iron concentrations in
groundwater. The truncation of the iron cycle due to the lack of iron reoxidation is an

important mechanism leading to the accumulation of iron in groundwater.
Iron versus Dissolved Oxygen

Overall, the Fe2+ concentration decreases exponentially as DO increases (Fig. 13).
The best fit is written in Eq. 5 with the coefficient of determination of 0.30 (Fig. 13a). With
compressed y-axis, an envelope line (Eq. 6) indicates that no groundwater has Fe2+
concentrations over 75 mg/L when DO is absent (Fig. 13b). Fig. 13 also shows that Fe2+
will be unstable if DO is over 4-5 mg/L.

-0.77DO

Fe = 4.88e (2)
Fe = 756—1.5700 3)
where DO = concentrations of dissolved oxygen (mg/L).

Table 6 shows dominant ion activities and saturation indices with respect to
particular minerals in aquifer materials. The average activity of ferrous iron is similar to
other cations except manganese, which has a lower activity of about two orders of
magnitude. Minerals that have a tendency to dissolve into the groundwater include

aragonite, calcite, dolomite, anhydrite, gypsum, halite, talc, and pyrite. Minerals that have



189

a tendency to precipitate out of the groundwater include goethite, hematite, siderite,
quartz, and chalcedony.

For carbonate group, calcite and aragonite have marginal saturation indices to an
equilibrium but bicarbonate—rich groundwater indicates that the mineral dissolution is
highly likely. In addition, aquifer materials are fairly uniform so that very little change in
hydrogeochemistry takes place in transition areas. As a result, the groundwater does not
progress past the bicarbonate facies in the Chebotarev sequence. For silicate group,
quartz and chalcedony are very close to equilibrium, which is coherent to our observation
that they are a majority of aquifer materials. For sulfur group, anhydrite and gypsum
dissolve into the groundwater as shown by sulfate appearance. Sulfate reduction is,
however, not dominant.

For iron species, pyrite is completely reduced and ferrous iron is released into the
groundwater. On the other hand, goethite, hematite, and siderite are stable in the aquifer.
Under a range of pH 6.38-7.24, the ferrous iron occurs as uncomplexed Fe2+ ion (Fig.
11). Fe(lll) is also mobile in the groundwater as ferric—organic (humic—fulvic) complexes
and as colloidal ferric oxyhydroxides (Langmuir 1997).

Besides Fe(lll) oxyhydroxides, siderite and sulfate reduction control the solubility
of dissolved Fe2+. Since sulfate reduction is not dominant, Fe2+ does not precipitate as
sulfides. Coherent to Berner (1969), high—iron groundwater develops only if there is little
or no sulfate reduction in the aquifer because the sulfide generation tends to precipitate
Fe2+ as iron sulfides. The sulfate reduction is observed if Fe(lll) oxyhydroxides in aquifer
materials are depleted (Ponnamperuma 1972; Froelich et al. 1979; Reeburgh 1983).
Therefore, the high—iron groundwater reflects the reduction of poorly soluble Fe(lll)
oxyhydroxides and pyrite to the highly soluble ferrous state. The above finding is
coherent to Whittemore and Langmuir (1975) and Morse et al. (1987).

In this study, Fe(lll) reduction occurs in transition areas where molecular oxygen is
absent with no possibility of reoxidation. The dissolved Fe2+ thus accumulates in the
groundwater causing high—iron concentrations. The accumulation of dissolved iron in

groundwater represents a truncation of the iron cycle (Chapelle 1993).
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Disproof of Hubbert’s Theory

Scientific breakthrough develops once in a while as distinct observation reveals
flaws in existing hypotheses, theories, and even laws. Such discovery creates a high
impact to a scientific society although it may take some times or even decades to be
accepted and adopted. Since the research career is short, individual scientists should
strive to make at least a paradigm shift in their own disciplines (Schwartz et al. 2005).
Likewise, this study attempts to make a paradigm shift in hydrogeology.

The Hubbert's theory (Hubbert 1940), a significant fundamental theory in

hydrogeology, describes the groundwater motion with three major concepts as follows:
Groundwater Discharge

For a two—dimensional steady—state flow field in a homogeneous unconfined
aquifer, the groundwater flow direction is from recharge areas toward discharge areas
such that there are imaginary impermeable boundaries, known as groundwater divides,
below the peak and through of the water table (Fig. 1). Significant extension of this work
includes: (1) a classical analytical description of Fig. 1 (Toth 1962) (Fig. 2a), (2) a
configuration of the water table as a function of topography (Téth 1963) (Fig. 2b), and (3)
heterogeneity added into Fig 2a using numerical analysis (Freeze and Witherspoon 1966,
1967) (Fig. 2c).

Hubbert's theory may contain flaws as follows: The groundwater flow at the
discharge area is too fast to be real. Fig. 2 shows that the dense pattern of equipotential
lines, indicating a fast flow, in the discharge area is in fact a result of the arbitrary
assumption of no—flow boundary (groundwater divide) below the discharge area. Besides,
the discharge area is only 5-30% of the total watershed area and the hinge line, an
interface separating a recharge from discharge area, is located closer to the discharge
area (Freeze and Cherry 1979, p. 197). In a source—and-sink concept used in current
groundwater flow modeling, smaller portions of the discharge area yield intense outflow
from the domain. Arbitrary groundwater divides at the discharge area and small portions
of outflow areas with respect to the total area may thus lead to an artificial flow net in the
discharge region. Is the current Hubbert’'s theory of the groundwater divide at discharge

areas and related groundwater discharge invalid?
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Refraction Tangent Law

The groundwater flow across a discontinuity in heterogeneous media obeys the
refraction tangent law, rather than the Snell’s sine law (Fig. 3). This concept has been
used to explain the regional groundwater circulation in heterogeneous aquifers and the
order of encounter for hydrogeochemistry (Freeze and Cherry 1979).

Hubbert’s theory may contain flaws as follows: The refraction tangent law does not
return the groundwater flow to the discharge area. Groundwater flowlines are different
from the light raypaths because the water has mass and is not an equivalent of energy
described by Huygen’s principle. When the groundwater flowlines enter the confining unit
at 30 degree, it moves vertically inside the confining unit and then leaves it at nearly 90
degree (Fig. 3). The refraction tangent law forces the groundwater to flow downward to
deeper locations such that the groundwater will never return to the discharge area at the

surface. Is the refraction tangent law invalid?
Fluctuation of potentiometric surface

A groundwater level measured in piezometers placed in an aquifer should be
described by the steady-state hydraulic head (total head, h), which is the sum of the
elevation (z) and pressure heads (h,), rather than by the pure pressure head used in early
development of the Darcy’s law (Darcy 1856). The groundwater flow direction is from an
area of high hydraulic potentials to the area of low hydraulic potentials (Fig. 4). This
concept is one dimension and steady state. The transient change is described by a
simple time series of the steady-state values. Recently, Promma et al. (in press) has
observed that the groundwater discharge and the fluctuation of potentiometric surface in a
confined alluvial aquifer between two rivers must consider a three—dimensional dynamic
concept. The results were against the pervious work (i.e., Téth 1963, Meyboom 1966)
that is based on the Hubbert’s theory. It is therefore important and interesting to recheck
this theory in order to continue the previous study (TRG4580065) funded by Thailand
Research Fund.

Hubbert's theory may contain flaws as follows: The potentiometric surface and
groundwater flow between two discharge areas should incorporate a three—dimensional
transient concept (Promma et al., 2007) (Fig. 5). In Fig. 5, if the confining layer is 10 m

thick and has hydraulic conductivity of 0.001 md_1, a vertical groundwater recharge will
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take 10,000 d to travel from the land surface to reach the confined aquifer. The
fluctuation of potentiometric surface has been explained by the concept of continuous
replenishment by seasonal recharge from precipitation but the above calculation simply
disproves it. What does the transient fluctuation of potentiometric surface really
represent? Is it possible to incorporate the time (t) to the total head (h) in Fig. 47

The research outcome will greatly change the way we understand about the
groundwater discharge, the refraction tangent law, and the transient fluctuation of
potentiometric surface. It is challenging because a new research strand is extremely
difficult to develop if a theory has taken root in basic understanding of scientists. This
study will not only attempt to make a paradigm shift in hydrogeology but also will enhance
our understanding on the groundwater flow of shallow groundwater resources in Thailand.
These resources are the largest groundwater supply for agricultural irrigation and
household uses. They are mainly confined alluvial aquifers. Accurate understanding of
the groundwater flow system is critical for optimal integrated management of these

resources.
Why Does the Groundwater Flow?

The groundwater flow is caused by a natural force to eliminate energy differentials
(Fetter 1994, p. 131). The groundwater flow occurs until there is no difference in potential
energy, which is indicated by hydraulic heads. There are 4 forces acting on the
groundwater during its flow including (1) gravity, pulling the water mass downward, (2)
pressure, a combined atmospheric pressure and overburden weight, (3) molecular
attraction, adhering the water to the surface of aquifer materials, and (4) friction.

The total energy acting on the groundwater mass is the sum of kinetic,
gravitational, and fluid—pressure energy, which can be written as the Bernoulli equation

(Fetter 1994) as follows:

v2 P (1
E=—+9gz+—

2 p
where E is total energy per unit mass of groundwater; v is velocity [LT_1]; g is the
acceleration due to gravity [LT_Z]; z is elevation head [L]; P is the pressure exerted by the

water column [L]; p is density of groundwater [ML_S].
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Darcy’s Law and Hubbert’s Conundrum

Darcy (1856) was the first to express the linear one—dimensional relationship
between water volumetric flux and hydraulic gradient; that is, the higher the gradient, the
larger the flux. This finding is well recognized as the Darcy’s law. It can be expressed in
terms of the pressure heads in Eq. 2, which is suitable for a horizontal groundwater flow
(Fig. 4a):

An, 2)

Al

where Q is total discharge [L3T_1], K is hydraulic conductivity [LT_1], A is cross—sectional

Q= KA

area [L2], Ahp is difference in pressure heads [L] (an alternative symbol for h; is ), Al'is
sample length [L].

Hubbert (1940) argued that the pressure head might not be a good representative
of the Darcy’s Law in all cases and recommended using the total head instead. For the
horizontal flow in Fig. 4a, the h,, is higher than h,, but it becomes opposite in the tilted
column in Fig. 4b. If we strict with the pressure head concept, the groundwater will flow
from low pressure—head location to the higher one, which is against our intuition. This
argument is called Hubbert's Conundrum (Hermance 1999). To follow the intuition, we
should employ h to present that the groundwater flow from an area of high h, to a region
of low h,. Further discussion on this issue can be found in Freeze and Cherry (1979, p.

18-22), Fetter (1994, p. 141-142), and Hermance (1999, p. 15-17).

Groundwater Discharge

Dupuit—Forchheimer Assumption

The groundwater discharge of an unconfined aquifer into a surface—water body
can be assumed that (1) flowlines are horizontal and equipotential lines are vertical and
(2) hydraulic gradient is the slope of the water table and is independent of depth (Fig. 6).
This is a well-known assumption proposed by Dupuit (1863) and popularized by
Forchheimer (1930). This is an approximation of actual flow field that ignores the vertical
flow. In other words, the Dupuit—-Forchheimer assumption reduces two—dimensional flow

field into one—dimensional flow regime, which is valid for a small hydraulic gradient.



194

Groundwater Divide at Discharge Areas

The current understanding of the two—dimensional steady-state flow field for a
uniform unconfined aquifer was given by Hubbert (1940). The groundwater moves from
the recharge area at the top of the hill and flow downgradient to nearby streams. The
flow path is curvilinear as depicted by equipotential lines. The water table below the hill's
crest is a groundwater divide, which is a hydraulic no—flow boundary. The groundwater
flow obeys the Darcy’s law such that it discharges into the streams. By this concept the
stream acts as another hydraulic no—flow boundary, which no groundwater flow is allowed
to move across it. This concept has been used to set a conceptual model for numerical
flow modeling until present.

However, this concept may be incorrect because the equipotential lines in
discharge areas are too intensive to be real. In other words, the velocity of groundwater
flow in this region is too fast with respect to the other areas. It is against our intuition that
there exists such a fast flow in the discharge areas. This pattern in the flow net is in fact
a result of the artificial flow net due to the assumption of no—flow boundary or
groundwater divide below the discharging stream. Freeze and Cherry (1979, p. 197)
presented that the discharge areas are only 5-30% of the total area and the hinge lines
are located closer to the discharge areas.

Based on the relative lengths and positions of flow paths, Téth (1962, 1963)
classifies three types of flow systems including local, intermediate, and regional. A
groundwater flow system depends on the hydrogeologic environment including
topography, geology, and climate (Toth 1970). Hydraulic conductivity of aquifers also
controls the flow patterns (Freeze and Witherspoon 1967). Freeze and Cherry (1979)
depicted two—dimensional local, intermediate, and regional flow regime with flat and high—
relief topography (Fig. 2). The higher the relief, the more complex the groundwater flow
regime is. However, there are weaknesses in this explanation as follows:

1. All regional groundwater flows are forced to outflow at one point such as the
sea. This creates the high density of equipotential lines in the discharge areas. If not all
groundwater flow out of the domain, this feature can be solved to have equally spaced
equipotential lines.

2. It is rarely found that high areas (hills) exist in regional scale. A two—

dimensional cross—section cut across a region may intersect low and high terrain but the
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groundwater flow in as low areas as possible such as valleys. The groundwater flow path

must be considered in three dimensions.
Steady—State Groundwater Discharge

In the steady—state concept, the groundwater flows from the recharge area
through the transition zone to the discharge area (Fig. 7). The steady-state groundwater
discharge stems from the knowledge in the interaction between groundwater and surface
water, which has been studied since the 1960s and mushroomed during the 1990s
(Winter 1995; Stanley and Jones 2000; Sophocleous 2002). The spatial and temporal
dynamics of groundwater recharge and discharge along streams and chemical fluxes
through the groundwater and surface—water interface are important (Dahm et al. 1998;
NRC 2004). Brunke and Gonser (1997) summarize about groundwater discharge into
rivers. With low precipitation, baseflow in streams mainly contributes the discharge. But
with high precipitation, the groundwater draining into the river is changed into receiving
surface—water recharge, called bank infiltration. In the dry season, the stored

groundwater in the bank is released into the river.
Dynamic Groundwater Discharge

Groundwater flow dynamics is defined as changing groundwater flow patterns
caused by seasonal fluctuations of surface—water levels and vertical groundwater
recharge (Promma et al., 2007). The groundwater discharge in dynamic groundwater flow
system therefore depends on transient relationship between groundwater and surface
water. Opposite to Fig. 7, the three—dimensional flow regime is truncated if two
successive parallel rivers that incise partially into the confined aquifer have seasonally
varying water levels. Fig. 5 shows that there are four patterns including aquifer discharge
into both rivers, direct flow from one river toward another, aquifer recharge from both
rivers, and reverse of river—to-river flow (Promma et al., 2007). In Phase I, mounding
groundwater in the aquifer discharges into both rivers as river stages drop (Fig. 5a). In
Phase Il, when one river rises above the other, groundwater levels respond quickly to
changing river stages and the groundwater flow direction is from River A to B (Fig. 5b). In
Phase Ill, while River A continues a recharging process, River B also rises and recharges

into the aquifer (Fig. 5¢). In Phase IV, when River B rises above River A, the
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groundwater flow direction reverses itself with respect to the Phase Il (Fig. 5d). The four
phases will repeat themselves annually. The resulting flow field has a zigzag pattern (Fig.
5e).

Instead of a continuous curvilinear one across the entire flow system, flow paths
of lateral recharge have a zigzag pattern near recharge—discharge areas at the banks.
This is contradictory to the conceptual model of a two—dimensional steady—state
continuous flow regime across the entire system (e.g., Meyboom et al. 1966; Meyboom
1966, 1967; Winter 1976; Winter et al. 1999; Téth 1962, 1963, 1999). Promma et al. (in
press) showed that the interactions between groundwater and surface water are three—
dimensional and highly dynamic. The application of two—dimensional cross—sections
under steady-state conditions to show groundwater discharge must consider the

implications of three—dimensional and transient effects.
Refraction Tangent Law

The groundwater flow changes its direction by refraction when it enters an aquifer
material of different hydraulic conductivity (Hubbert 1940). This relationship is a tangent
law, which is different from the Snell's law, a sine law. The following explanation was
given by Hubbert (1940). For two interlayered media of K,>K,, the flow tube is refracted
at the interface (Fig. 7). The concept is based on the law of mass conservation where the
inflow Q, equals the outflow Q,. From Darcy’s law, we have:

dh, 3)

dh,
KA =K,A,—
dl, dl,
where dh is difference in hydraulic heads across distance dl. Noting that dl; is equal to
dl, because they bind the same equipotential lines, A; = xcos0,; A, = xcos0,; x/dl; =

1/sinB; x/dl, = 1/sinB,. Substituting these terms in Eq. 3 yields:

cos0, p cos0, (4)
1 sine1 ? sine2
K1 tane1 (5)
K2 tane2

Eq. 5 is used to explain the refraction across a heterogeneous media. Following
Hubbert (1940), Freeze and Cherry (1979, p. 173) gave an example of the flow lines

when K;/K, = 10. This relationship implies that, for the contrast of more than two orders
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of magnitude, the groundwater has a preferable flow of nearly horizontal direction in the
high conductive layer such as the aquifer and a nearly vertical flow in the low permeable
layer like the confining layer (Fig. 3). This concept has been used to explain the simple
groundwater flow circulation in heterogeneous media until present.

In contrast to the current concept, it is very important to note that if the flow starts
from the recharge area and continues downward, the refraction tangent law will force the
groundwater to flow to deeper locations such that the groundwater will never return to the
discharge area at the surface. This observation is obviously shown in Fig. 3. Unlike the
wave energy, the Huygen’s principle can not be used to explain the infinite travel of fluid
mass. Critical refraction cannot be explained by the refraction tangent law. The well—-
known critical refraction in exploration geophysics is described by the sine Snell’'s law. In
what condition does the groundwater flow is refracted back to the surface? If no condition

exists, it is time to disprove the refraction tangent law as proposed by Hubbert (1940).

Transient Fluctuation of Potentiometric Surface

Darcy’s Law and Field Mapping of Hydraulic Heads

Measurement of hydraulic head obtained from water wells in a confined aquifer
can be contoured on a map. Each data point represents a measure of the potential
energy of the water in the aquifer in which the measurement is made. Lines that connect
points of equal hydraulic head are called equipotential lines. The map showing a surface
of these continuous equipotential lines is referred to as a potentiometric map. The
potentiometric surface is defined by Meinzer (1923) as an imaginary surface that
everywhere coincides with the level of water in the confined aquifer. The potentiometric
surface defines the direction of groundwater movement, calculates the velocity of
movement, obtains the spatial distribution of hydraulic conductivity (Domenico and

Schwartz 1998). The water moves from where the head is high to where the head is low.
Water Table and Topography

Slichter (1899) and King (1899) note the importance of gravity on shallow
groundwater flow that the water table is everywhere a subdued replica of the topography,
and water moves from topographically high areas to topographically low areas. As with

confined systems, the topographic drive is limited by differences in surface elevation.
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These field observations provide the basis for the categorization of groundwater flow
under confined and unconfined conditions.

It follows that a useful conceptual model of flow field should incorporate those
facts that have been learned from field investigations. Such a model was provided by
Hubbert (1940). This model shows the relationship between the water table and the land
surface. There are some differences between the presentations of King (1899) and those
of Hubbert (1940). In Hubbert's conceptual model, the flow is presented by intersecting
flow lines and equipotential lines. The water table has a point of intersection with each of
these equipotential lines, with the value of the hydraulic head anywhere on a given
equipotential line taking on this water table elevation at its point of intersection with the
equipotential line. This is an important detail and provides information that cannot be

obtained from the King’s concept.
Potentiometric Surface and Topography

A potentiometric surface is an imaginary surface that everywhere coincides with
the level of groundwater in a confined aquifer (Meinzer 1923). It is one of the most
important basic elements in hydrogeologic studies used to identify the direction of
groundwater flow and to calculate the velocity of groundwater movement in the confined
aquifer. The potentiometric surface needs not be a subdued replica of the topography
(Chamberlin 1885). If a well is placed in the confined aquifer, the water will rise in the
well to the elevation of the water table in the recharge area, minus any head losses
incurred from the point of intake to the point of measurement. The pressure—producing
mechanism is the hydrostatic weight of the water body extending down dip from the water
table in the outcrop area. The dynamic mechanism, required to maintain the high—
pressure system, is the continuous replenishment by recharge from rainfall.

Chamberlin (1885) presents that the elevation differences of the outcrops provide
the topographic drive for two—dimensional groundwater movement, hydraulically depicted
by the potentiometric surface. If a well is placed in dipping aquifers bounded by low but
finite permeability unit with continuous replenishment at the outcrop areas, the water will
rise in the well to the elevation of the water table in the recharge area, minus any head
losses incurred from the point of intake to the point of measurement. The pressure—

producing mechanism is the hydrostatic weight of the body water extending down dip from
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the water table in the outcrop area. The dynamic mechanism is required to maintain the
high—pressure system is the continuous replenishment by precipitation. This concept

holds until today.
Fluctuation of Potentiometric Surface

Freeze and Cherry (1979, p. 229) summarized the causes of fluctuation in the
potentiometric surface. Table 1 shows that there are many mechanisms, which can be
operated simultaneously. Unconfined aquifers are subject to climatic factors more than
the confined aquifers because they are commonly located near the land surface.

A rationale against the Hubbert’s theory is as follows: a current concept that the
seasonal fluctuation and orientation of the potentiometric surface is influenced by
seasonal vertical recharge is untrue because rising potentiometric surface of a confined
groundwater system does not always respond to increasing groundwater volume. Fig. 8
shows a generalized hydrograph of annual fluctuation of potentiometric—surface against
that of precipitation and stream channel. There are three possibilities. Firstly, the peak
responds to vertical groundwater recharge that was begun at the land surface 10,000
days ago. If a confining layer is 10 m thick and has hydraulic conductivity of 1 mm/day, a
vertical groundwater recharge will take 10,000 days to travel from the land surface to
reach the confined aquifer. This basic calculation simply proves that the seasonal
fluctuation of the potentiometric surface in one year is not a result of the annual vertical
groundwater recharge. Secondly, the peak indeed reflects the annual groundwater
recharge but the applicability of laboratory—measured hydraulic conductivity at field scale
is unreliable. Finally, the peak does not represent increasing volume of groundwater due
to annual groundwater recharge because groundwater storage of confined systems
remains constant. The potentiometric surface cannot, therefore, be used to estimate
actual groundwater recharge of confined systems. What does the seasonal fluctuation of

potentiometric surface really represent?
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List of Figure Captions

Fig. 1.

Fig. 2.

Fig. 3.

Groundwater flow in a homogeneous isotropic unconfined aquifer between two
rivers under steady—state conditions bound on the bottom by a no—flow boundary.
This three—dimensional model is modified from two—dimensional one proposed by
Hubbert (1940).

Flow nets of two—dimensional groundwater flow in (a) homogeneous aquifer, (b)
homogeneous aquifer with local topographic relief, and (c) heterogeneous aquifer
(modified from Toth 1963; Freeze and Witherspoon 1967).

Refraction of groundwater flow directions (modified from Hubbert 1940). No
explanation is given on how horizontal groundwater flow moves further downward

and how downward groundwater flow returns to the discharge area at the surface.

Fig. 4. The configuration of a one—dimensional sand column experiment in (a) Darcy’s law

Fig. 5.

Fig. 6.

and (b) Hubbert's conundrum. The total head (h) is the sum of the elevation (z)
and pressure heads (hp) but does not incorporate the time (t).

Schematic of conceptual models of groundwater flow dynamics in a confined
alluvial aquifer between two rivers: (a) groundwater recharges into both rivers; (b)
groundwater flows from one river (A) to another (B); (c) both rivers recharge into
the aquifer; (d) groundwater reverses its river—to—river flow direction; and (e) the
resulting groundwater flow has a zigzag pattern (Promma et al., 2007).

Flow nets of groundwater discharge from an unconfined aquifer to surface—water
body: (a) actual flow and (b) approximate flow with Dupuit-Forchheimer

assumption.

Fig. 7. lllustration of groundwater discharge from one river toward another under steady—

Fig. 8.

Fig. 9.

state conditions (Promma et al., 2007).

Difference between (a) refraction tangent law across a medium of lower K1 to

higher K2 and (b) Snell’s sine law across a medium of lower v1 to higher v2.
Generalized hydrograph of groundwater, stream, and rainfall in Thailand.

Groundwater levels commonly reach the peak about 1-3 months after that of

stream and rainfall. Does the peak of groundwater levels really respond to annual

groundwater recharge?
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Table 1. Causes of fluctuation in groundwater levels

Causes Uncon- | Confined | Natural | Man— | Short— | Diurnal | Seasonal | Long— | Climate—
fined made lived term influence
1. Groundwater X X X X
recharge
2. Air entrapment X X X X
during groundwater
recharge
3. Evapotranspiration X X X X
and phreatophytic
consumption
4. Bank—storage near X X X X
streams
5. Tidal effects near X X X X
oceans
6. Atmospheric X X X X X
pressure
7. External loading of X X X
confined aquifers
8. Earthquakes X X X
9. Groundwater X X X X
pumpage
10. Deep-well injection X X X
11. Artificial recharge X X X
12. Agricultural X X X X
irrigation and drainage
13. Geotechnical X X X
drainage of open pits,
slopes, tunnels

Source: Freeze and Cherry (1979)
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Fig. 3
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Fig. 4
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Fig. 5

(a) Phase I: Aquifer Discharge (b) Phase II: Direct River-to—River Flow
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(c) Phase lII: Aquifer Recharge (d) Phase IV: Reverse River-to—River Flow
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Fig. 7
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