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ABSTRACT

Groundwater flow modeling of the Hat Yai Basin (HYB) conducted
using deterministic method based on single conceptual model may not be sufficient
to obtain realistic results. While, aquifer characterization based on geostatistical
method has yet to be assessed. This study presents the analysis of aquifer
characteristic by using geostatistical method and development the stochastic
hydrofacies model. Assessment of conceptual model uncertainties by using model
averaging approach is conducted in order to select the best conceptual model for

assessing groundwater safe yield.

Lithologic data from borehole logs were used to analyze and
reclassified into 14 lithoclasses. For the purpose on geostatistical modeling, 14
lithoclasses were simplified into three hydrofacies unit (HFU), corresponding to three
permeability classes, namely; high, moderate, and low permeability. Spatial statistical
analysis of three HFUs was conducted and hydrofacies models were developed
based on indicator geostatistical method. Analytical result shows that the horizontal
correlation length of aquifer units ranges 1,770 to 2,335m and that of aquitard unit is
approximately 1,188m. The vertical correlation lengths which can be regarded as the
average thickness for aquifer and aquitard units are 25-30m and 23m, respectively.
The spatial dependency class results show moderate and strong dependency in
horizontal and vertical directions, respectively.  Stochastic hydrofacies model
generated using sequential indicator simulation (SISIM) and post-processed using the
categorical transformation (TRASCAT) algorithms clearly correspond to the geological
conceptual model, such that three main aquifer layers, namely the Hat Yai (HY), the

Khu Tao (KT), and the Kho Hong (KH) aquifers, are well preserved.

The results of hydraulic conductivity (K) estimation from lithologic
logs using thickness weight average method in order to describe the statistical
distribution of hydraulic conductivity shows that the values hydraulic conductivity for

the Hat Yai, the Khu Tao, and the Kho Hong aquifers well correspond with hydraulic



9)

conductivity values from field pumping test. The median values of the effective
hydraulic conductivities are 1.70x10", 1.40x10°, and 1.95x10" m/sec for the Hat Yai,
the Khu Tao, and the Kho Hong aquifers, respectively. A right-skewed distribution
(Positive skewed) of hydraulic conductivity are observed for the the Hat Yai, the Khu
Tao, and the Kho Hong aquifers. Additionally, the median values anisotropy ratio of

the Hat Yai, the Khu Tao, and the Kho Hong aquifers are 11, 10, and 12, respectively.

Assessment of conceptual model uncertainty for the Hat Yai Basin by
using model averaging method shows that the best conceptual model, having
highest model probabilities of 67%, is model Mlc. This model consists of
homogeneous and anisotropic of hydraulic conductivity, general head boundary at
eastern and western flank basin, no flow boundary at southern part, constant head
boundary at Songkhla Lake and Gulf of Thailand, river boundary at the U-Tapoa and
Rattaphum rivers, and groundwater recharge boundary on top model. An assessment
of groundwater balance uncertainty result reveals that highest of model uncertainty
about of about 65% is from lateral outflow. Oppositely, constant head boundary has
the lowest uncertainty of 6%. These results clearly depicted an importance of

conceptual model uncertainty assessment.

Groundwater potential of the Hat Yai Basin has been assessed based
on future increase of groundwater usage in term of a ratio of annual groundwater
recharge. The result shows that groundwater safe yield of the HYB could be not over
3.5 times of present pumping rate or about 75 Mm’ per year. This safe yield can be
used with confidence with no harm on both qualitative and quantitative on
groundwater from the Hat Yai, the Khu Tao, and the Kho Hong aquifers over 30 years
(2007-2037). For groundwater vulnerable areas which consist of zone 1 (Sing Ha
Nakorn district area), zone 6A (Hat Yai municipality) and zone 7 (Vicinity of Songkhla
Lake), groundwater pumping rate should be controlled within 1.5 times of present

pumping rate.

Keywords: Geostatistical method, Hydrofacies model, Conceptual model,

Uncertainty, Safe yield, Hat Yai Basin
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1.1 AU AYLAZINIYDIUIRY

nsusediuan s ludeliinavessamdlvelutagd we. 2541-2550 aguld
11 iunahdnassvessemalneiivhanldidieniseulnauilan nnsgeamnssy way
A15LNAS ININUMETRIRY wazumasiiuiang Imaé’m%‘uLmdm}]U']maﬁ?umuimgﬁmi
guiuanldatediuinadiuiuaraisisuy Uetuiaalensu wazUstiiuiaiaves
mhonunems definsanuinamsiiiiameluiuiiguimseavamwamuin gnsld
ihuinaindsegiivszann 72 Sngnuiadiuasded uenanddmut mefminasand
mslddaaindududuil 7 sesussmealng Ussunm 139,725 dugnuiaiiansdetu
LLazﬁé’mdaumﬂ%’ﬁwwmamﬂmﬂ%’gsiamﬂLaﬂﬁuuﬁmﬂué’ﬂmu 1: 2 (nsuminensihuig
, 2552)

weomelvg) (Hat Yai Basin) funssinuiniangneuiiusau (Unconsolidated
sedimentary aquifers) sagluamiiufisminamauandudunisosduimeaauasan
AULDTYLAULAININATYTAD WAENITVYIUAIVBIYUYULLDY 151URAAIMNTTU TIUDIFINI
Tssusuuazmsvieadiorluiud viliiwinagnguiunldundu egrdlsinnu annsn
Fnenminumaresswnalyg il Sslimuinuiinunsldihumalutagiududma
nsznUReITUULVAN TS auanamnn (nsuninerniiunea, 2546, 2549;
ousimy, 2548; e30), 2552) Vil msAnwdlngarliuuudaeisadamansaindely
n15Usziliu og13lsfinnu Lﬁaﬁmimﬂ%’a;ﬁa%uﬁuLLazLquﬁqmﬁizﬁiwmLLé”J NUIT UB9
malngtudoudisduden n1sldasassuuusianideisfmesalafin (Deterministic
method) ma%’fﬁugmmaumuﬁwamL%qLLmﬁm (Conceptual model) #1191AN15UUS
arunglaeiinssdinenfissesnadien nansAnuiildduenaasidaailiuiuould

Tymlunisfinunidelaglduuuitassgnnssalinen (Hydrogeological model)

'
6 A

digydunila fe doyamsssdinewardeyaniaauuliiifismelunsiinsegiionansd
Suarnsnsraneinsenssivestuiuluugiuinia vhldnaildannisaneisnug
wenadnnnmgniemseautdeiieniiiinas sudeisaldlunisinsesidlvg lale
firnsaundseuduiusidaiudl (Spatial correlation) warauuUsUTIWvastoyailly lny
Unfudanautfvesiuiiu (Lithoclass) axfianuduiusiuludeiud ndnio Auiifleglng
funmandivestuiuluuinudufaziauaenndostunaziauususuiaiules
Tunanduiu fiuiifleglnasenluauaudiduiiufasiinuuaniisuasdauuususiugs
ity ANLLUSUTILTNESIEINe (Geological variability) T8udsuImatu @1unsnesue

Talmgnsiduuuiianadnslawnsy (Variogram model) lmgaislewnsudunisiwsiziiiie
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Uszananuduiussu (Autocorrelation)  mglanszuiunisduuasziinisdnguuuudeya
Tngnmsldilaatunisndinenans

WuUSTaasduity (Lithofacies or facies model) WWumsadauuusiasafiowandli
udnwaznnszatefiuasnisieiivestuiiu lngerdennuduiudideiuilaan
wuudasaslewnsuvesdeyaluauiy wu Yeyanguiaty (Borehole log)  s3lWlANnd
(Geophysical log) Iuﬂifﬁﬁﬁmia%ﬁﬂmei’waaqimEﬂﬁé’ﬁa;ﬂamﬂmiLuhmmwma%y’uﬁumu
AuauTANNYaAan$IIendT wWuuTiaeddnuaienaann (Hydrofacies model) (N15Anwn
Hldiin wuusassuiiu naeavaduiionnunszdv) Tnelugae 20 ni ik unuazauis
#990u nudn nslduvusiasstuiivlunuifenisiugnnssdinendu Siaddedis
LWIVAIE LU muqmamniimfﬂﬁu (Oil industry) 1ilagus (Mining industry) US®153AN1S
N$NEINTIIUIATE (Groundwater management) 1 udu Tnslanizved1eda mumnadu
wuUsaesiumatiy wuin msle3Ensmeadaissdl (Geostatistical method) Whangevi
Tnamssassiiléfimugniowasindedouniy

agnalsfinng lunszuiumsadisuuusiansiiuinnatiy MsAIuALUUSIa09LE
LLuaﬁmiﬁaaﬂﬂé’aQﬁuaﬂﬂwqwﬂﬁizﬁ%wmmaqLLEiammaﬁ’uLﬁu%umauﬁﬁwﬁmaﬂwqE‘iq raidmn
mssmunideulasudusardeulvveuwaiiianainvioliaenadaaiuaninads sudens
vuamnafiwesiligndes Aundriduerniliisauliuiueureuusassiiaa
(Groundwater model uncertainty) ¢ uazeradsnasoanuundedelunisiluldmanziy
nanarUszifiudnenminuinalusuanldasuiy (Rojas et al,, 2008; Singh et al,
2010; Nettasana, 2012) mﬁmeﬁlﬁaﬂisLﬁu{]iymmm”l,ajLLﬁuauLwéﬂﬁﬁqﬁﬂawmﬁﬁL‘TJu
peads tielnanisdraosiildtuiinugniesd ey

Fatfy mﬁﬁﬂmﬁﬁqLﬁummﬁwﬁzﬂumigimmﬁ%uﬁﬂfymL?’imﬁ’umsa%w
wuudaesiuinafind iy euszgndldfuusanelvgliiussansnmdatu tne
nsdnwauduiusvestuiuludeadfssduaranuuusuudeiufivestuiudu
(Aquifer unit) wazdudiuiui (Aquitard unit) néeuadLUUSABURLTeILEwalng
iy Uszilurnyliuduswwesuuusiasnduunanlngda Model averaging WUUI1a94
BawnAninfianild asgminluldlunsussiindnsaimiuiniadmivusmalug/lugd
vesUsinansidivasnde (Safe yield) wioUselonflunssansinuimassld

1.2 9AUTLEIAYBINUITY

121 Anwieseianuduiudideiud uazadrawuusiassduiiu (Hydrofacies
model) Tne35afRssel (Geostatistical method)

122 Uszanamduusyanamseenliingusiu (Hydraulic  conductivity) uas
AATITNALTIEDA (Statistical analysis)



1.2.3 Usziflumnuliutueuresuudnanadaluianlngds Model averaging

1.2.4 Ysz1fufnen ninuIn1aveuesna g

1.3 35n15ANW

[

W/N3ANYY (Methodology) Usenaumedunauiiddgyseil (5Ui 1.1)
1.3.1 yuiudeyaiiiienves (Data collection)

] Y Ao & & A a & ° a & a

Wunissiunudeyandnlunmuaiieldlunisiesieiuasuunviinduiiu n1s
A519UUINADITURY N15USEIUAEUUSEANTNSaUlRUNTURIU N1SAS1akUUIIAaBIUN
UIANakay N15USEEIUFNENINIIUIATE UsenNaumie

1) %’auﬂaﬁfﬁu’uﬁumﬂmqmmzﬁaﬁflmma (Borehole logs) 3MNgIudoyansuningIns
drunana nsEnsamdnenssIsLRuaraunden fuansieazeatuiiu (Lithoclass)
fuvs muanzuauinia Wudu

2) YeyaaudRvamans 1y AnaUa.n1seenlinduniu (Hydraulic  conductivity)
ava.n5978t (Transmissivity) Wagaua.n1sAnAv (Storage) ﬁlé’mamaqwma@ﬂuaum
Hudu

3) ToyaRaneanassdimen 19U unuTissdAne (Geologic map) WWuTlsane
(Geologic map) Lquﬁqwﬂﬁizﬁimm (Hydroeologic map) wrufinislduselevifinu (Land
use map) LLNuﬁqﬁUismﬁ (Topography map) tuu

4) Goyagnningn (Hydrology) 13u USinasiry 1hvin waznisaeseme sy

1% '
¥ U o Al

5) Fayaszaviinlaannisesainainvedunnnisal

1.3.2 @519 UUINaUTNEDRAsIa (Geostatistical Model)

a

WunsAnw1ausUsUsIukarANuFURUsBaNud S0t 1awuuTanatuiuis
AlVLAARATDILD A LG UTENaUAIETURDUANC A9l

1) AMRUALUUTIADUTILUIANNII5 TN (Geological conceptual model)

2) MsuwdsAnuvangdeaya (Data  interpretation) UsEnaunig N15531UTINT8YA
(Data collection) n3suunwiinduiiu (Reclassification of lithoclass) wazmsiasIEn
AUMUNTURY (Thickness analysis)

3) MRS aRRGeuR (Spatial statistical analysis) Usznausae n1sfinua
Fudiu (Defining of hydofacies units) N13M3eUTBYA Experimental data Uagn153ATIEN
MeadRduTive s mnlnalagisuuusiasnnileunsy

8) wuusaestuiuisalnunann (Stochastic hydrofacies model) Ussnausae n1s
a¥rauuusaestuiiugieds Sequential indicator simulation: SISIM andusiins Simplify



anwagtullagltis  Categorical transformation: TRANSCAT  W50uNSIATIZANANTT
aole

Data Collection (1.3.1)

Borehole logs Hydraulic property Hydrological digital Groundwater head
data

(d

Geostatistical Model Development (1.3.2)

Defining geological Data interpretation Spatial statistical Stochastic hydrofacies

conceptual model analysis modeling

Hydraulic Conductivity Estimation (1.3.3)

Data collection Defining hydraulic Calculating composite Statistical

conductivity value hydraulic conductivity description
Model Uncertainty Assessment (1.3.4)
Proposing Steady state Model selection Assessing
alternative Groundwater and model ranking conceptual model
conceptual model modeling uncertainty
Groundwater Potential Assessment (1.3.5)

Transient state Defining criteria and Safe yield Groundwater
Groundwater model prediction evaluation management

modeling scenarios

Conclusions and Recommendations for Future Research (1.3.6)

UM 1.1 ununn (Flow charge) Landumaunsane



1.3.3 nsUszanuaala.nseeulii@uniu (Hydraulic conductivity estimation)

) [ 1 a | a aa
WunisAwiaal K wazeduiealundiaia
WUUTABIUUIAeRD U FIUTENDUAMETUNDUAINY §1d

1) Susmdeyaiiifisatos léun doyaduiiu (Litho-logs) uazdeyaautivamans

2) fnuprnduUszansnssenlii@uniu (Hydraulic conductivity assignment) 71
wnzdLveuiuusazyin Tnefiarsananaanmsgunaaetluauusuiuanialuainms
S3USIUVBY Spitz and Moreno (1996)

3)  UssanaAnduuszansniseenliindunulneldisnsarrinnuuiiade
(Thickness weight average method)

8) Sinseinaludsednifioesuemsnsyanesivesa K luituiiusanalng

1.3.4 msUsziiuanulinuueuvsaluuinass (Model uncertainty assessment)
Wumsuszidliuanuldudusuainiuudiasauduwuifnaieds Multiple model Lite
HenuuuTaasdauwnfnnfgedmsuiesnalvg Usenaumetunausieg fail

Y

1) @UALUUTIRBUTIMNANT LY Kk HUUT809 NTUBEAUNITWUTAIUNNIEN
ovnssdineuas Houlvwouius

2) a¥1auvudassmsinaselusunsy MODFLOW V4.1 meldleulunisdiassly
anneasil (Steady state condition) Wienusuiiunuusiass (Model calibration) was
AnTziauseuln (Sensitivity analysis)

3) avvdeududuLUUIIaed (Model validation)

4) Aunaauaziu (Posterior model probabilities) ¥8snLUUTIAB T
AICCMA uag35 mMLBMA

5) §ndufu (Ranking)  wuudtaeanienidonuuusianadsuuiandiffian (Best
conceptual model) @wmsulasnnlug

6) UisLﬁummlmmuaumﬂLLU‘Ufﬁ’wamL%qLLuaﬁmiugﬂmaﬂau@aﬁWUﬂma

1.3.5 nsUszidufnenndiuinnanesia g

Jumsuszfiudnenmhuinmalugivessnsguiasadunglddeulugduuunisly
iumakazUiunanuiasulladlusuing Usznoumetunauniee aail

1) arsuuudiassnsivaluannsuysiUdouniuian  (Transient  state) wiou
USULMBULALATIEADUL VLA

2) fmunguuvumsaanisallueunaniusiufuilads 2 daufe Usinanisldd
¥388m31gU (Pumping rate) LaESnIINSRNT (Recharge rate)

3) Smuaiieuly (Criteria) ildlun1ssass



4) Usgiliudnenminuinalugdvesusinansidiiaends (Safe yield)
5) U31159ANsUNUIANalAEATLUNLURLIUIAE (Zone budget)

1.3.6 agunan1sfny

ayunantaainnisfinymiesiansaliaziausiue

1.4 AMNFINVDIUIY
A15ANENY USENaumeilamanun 7 un 1neUsenauniesisazidennasa bl

unil 1 unmid: Ysgnausisnisnanuianindemluidsinunasalesninlvg
Tngangluusziaunisadisuudiassdiuinia wenantuusznaume 9aUszaInveg
NUIE uarTumeuAnwIluAINTIY

'
al

unfl 2 fufiRnu: asuneandeniiddyueaussnelng wu anwssdidugiu gun
s3iAnen mswdsunlasseduiuina sadmansdnwuuusiasniuinaluedia Wy
A

unl 3 wuudaeudeadfssd: esuiendnnisuagnguiifeaiunisairsuvudiaes
Fuiiu (Hydrofacies model) Ingidanassalkuuawii(indicator-based  geostaticstical
approach) 32489A153LAT1E%AMULUTUTIUNIE TN Taglduuudnansanslonnsy
(Variogram model) uars1usinauddefiiontos iy thiausisnis sunou naenauna
AM5ATIERAIUNNTURLTAEITERR N15IAeinnsadRSeiiudl (Spatial  statistical
analysis) La¥M5a319uUUSIaestuiudsalnunain (Stochastic  hydrofacies  model)
dmsuusamalug Foyanissuunduiiuildaggminluussaiuedulssaniniseonly
¥h8usiu (Hydrautic conductivity, K) Tuunit 4 mumamia%ﬁqLLUUﬁwaaﬂ%uﬁuﬁiﬁasgﬂ
iluiasgsidieldlunisiimuauuusiaenduundn waznisusadfiuanuliutueu

o dl
wuudaesluuni 5

unit 4 msussanaandassavsnmseenliindusiiu: Aunamdudsansnseenli
¥8usu (Hydraulic conductivity, K) ﬁuaﬁuﬁuéﬁuﬁﬂuuéqm@lwmjﬁaEﬁﬁmimaﬂ'ﬂmm
WuLadY (Thickness weight average method) mﬂ%’agawqmmzﬂamma mﬂﬁuimiwﬁ
wieveSurensnszieiavesd K ludadd nafildluunidasgninluvssdiudiedonldend
wanzalutupounsadauuusasihuimaluuni 5 ez 6

unil 5 MsUsziiuauliuliueureuudnans: adungurauivesnuliliuey
WBUsziutazegsuideisaduanuliliusure s uuTIantaLuiAa (Conceptual
model uncertainty) 85UM89URBY Laznan1UsELIUAMUlLLULOULUUT 180 UTILUIARA



dmsuudmalnglagds Model averaging lnswuudnaaudawuifinnfnanilaluuni asgn
inlUlrlunsussdiudnanmiiuianaluuni 6

und 6 miﬂimﬁuﬁﬂamwﬁﬂmmaLL'@'@W@W@,’: DSUNEULUIAALAZNANNITVDIDNT
guiasnst (Safe yield) Intulsuiiudnenimimadmiunsemalnglngnssimuel
fnslidnfisiuluewen Sraemisinathumalusuianieus w.e. 2550- 2579 wieuagy
Sninguiaenfoveussmalngitetiluldlunisuimsianmsiwinasiely

= = av v = 1% - @
unil 7 agunanisfnei: agunanlaannnis@ne wieutausuusiiiausulye
wuudaesuinatueuas



2.1 anwauzialy

udsvelvig) (Hat Yai Basin) uugsiumarungesnismeuansvesguimeaany
aswan aguuiuiisuseilmeziadiunsTusanueanialdl deegsevinaiida UTM  640000-
670000E UTM 750000-810000N 91nn15hUaANMUI8AIEAUNAANATY (Residual
anomalies) WU wasalngneilununuile-ld fauena 60 Alawns AUNIS
Uszanm 20 Alawns uazdaaudnuinga 1 Alawns (Lohawijarn, 2005) AsBUARUALT
Sunemelvg) vanan ewlles raemeslds wasdmuas S iaaan

Srvnuznivssmelaeiluvesusaelng Wuiisudousousguiuasiuiidad
Fifiuda 3 ¢y Ao WenwimafiansTunndaiieniwiussin mesuiiels de Weonwidunn
a173 Fadursuaulve-unade dudufinuidefasetunziaaivawaiaznzias1ilng
‘U%L’JmﬂmﬂLLE]IQLﬂuﬁ’ﬁﬂUﬁﬂ’J’mq&Lagﬁlﬂimﬂm 9 wny wlleseAunzalIuNaIe aAlNEs
flasluvsinilde winensd Fsognsdinung Yusenvosussmalug wagrinsindaudie
melngjuszanas 6 Alawns daugs 371 wes wilesedutmeiauiunana (an1, 2539)

[

2.2 SINHUFIULASS TN LATIASS

&9

wosmalugiilunsanedides (Tertiary)  &nwauzifunsafisnuseniteuian
(Intermountain Groundwater Basin) fingnaulugAniainesui3 (Quaternary) Unegued
AU ﬁuauLLéqé’mﬁﬁmi’uaaﬂLLazﬁﬁmi’umm‘TJuLﬁaﬂmgﬁuﬂuﬁumw AuAUATY Uy
Audn gaasuailnlaa (Carboniferous) uagiuunsiia LiesninusanalugiAnainng
wdpulmvestdonlanyiliiAauunsesideulasuinaeuussivassdiugneniadusnly
dnwauy Horst and graben (5U7 2.1) vilviveuussiingnaunsiavuialngfiinainnisei
Y9IRUUIAUVBULSINNAZNaUTUatag duTWINLIN nznouwaiUsznaulufiensin
YursLandelvaann danunauuuliunans uwazdiunaglif (Very poorly graded) d@au
UnunaausiimIaraudemEnounsIn N8 warhumiel MAnnnmsianIvessit
astelumnuazuhiansdagiu

2.3 aNN5IINYT

= [ [ 1

wraaunuIsalufiundnwusenaulumednuinananiniuag nelupenauiusiu

Y Y
(%
=]

Y a I3 = = 1 1 a Y]
WAETUILLTY (JUT 2.2) Feanunsaudsgessiuazidenlamail
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pamian Massive and bedded limes tone, light to dark gray with dhert nudules
interbedded with sancktore and shale with fossils

C arberifercus Mudstone, sandstone, shale with fossils and aoss-bedded,
chert and quartzitic sandstone

Igbe Triassic Biotite grarite, hiotite-muscov ite grarite,
- — aplite pegmatite and quartz v eins

| Graben proposed by Sawata, etal. (1963)
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1) Suiuguilungnouiiusiu (Unconsolidated Aquifer) Usznausag

9

1.1) %y’uﬁué’mfm newthmn (Fluvial Deposits Aquifer; Qfd) Usznaudae nn
y519 n910utl wagAumien Tasihuiaasinifveglutesitsevitaudansan 318 7l
auaumaaiummamummﬂ Wnawnnalfwsamah uaruinainumsimeadiie
NMTHANITDMNLT ImstlUﬁ]uwwmmmmaimmmummaﬂ 30-60 Ly ﬂiummm
mlmaaiummsm 10-30 anmﬂmmmmam‘[m mwmmmumwmﬂiaa i idlesinnisgnan
vosimzLa muﬂauﬁmmwmaauumuﬂaumqu%m

1.2) %uwuquuﬂmuﬂauszﬂaﬂuﬂqq (High Terrace Aquifer; Oht) Usenousety
vasmzneu nsInwUAlng) ne ne1eutl wariumier ARnnmsianlagmailuso
prnouftuIndaus 2 wufmsauliennnd 1 wns Sanunassuliunatsieroudisgs ns
AnvuInlild Usenausiy aend 1ise Aresalyd aend Jad Aunsie Aunseuds uag
unsin nuUnavessamalug Uinusnenaowmeslds suneazaUiiaiegluds
2-10 gnuAfiansiodalus vie 10-20 gnunadimseatalus aan i Audnfiiaun
UInaeglugie 20-60 Wns UINUTNABNRENTS 100 AT

1.3) %uﬁué:mfmzﬂaumwﬁm%am (Colluvium Aquifer; Qcl) Usznouniy n3an
yi518 ns1out Aumile uasiawiu Wudunsnoumnillidnisdavuinveadinngnou 1
vnagninfvegaelutesintsseninnin nie neeuds uazawiiu AnuEnvesturi
U8 20-40 A3 USaasiegluinmst 2-10 gnunadansdadalus auamihda wuialy
Tusnadanuasisuseninegan

2) Fuiiudiniiluiiuuds (Consolidated Aquifer)

Tawn %uﬁuiﬁﬁ'm3ﬂauﬁQﬁuLLU§Qﬂm'§Uaﬁw\la%’a (Carboniferous  Meta-
sedimentary Aquifer; Cms) Usznauaiy AufunIu #unsiends Aunsie Ausuiu #u
falad uashunlasnled 5wmmagﬂﬁ’ﬂl,ﬁuagjmaiuiaaLmﬂ LUILAN FOBIARY WazUSiInd
i wuitluumeuneauies sunsunat suneingll Sunemialug) sSnneaasvoslds
UNBUMUON UATELNDEALLAN

2.4 WHEUIUIAALEINALYAGY

401 (2539) AnwanuyarTUALLATALTINTIUBLATDIMANIZUIUINA UUTLIULSY
WInlng wazlAsowmdessa anunsaudstuiiuiaasenlallu 3 4u Usenausme

1) ﬁnummm’[mm (Hat VYai Aqun‘er) quJuuwuuuam fanuanUszanad 20 - 50
a3 Sanunuvestunsianseiads 1020 was Tnsanunusanasiululuusaziui
Uinasudieamalugyuiussana 20-40 wes Unaausefuniemienumieuneds
%:’ =3 1 Y @ v gj ?al [~ 5 %’ 4 [ . .
amsadusulaantes sulimalugilutuinuszianliinseiu (Unconfined  aquifer)
fenanelenssdu (Semi-confined aquifer) nMsiistAnvesilutuiilaaniiugsnnuily
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Nuisuhvewsanalnalaenss suimelnalduduimdnvesusomelng Wﬂ%mmﬁwagj
Tunasiiads 20 - 50 gnurAdumssodalug Wuduhffimstautunldanign Tagldl
Sudeu Tsmsu Tssnugpamnssuuazdug vethuimavisveiiangluduiaansoliily
fla 150-200 gnuaftumssiadala

2) $urigui1 (Ku Tao Aquifer) uduthitoganadluuszana 60 - 100 wns Tned
muvunUsEana 30 wns nediAumierduanduimalng Wududhdifusesiu (Confined
aquifer) Usznausedunsannsenaisdu (Multi-layer aquifer) waAunseULAunieds
thamnsadusnld fuhignimuntuanlddosninduimalng)

3) duthmenad (Kor Hong Aquifer) LHututhitegdnadluannduiiguin Tnefinu
wilenTauegdnsuy egdnatluaniafuinndt 100 was iWuduthiifiussdu (Confined
aquifer) Usznausedunsiansne fimsinuwn wazanunauuud Ineshll douimaieny
Tuduidagliiesniniouiaaiiiangluduin 2 fufindiauiuda Tasanunsalsiils
Useanad 10 - 50 gnuAfiunstedalus wazdimsldiluduidesninivimadudu mada
vosilutuilfannisiifuvenihnntuiioguietulutuivsaiuenaniulaedduiu
wilaiu

2.5 A5 gUIUInAIa

1nmsvnmdeyanisldiiuinaginuszuingdiu dssdunauia vouiana
dhush UoumalenvuLazUaumauss (nsuvineInstiuima, 2549) ansnagunsldi
Juniefanssundng 4 nqu laun anpadlaa-uilan anaimnssy N¥asNIsuway 159wy
Uinumslihuimaluiuiifnuasuldfuandumsned 2.1 uazsudl 2.3 wud fusuna
msléiumasnuainiy 2153 Sugnuiadiussdel uwiseendunsldiiensgulaa-
Uslna 10.96 MugnurAfunseial (51%) AAgeaInnssy 8.42 augnuiaiiunssad (39%)
AMALNYATNTIY 1.12 augnuiadiunssed (5%) uay 1ssusy 1.02 SwugnuiAdiunssied
(5%) wlafiarsannisidindsmuiiuil nudr sunomalvgiinnsldiunnigadadu
Uszanm 64% dnsunenaamesldaiinislidiosfianuszann 6% vesusinmnmslih
favme uanani endsgunuunislidmueiioduiin wuin dudmelugfldihunniiae
Uszanas 13.44 Sugnuieniunssed (60%) duthawin 590 dugnuradiungsiod (30%)
wazdunaevd 2.46 SugnuiAfiamssed (10%)

2.6 MsaguUassEAvLIUINIG

wvnatuissabrgdauiniaandiui@uiiudidtudiuinanisiavesin

()

uianatuwasmaing drwluginisinaainnisfialiriunatsies @unemalve) Jugiea

o

wileuaziirng Tuani@eanilounailvaasgneiaaivasal wuin lugngeiou seduiuinig
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USnaSuvslaauamanaranasininssiutmsialunatadnies Tngtuianaazlnasen
dnneagnzinn wazazAumlugiwmie (g3ma, 2534)

030 (2552) A inseduthannuedanmnisnisswing w.a.2550-2551 17y 47 Yo
NUN izé"uLmé’uﬁwzgw%nmmauLLéaquﬁﬁmzi’um (Wien1Us9in) firnyiusen
(Fenwinensd) wazfiald (9133%9) wWdanseRumMaIusunaLssauimelaaUaal
AIUNNAAUTLBYDILDIUTLINENADFINUAT WU ImaLa?ﬂ'aiuﬁuﬁwaﬂﬁwmiﬁuﬁvﬁgﬁw 18
UunaeuaznuINTe @umumimaauuﬂammqmma Jufe Ts AUEIY AN ULATANAY
luriegaiou U7l 2.4 LLamiumLmmummmammwummoﬂ,‘wmﬁmqmaquwmﬂu
2551

A15199 2.1 MSITUIUIPNALUNUNAN®EN

. Uinansliiuina @ounadiuns/d)
gune
gulaa-uslaa | geamnssy NYAINTIH l5ausy 33
AaBIYRYlY 683,285 34,692 538,328 - 1,256,305
quimﬂ.j 6,949,630 5,677,065 148,031 1,019,039 13,793,765
w19 1,421,428 814,600 269,636 - 2,505,664
AULLlEN 1,423,531 212,885 167,381 - 1,803,797
danuns 485,610 1,684,130 - - 2,169,740
39U 10,963,484 8,423,372 1,123,376 1,019,039 21,529,271

737: fawdasannsunsnensuiuinia (2549)

15,000,000 q -
H aUlnausina M ana1unssy

= [ | ! ?
?’; 12,000,000 nwnsnssy M lsausy
5
L
agg 9,000,000
o0
S 6,000,000
&
b
que
o}

3,000,000

L HE m B

panselUy walng

U19naN

AuLTEg

5UN 2.3 mslduruimaluiiuidn

AWuAS
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2.7 AMANUUING

090 uaAmy (2551) wavagal (2552) msiiudedisihuiaaanedanmnisal
diensvasuauaIminuimanudt auamhuiamansuimelnalasuinunindus
Limngaudmiunisuilan nanafie IAugu USHaumankasAunNsEANEINIINInggIu
iy veuavestnfn/insesvestuimalvgnuluudnuiafungaaivawaism 3
frua Idurduaguin sunemialug wazsuauangs suaidney suneutendnviiy
Tnggnaduiia 3 duailldihuinannduthewhiidnaduiierwdnussanm 70 was (snn)
Fafinmunminirdudmelng d'su@mmwfflﬂaguu%nmamﬁ’umLaawawmﬁmmﬁmqq
Jeiinslétion egndlsfin nswutndesvielfuiiinaslsdganiiaunasgiuludu
malvguinalndfunsiaavasmaniu nansinwdildannseddalddn iannnisnd
vosiifunngiaavaswaniesainnsguiiuiaanldlutiiasiniduly ifesain
ymtulastslsuaaluiiuiissyin iumslusinatuidneiduindosuuy
11N 30 Tudr uazveuimiuiiinuinfuindes Aldlfverednuuinunsguind
wnduvenAuauATelug fatu aunfgiuiinidinsesviefulududmelngusion
fufifafungiaavasuaninainnissnvesinidedsldanmnsnfuduld uenand a1
duldldnindesviodudinarufuinduanvzinluefndiilameglud noufieging
Wasuuasanmmsssdinewihliinisituaumesngneuaunaeifuiuiy

2.8 dunau1u1na

g3 (2534) Leuein Usvanm 6% %aqwuﬁmﬂaﬂwﬁuﬁ%zlwa%umé%uﬁwmmaiu
quihdosannsgin nioUszana 120 dadwnseed drudiaihiluasenainssuy
UsgnaudsmaiAsunUasmstniiu vaguuina Tvasengusith uasneinaiuasuan st
wazani (2552) leUsufiusnsniuiusomelnginuin fawriiu 121 fadwnseed vie
Uszana 7% vesSinaruadened dmsvaugaiiuimavesusnalugivsefiulilag
ASIMNENTIIUTA (2506) way STl (2548) I@EJmﬂé’ﬂwmﬁaaaﬁﬂmmammmagﬂ
ddsmsnedt 2.2 FeosureUimnahiilnadhgssuuisuiulmanilvasonaingssuy
wrdsin ngamsauamnsnesuisldin Uimadfilvaidssuuldandasinisiudy
(Recharge) nslvad@urinumausitnrassgnzinuazaaasingdl wagnsinuiu (Storage) 970
aunatlunsed 2.2 lunmsweduglddnssana 50%  vesUFunaiinadiszuuty
nnnaduthamusssmeni
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Usunanistuanaie
@1 av.u./A)

Usununisliviasaniady
@1 av.u./A)

Source AsUNSNENTIN DTN nsundnennsin | eussmi (2548)
U11a (2546) (2548) U1In1a (2546)

Storage 98.78 136.82 201.70 131.63
Constant Head 0.97 - 17.60 12.13
Wells - - 11.43 16.55
Recharge 134.74 120.39 - -
River Leakage 25.87 1.59 28.94 108.64
General Head - 10.46 - 0.31

Total 260.37 269.25 259.66 269.25




UNNA 3

=

LUUANADILTIAD AT T

3.1 YN

Tassadaniessaineveswsmiangdunssuiniafiiinainsesideuwuy Horst
and Graben 18U IO ULBIRUAZTUAN (WDNIUTINR) kaznziuean (anw1nomnsd)
Juseerdouiiiinisansadu (Horst) duuinaunanusuinansesideudiufiguandunuin
(Graben) fiusgnoufifunuudiavaududufiuguiity wui sdafiuuinavsuudaagnans
waflmnuuansiafy Tuie vinameuwsundunznouvuialng suiaeazldd (Poorly
graded) @iunataussaziung ﬂaumﬂwmwwmﬂumamausﬂumm Loy LL@Jmamﬂﬂwuu

&

lAun N5 N8 Lay mumum aﬂwmﬂjuuwmLLawmi‘mmmmimmeu 3 Ul
Usznaudae suimialng ﬁuummmuav Furnend muamu Imam :J%uﬁguﬁ’jﬂ
(Confining layer) fuunsnszminstuiaduiuly msfnviierfudnuarduiivouss
malug wui Juimelg) AW karAaVed dAunuIUTEaM 35 - 50 LUAT dudui
11 (Aquitard) iu1UsEINAL 10 - 30 1WAT (SIUNTIA WATAME 2527; 401, 2539) Tadaavs
gnnssdineunargnldlunisadrauvusassiuiaanuuiinesidadia (Deterministic
approach) Wedsziiudnonimituiaasgraunsvans (W nsundweansunuinia, 2546;

2549; 504, 2551; WuewavaAny, 2555 WHud)

(%
v a

nseansalsiafiundednuazniseiduivluiiuiiviedumsiislddeya
swisnaviuesuuuunsinaluanituiifidasdudounsssdineduuasdivilden
Felunszuaumsadrsuvusassmsinatiumaiiy TnevhldavSulnenmsimuawuusiass
Fauwada  (Conceptual model) Aewluduneuusn udradrauuusiaosiiuiaasiuds
As9deULUUaesiutuneusion dmdunsafiussnmaiinududourieiiruldifuile
Lﬁmﬁ’uqﬂ (Complexity or high heterogeneity) miﬁmumé’ﬂwmz%uﬁﬂmmaﬂ’juawﬁﬂlﬁ
Tnonisadranuusiaesduiu (Lithofacies or  hydofacies model) #2e33neadfissdl
(Geostaticstical method) (Quental et al, 2012; Refsgaard et al, 2012; Serrano et al,
2012) Wil madenislimnzauduiiuiiuasteyaiifduiedudsiiddny FBnaatfssdil
ﬁau‘dizqﬂﬁﬂéﬁuqm%’amé}"}uﬁw’maﬁag 2 75 f® Sequential Indicator Simulation
(SISIM)  w@ag Transition Probability Geostatistical Simulation (T-PROGS) W 2 ﬁﬁgﬂ
ilUlddmsulssuinanig 9 1 msﬂauiuﬁimzjm (Alluvial sediments) (Fogg et al,
1998; Carle et al, 1998; Weissmann and Fogg, 1999; Weissmann et al., 1999;
Weissmann et al., 2002; Carle et al., 2006; Falivene et al., 2007; Trevisani and Fabbri,
2010; dell’Arciprete et al., 2012; Phelps et al., 2011; Modis and Sideri, 2013; Guastaldi

17
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et al, 2014; Serrano et al, 2014), mzﬂaumi‘ﬁ’lwq (Fluvial deposit) (Journel et al,,
1998; Seifert and Jensen, 1999 and 2000), mzﬂauﬁugm’ﬂw (Volcanic materials) (Gego
et al., 2001), aznauRuAeuUINWAItN (Deltaic sediments) (Cabello et al., 2007), way Au
RENaUAISUBLUA (Carbonate rocks) (Almeida, 2010) Wusu

agnalsfnu nsnszaneduiu (Hydrofacies distribution) Tne3aneadnluiiuiiugs
el iudslinedinnsfnu fedu iWevmuni Seauszasdifio 1) Anvanuduiusuas
mmLLUiﬂiauL%ﬂﬁuﬁmaq%uﬁuémﬁﬂ (Aquifer unit) syufetuiiuiu (Aquitard unit) Tay
l975atAssaliuusvil (Indicator-based geostaticstical approach) wag 2) @319 UUTI@aDY
Fuitu (Hydofacies model) #7875 Sequential Indicator Simulation (SISIM) ifieuansliifiu
sUsuumansgmetuiluiiuiidn anduliesginailddonlulilunsaiauudaes
dhuma westsududnenmiuimasiely

3.2 NUNIULBNENT

3.2.1 WUUINADIVURY

LuUSaestuiu (Lithofacies/ hydrofacies model) 1Jun1suananisnszanegfiLay
Snwarmanefivestuiiu Tneldmuduiudideiuil (Spatial correlation) vestufiuusas
slapuduiusBaiud aunsamldlaglduuusiasinnilownsy (Variogram  models)
Falivene et al, (2007) lésuun3zilélunisadrauuusaesuiivosndu 2 38 18ud 337
wosiidana (Deterministic method) was alnumaia (Stochastic method) m3swdenldtu

[

Tuegiuingusyasrvainisiiny sllauasUSunavesloya Arududounissdiine Wusu

q

saa a

hmesitafnduisildndnnsuszsunamlugas (interpolation-based algorithms) Tnena
flFaziurniierdauanssauaudiniduiunuresiuiiu dmisalnuaainarldvdnvos
NIgUIUN134Y (Random  process)  fitusgfuauduiusuazaruuususudsiuiives
foya lasfudsnieteyailiazgnuuanduiladduninaninagidu (Probability  density
function) Aeufiairauuudiaesduiiu nedifidesnsussiuanuliuiusuresuuudiaes
iEuuUTIaeniiensivdeukuUs1aenTawuiAn (Reproduce the conceptual
depositional model) Faalnupaiatuazunzauni dnvaziowizvesia 2 33 Wisuifiou
Wlumsned 3.1

foyaildlunsaduuuhasstuiudulasuniuioondu 2 gndeya 1#un Hard
data waw Soft data lnedeya Hard data \Huteyafiuansdnumzvestuiulnenss iy
foyatuiiuainuquiats (Borehole logs) @ Soft data LHudeuaiildanduiiumaden
¥ Foyaannismagouisosdiiland (Geophysical methods) vieitudeyaniadfvesdiu
AU 1wy 215lounsun1sfimes (Variogram  parameters) dndrutudiu (Hydrofacies
proportion) LUusiu (Falivene et al., 2007)
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A15199 3.1 WSsuguanuwuey Ui sawmesitadia wazalnaaia (Falivene et al,

2007)

Uszihuiasan

Foalnuaaia

1. N15USTUIUAIAD
wUsluwpasnsawaa

Fmesidana

TFuiuAnInwandu

JUAUANUAUNUSITINURTUNSAAE

&
U

2. NMsaseBalawnsy

199 ndeya Hard  data
BHAY

AUANLAENITITLADTNLAAIAIIY
AUETUSIBONUN (U 315lounsy)
wazaanAdoIiuTaLATI

3. Houlvtoya

Wudeulvdudeya Hard
data

JuReulwisloya Hard data uae
soft data

4. AMUABLLDILTY
NUTNBAZNANITANUI

drulvaigneunulaedeya
Hard data diunaiiléaed
WAYALAIEILAZAINLLANGTY
fuasduogfuisnisiild

AUANlAYANNITNNANAAIAAS du
wafildagilinaisyn (Realizations)
LarAULANANTUIETuagTUIENS
flflumsdnans

Useanaalugig

3.2.2 WUUANADITIADAT TN

LuUSa0adeaifssdl (Geostatistical model) 1Hun1sUszendisnsadfiiield
Anszimnuduiuddiuiivessuilaglaunsmendineansidrgaglunissrans (saaks
and Srivastava 1989) uuseanidu 2 35 1AuA Geostatistical estimation way Geostatistical
simulation:

-Geostatistical estimation IMIUITNTATUUUTIAOMUUAWDINNERA LU 35
Kriging; Truncated inverse distance weighting(TIDW), Truncated kriging; Inverse
distance weighting (IDW); Indicator kriging (IK); Co-kriging; Block kriging t¥ugu

-Geostatistical simulation daIuisn1sasrauuudiassnuvalvuaaia (Stochastic
simulation) 19U 35 Truncated Gaussian simulation (TGS); Transition probability
geostatistics (T-PROGS); Truncation of plurigaussian fields (TPF); Sequential indicator
simulation (SISIM); Sequential Gaussian simulation (SGSIM); multiple point statistics
(MPS) 1Judiu

3.2.3 AdDRsIURUUAYY

WanassaluuuaviiuiSnsmeatinssd (Geostatistical approach) 3Suilsflasu
AMUTENULNINaN8TUIWITENIPIUNTNEINTUT @NNSTAINGT WaEAI1UY Geo-science
Wesantunsunisinasslifanududounintn FUau19031A512RLANIAT Estimation
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uay Simulation dsn1sidenldduiuedivingUsraslumsfnunsniaimauassioves
doyaflld (1137 3.1) Taen1sAnwnilidenld35 Sequential indicator simulation (SISIM) ifie
osuAuduiussiiuiivestuinluudsmalug fadu uhdetiulatiueiuevdnnis
wagnszvrunmsfiisdosililunisadrauuusasstuiiuniuds Geostatistical simulation
Wit

oifls nsAnwniidenldlusunsy Stanford  Geostatistical Modeling  Software:
SGeMS (Remy et al,, 2009) Fudulusunsunisadfssdluuy 3 35 (3D) AldFuanudely
nstnldlumsadrsuuuiasstuiusniadulsunsuiianansaninanuldanldns
(Free ware) Inefiflsdduliidonldam 3 Uuuu Usznause

1) Estimation: 1Juiladduilddmsuuseidfivadusiedsmmesitann Al
NANNSAWINANLIS Kriging 1y 35 Cokriging, Indicator kriging, Simple kriging tHugu

2) Simulation: Juiladduiilddmsuussidiuadudsieitalnuaaia wu 33
Sequential indicator simulation (SISIM), Sequential Gaussian simulation (SGSIM), Single
normal equation simulation (SNESIM) tJugu

3) Utilities: Wluilsaduiilddmsunsimszinanissiansiildainds Estimation uay
Simulation %ﬂﬁaﬁj‘mmﬁg LU 35 Histogram  transformation  (TRANS), Categorical
transformation (TRANSCAT), Post-processing of kriging estimates (POSTKRIGING), Post-

processing of realizations (POSTSIM) 1Jusiu

Fro8199u3Teneadnssanldlusunsy SGeMs Tunsiasisiiaradisuuusians
Fufiu udin1sinseieuduiusideiui Wuwss Yucca  Flat Ussineansgonsng
(Phelps et al., 2011), ueaidsnea (Bengal Basin) HuisznaduiRouaz Tsnane (Michael
and Voss, 2009), ‘ﬁ”uﬁ Salzach valley Uszinrioedinss (Jandrisevits et al., 2014), Zhang
River's alluvial fan Usewmeiu (He et al, 2010) 1Jusu wqwﬁﬁﬁmsﬁaqﬁ’umia%ﬂq
UL ARt URun AR saaRssaLUUsvTansasuTauld dall

3.2.3.1 LWUUINAD9N3LowNTY

1M3l8unsu (Variogram) A9 NSUAAIANELNUGTEINeANULUTUTIU (Variance)
AUTEEEN9 (Distance) M39I¥MINAULUTUTIUNETUINYT (Geological variability) fu
fieivng (Direction) (Deutsch, 2002) wuvudtasa3leunsugnltlunisedureindeyad
forsantuilmnuduiussunusseznisedisls wseBonin Amuwlsusiudeiud (Spatial
variability) Ingldladtunsadamansuntiseduiefinuduiusiazanuulsusiuves
WUsLUUEN (Random variables) Z 531131990 2 90 Ag9LLANIANLAAEATILLANAITENINS
AvesgaiUAsulUfUsTIEMaTENI9ge (Lag distance) fauandluguil 3.1 Tnedradanld
LansANNEsTuS U LU BeiuRiSend wiiSeud (Semivariance, V) Faduanildann
aunIsi (3.1) (Goovaerts, 1997)
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Location vector (U+h)

“a Lag vector (h)

Location vector (U)

gﬂ 1 3.1 Lag distance (Deutsch and Journel, 1992)

1 N(h) ,
y(h) = 2N ;[Z(Ua) ~2(u, +h)] (3.1)

W N(h) fle Iuiuguesnsilseuliiey
Z(uy) v AYOIWILUT Z NFuns U

Z(ug +h) Aiw AUBIAILYS Z Asuunls u+h

h fie srEEnIesEniNgaiinsiudeya (Lag distance)

msrnalunuudaenislennsuBuannsimuateyafidniuusneusmeiinms
(Azimuth) s¥agn19 (Lag distance) LLazsuaumeﬁuﬁiﬁﬂumﬁzﬁumm Tnevily nstviun
Wsmesdmdunuusassidlennsuiiy axdesiiansaniennudeiioswestuiuutmiu
LUASIU wasuuRe SsUndudiauseidiomestuiunununisaetosniiuuisiu uenand
m’mm'aLﬁaqLLuaiwuﬁﬂﬂuﬁuaﬂﬁuﬁﬁMWQ (Oriented) Y9INTNUANYDINZNDU (Deposition)
wazanunsavendirnansinavesingas Tuie mﬂmqmiwuammmuﬂaummmmﬁumu
fufiennanisivavostinldfu (Felletti et al, 2006) @slpeialuuds nisiazesuie
arwdiusanildiu danlvg/ldannsudsenumunenissdiner wiennnisdumlng
nsAwInluluugIansInslonnsu (Deutsch, 2002)

nsiruefianesnasvuianaildlunisuaanislesnsutu dnazsmue
Weafiamadensdifidnanilownsuluwuifs (Vertical variogram) @aunsdifidunanig
Tounsuluwuasiu (Horizontal variogram) 1 Tnevtalasinmun 3 e Taun fiemandn
(Major direction) MANI9T94 (I\/\inor direction) FufufiAnisiidearnfuiiamman uaz
Omni-directional LUU‘WFIWNLQE]EJ?J@QWU% ImsJamaJLﬁz’fLuﬂimmauauluL‘waqwa (Spare data)
1sfMUAsTeY Lag distance Mvanzautiy 88 oeiansanaufidn oI s uLa IR
Journel and Huijbergts (1978) Wuz11I1 ‘Luﬂﬁmuu'ﬁwuummu Lag (N) A25117A77 30 @
d1u Lag distance (h) zdesifosninAdmiliwesszogiaannan (D) vestoyaluauy dufeo
h < D/2 duuwiia Lag distance (h) 3avinfussasvnensa Grid spacing) waziloth
91U Lag AU Lag  distance WA AlE Al AuAT i e swuafiufinufidni e
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a 1

N15eundIuAT Lag tolerance (hy) Imeun@danvndu /2 d1usuan Horizontal angle

h T . , , . 9 4w
tolerance (OL o) AseINlaUnsIuAN Horizontal anisotropy DIVVLANUALA = 90° Panala
9z18u Isotropic variogram 138A91 Omni-directional horizontal variogram (A2MuKUSUTIY

Tuegiussuzmnsetaiied) @ Vertical angle tolerance (O, Wulagiluazivunen
Weeq Usgana 5° (Deutsch, 2002) 3U# 3.2 uagguil 3.3 uandnuugnsivuaiianigiay
52UEIULUUING9ISLaWNTHEMSU 2 3R uag 3 86 Aua1ny

Y-axis (North)
A

Band width

Tolerance

Lag 4

Direction

B X-axis (East)

sUi 3.2 nsdunaluuuudiaenisleuns 2 §if (Deutsch and Journel, 1992)

Y-axis (North)

Ellipsoidal search

X-axis (East)

B= Azimuth angle 0= Dip angle O=Tolerance angle

sUfl 3.3 ievndluwuusiasnisleunsy 3 J (Deutsch and Journel, 1992)
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nsAmnyadeyanaunlagliaunis (3.1) 158091 Experimental  variogram
wadnsldFen wiiFoud () Jsanansathladenuduiusiuavessseens h agld
n5MTBondn 1winn3lennsy (Semivariogram) Faguil 3.4 usiiieruazainuaznsedusin
foudentuin “m3leunsy” d1wsu Experimental variogram fifnwiadldanaunis (3.1) 9
gn Fit felsdduveaduin3lounsa (Theoretical variogram model) ttel#fusaunuluns
goungANIdITuSLazANLUTUTINYeaYA BIRUTENBUTRISlawNTUUTENB LAY

(1) sill WuahuidnsiiniFeudiunniign wazidumnsiilutisideyaisududasede
funay laifinrdstusiudndeld

(2) Range %30 Correlation length Huszoznafinnnuwdsusiu (Sil) Lﬁm?ﬁuqqqm
wazasil Tnedayafiogratusnnminssesmaiiassifienudinius iy

(3) Nugget L‘me"]Lezjﬁmﬁausz?ﬁiwwmﬂuqué galummguiuds A1 Nugget #aq
wirdugud uiluauuiinsliuiueunas Error fnsq vasdoya FevilsiA Nugget #ilsidien
WINNIAUE

Correlated Uncorrelated

¢ Experimental data

— Variogram model

|
Sill

Semi-variogram

Range
|/

Nugget |
v |

Distance

U 3.4 wuudrasawiinisleunsa (Deutsch and Journel, 1992)

Headuanslownsunenldinangsuwuu 1w AeAdy Spherical,  Exponential,
Gaussian, Linear, Nugget effect, Hole effect models Hudu Iﬂﬁlﬁgmmuaumiﬁmaﬂﬂu
A15199 3.2
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M19199 3.2 ¥llAkUUIIReSlaRNTY wargUukuUaNnIsAIlY (Remy et al, 2009)

Variogram models Equations
Spherical model h h)’
o(h) = C0+C1|:1'5|__0'5(|_j }hﬁ' .. (3.2)
C,+C, h>1
Exponential model g(h)=C, +C1[1— exp(_l_ghﬂ, 0<h<3 .. (3.3)
. 2
Gaussian model g(h)=C, +C1{1— ex'{—l?’? H 0<h<3 .. (3.4)

W A A szeznnaniveyaiinuduiusiu (Correlation length)
Co A Nugget

C, Ap ALUSUTI (Sl

pFsndmnsleunsuaiadituneusonfie msudsaamaeaislounsuis
Hutunoufifinnudrdey Wesnuaiildanmsulsarmumnenisssdineiigndes aggn
ihllflunsaanuudaenilownsuiimngaunaziluldsold Grinarten and Deutsch
(2001) I¥oBunegULUUNIUUIAT MY Fldan Experimental variogram (udiiildnin
rileunsu) Insasudnuneitiluvenslounsudifed

1) Nugget effect: Lﬂuwammaammﬁ@wmm‘l,umﬂé’mmaﬁazga (Measurement
error) v3esvuziifoyaiirudiius (Correlation length) duninszassinasaegns Tnevily
A Nugget effect AiAdudadiuunnnin 30% GuawhmmLLUwifmﬁu’wmﬁadﬁﬁﬁazﬂaﬂh%ﬁ
AMURAUNR (Deutsch, 2002)

2) Anisotropy (3U71 3.5):  Inevihly nszuaunsiiuauvesnznouazidudiuends
Snvazauduiudidaitufivesiuiu Swnfudtieiitininuduiug (Range or correlation
length) %%uagjﬁ’uﬁﬁm Juflo Range MULUITIVIZUINATILUIRG B813bsRnY wildn
Range 9¥uANANNAUAINTAANIS (Anisotropy) Wanguf) Walther’ s Law usni1 AN
WUSUTIUANLRAT VLA kIR sz videlndlAestuy dufie 1slewnsumuiiemidlag
AgReaag (Encounter) LHUAIULUTUTIUNIING YY) (Theoretical  sill) TagdiAwvindy 1
dmsunsdisuusseiies (Continuous variable) waswiniu p(1-p) dwsusuuslireios
(Categorical variable) ile p fie dndiuvasiudsiiiansan
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-315louNsuNil Range wanansiunuiianiglag Tuvagnanuuususiumiiulunn
A1 15831 Geometric anisotropy
slawnsundanuuysusau Sil) wanarsdunuianisla s Tusazi Range 9199

WINAUUTBUANANAY 138711 Zonal anisotropy

A /Vertical sill
s | zom
; A1
Az Ax 7\,y -

Lag distance (h)

sUN 3.5 dnuaueniluvoawuudnasdinslewnsy :  Geometric  anisotropy wag zonal
anisotropy (Soares, 2000)

3) Trend: n36i7 Range mnafiamslafiananis faniusuavesiuiidne deals
milounsufidnuuranuduiudieiufiuvuiuulidy (Trend)  #1173leunsueginiody
Theoretical  sill 913801 Geometric trend n3dlinT3launsunuIRsBEANILEY
Theoretical ~sill 1381 Areal trend Tngvialy f1a3lounsufidnuay Trend uansindalal
anansnagusUiuunmdNusiwiueuls Jsmsihnsusuuideyalvsl (Removed trend)
(Deutsch, 2002) Fslaivonanasludi

4) Geologic cyclicity: Usngnsninisssdiinensinagiintugng aussozaanig

ssalnedaliinanulususiug (Cyclic variations) Tuguitu laganslewnsundanses

A1 Sill Yu-as 3831 Geologic cyclicity Wasluu1easaseni Hole effect

3.2.3.2 LUUT1809313 N SNLUUAYH (Indicator variogram model)

[ '
A =

TunszuIuNITIATIERTINUNUY dr1uUsdu (Random  variable, 2) @3150KUS

=

sonilu 2 nau e faudssierlies (Continuous variable) 19w ANduUseanSn1sTuNIY
(Hydraulic conductivity, K) aa1ungu (Porosity) 1Jusu wazfudsliselios (Category
variable) wu glatuitu (Lithoclass) 9 ndayatauinia (Litho-log) 1lusiu Tunisiasize
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ANUFLNUSVDITUAUNAWALG u ke u+h Tagldhuudnaseasiownsutu aunsavinbalang
nsulasasiuyswuuldsediodlmdusiuusuuuaail (Indicator variable, 1) fati @unisi
(3.1) ansadeugUlnilansaunisi (3.5)

1 N(h) 5
y(h) = NG {Z[I(ua,k)— I(ug, k+h)] } (3.5)

a

1o | A AwUsawd (Indicator variable) ¥a9tuiu K NTvuiuanuin K 9in

aun1sh (3.5) \3enin Indicator variogram  model BeazgnldlunisAtuimy
ANMUAUNUSTEUINIANUBUTUTINAUTLIEN19UB9F U S UL

3.2.3.3 Sequential Indicator SIMulation (SISIM)

SISIM 18133 Stochastic simulation  wilsfilasuamudenlunisiunldlunisadis
wuushaestuiiu Weswnluidiine lududeulunisadrauuusiast aansaiinsizeinng
addldognaiiusyansuaniuuuusiannilounsy waslinanissiassduiufiroudnemass
(Deutsch 1998; Deutsch and Journel, 1992; Goovaerts, 1996; Soares, 1998; Almiada,
2010) amwﬁaﬂ'ﬁvaﬂmﬁtuﬂ'ﬁaswL.Lumnaawwu (Hydrofacies model) wagldldnansdhiu
Fudsaewios wariudslisedies szm'ﬂqum'ﬁmamuuawnuaanwumﬁuaqmLLUivﬂfU g
‘Iummauauaﬁmagﬂqumimwu@mwi SEstuneunsIanItaY SISIM laW1EnSE
wislisewioasindy msa%?mmei’wam%juﬁuﬂizﬂaué’aaéﬁu’umauﬁm6‘] 4 Supou il (Remy
et al,, 2009)

(1) wlasAdudsladrewos Z(u)dunds u Iidusudsuuududl:

1, if Z(u) =k
I(u, k) = , k=1,.K
(U k) {0, otherwise (3.6

We  I(u, k) A9 dadsavduesiuitu K uag K Ao sdatuiu

(2) Avum Random path Tukmag node
AMIANISUeY (U, K) dusuimudsldreiiosaunsamuinulaanaunisi (3.7)

Eli(ukin] = Prob{z(u) =kn}= plu,kn)) (3.7)

o p(u,kn) A HerdualnuruiLiuresnuu1azidy (Probability  density
function, pdf) a4 siunia u dmsutuiu k neldteulunisgu ndeya
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[

(3) asadoulunsuanuasiignaiia (Constrained) nsdadauduiiu (Hydrofacies
proportions) kAazviln

@) FMuaaluusiaz node 133 Indicator kriging (IK) #l4lu SISIM lneilguuuy
dunIRall

n(u) n(u)
|*(U)=Z|a(U)lk(Ua){l—Z'a(U)]po (3.8)

le py = E{l(U)} = Prob{l (u) =1} Ae anuinasiduneududiesns  (Prior
probability) TeavmnsaifkAnty
ho(U) f8 Aenatmin (Kriging weight) TsazdesaonadasiuAseiuvasianys
wuuRal 1(ug) AdAMAU 0 %3 1

3.2.3.4 Post processing with TRANSCAT

(%

Tag92ly Wanlaa1nLuUIIa099UuRuaINIs SISIM Tnaziiauwlsusiulugramse

[%
[

seegdus (Small scale variations) @s3uadiuteyantduazisnisdnass luuransdinuin
dndutuiunlanasainn1sdnass (Output proportion) dueradidumnaisluainaindadau

[ '
a !

Fuiuignda (input proportion) minrasassiildillldlunmsadrswuudiaeniviama
nansEasternanmaeuly fui Suneuns Post-processing WiouteASI3ENI Image
cleaning Fsfianusndu (Deutsch, 1998; Soares, 1998) nalla Image cleaning Husinane
75 19U 38 Simulated annealing (Deutsch, 1992; Quental et al, 2012), Quantile-
transformation (JournelandXu, 1994; Xu, 1995), Maximum a-posteriori selection or
MAPS (Goovaerts, 1996; Deutsch, 1998), Correction for local probabilities (Soares,
1998) WWudu wenani nanns Image cleaning Fatduns Simplify Snvazdutinuiana
ldiedensilulflumsatawuusiassinuianalddnge (Quental et al., 2012)

Remy et al (2009) 1@ue3d Categorical transformation algorithm (TRANSCAT) R
U5u15991n38 Quantile-transformation ¥89 Xu  (1995) Iny TRANSCAT 1135 Image
cleaning TauITuESULULSaestuiuildfuds dusuulddedes dieuAtgmaanu
wansgsEnInedndiutuiiudeiinanndnedu wdnnisves TRANSCAT Ao 1funns Post-
processing WaN1591a0997n SISIM  1ael433 Filter-based nailldazvilidnaruduiiudou
wagndsdransiiinmindu vieunndsfutiosiian Tuvazidefuidinslidstoyanieada
(Preserving local statistics) ThAgades i 13lewnsumsfiwes Wudu
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3.2.4 UNNIV09

Tuv23 20 U M Tawddesnuedivsegndldisadassauuudvil (indicator-
based geostaticstical approach) femafiaisalnuaaia JelaesrumuinanansotIeRaul
uarUfulgsEAns amuuuaeamsirathumauarnsiedeufivnaansliitu wdeils
ST Tiddy il

Sweetkind and Drake (2006) Anw1anuazUoIuey Yucca Flat  Useine
anfgeuint Ingldteyanquiangtothuiniasiuag 285 Ue Buanmisduunviniy
soniu 12 ¥lin Aa3es Folk (1958) anntuadauuusiassduiiu (Lithologic modeling)
TaeldlUsunsu Rockwork (Rockware, 2004) LlouanIn1sINefILazanNsaEnIsNILUR
yostuiuluiuiifnw sean Phelps et al., (2011) ladnwsolaginn153tAs189N15ATEE
FuRiu (Facies distribution) wazdtaszianumutuiuludeada (Statistical analysis) 1ag
LendaseiaumunUsnuiiuil wazaunudnseeusiiuiaa wuit nsnszane
A duduiiuogsendng 1 - 200 was 10ty Tesgianuduiudideiuiise
wuusasnslewnsundeuiadianuusiasstuiugie3s SISIM uwas Sindle  Normal
Equation Simulation method (SNESIM) et uednuarauliduidodeaty
(Heterogeneity) yosuiiAnyma3lennsunuLUIAs (Vertical variogram) WU Fraiidu
Fufinnuduiusauuunis (Vertical correlation length) fiA1sewing 200 — 400 WAS way
wamﬂLLUUﬁwaaﬂ%uﬁugﬂﬁﬂlﬂiﬂi’fﬁ’uLLUUﬁﬂaaamﬂwa‘f’]mma MODFLOW 2000 w3t
Anrzianldudueuiiingy

Weissmann and Fogg (1999) Fnwauilifuioidertunas adrsuvusiassiu
ﬁmaqLLéqﬁwmmaﬂiﬁmmﬂauﬁﬁﬁﬂwwgﬂ’luﬁm Kings River (Kings River alluvial fan) 33
waavlesily Ussweanigeisn lagldds T-PROGS a1ndayaviauiaizdnuiu 3 Us 210013
NAADUSTAUNANE (Geophysical logs) F1UIUT UD Tngsuunduiudy 4 via Téun nse
(Gravel) n318 (Sand) nT1eUulaau (Muddy sand) uaglaau(Mud) fi3euailin wuudiass
%”’uﬁuﬁlﬁmﬂmsﬁﬂmﬁmmsaﬂﬂﬂﬂ%’wqqLLUU’ﬁwaaqmﬂ‘maLLasmim?iauﬁmaqmi
Yuidould

Carle et al. (2006) a¥rsuvusassmstudouanslunsm (Nitrate) vousegas
Llagas sub-basintufiufisguadnosids Ussimaanizanini deyaduiinanteviaiagn
dnduuniniiilu 3 ngu Ysznause %y’uﬁué:mﬁw (Aquifer) Fuitufuth (Aquitard) uas
%”’uiajﬁiat,ﬁaﬂ (Interbedded) mﬁwaaqms"LViaLLazmsﬂm‘ﬁammmﬂmmwLL‘U'qaameu 2
n36l fie N3diA1 K asfl (Homogeneous) wavliiasfl (Heterogeneous) nanfe nsdildnsil
fuldnanissraestuiuainds T-PROGS iy Srassnmsuiiouiisusudoyanaau
wiennaaanisainanisumdeulusn 20, 100, uay 200 ¥ Fremthuazuenfiansannig
Judouluseduiiu sedunans uazsedudn nan1sAnwiasuin nslduvudiasensd
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Heterogeneous l¥inan153nansn1sUulpuvesasiulasnidinnumnilouass (Realistic) wu
A dauaeanrdesiutayan1eauy wagnsaiansallusunaniuiiaiaiidene

Modis and Sideri (2013) Uszgndl#35 SISIM Tumsa$auuusiaasdufiudmsy
u85UIMA Thessaly ManounasvesUszmAnies Indoyatoutaa 1,039 U Suundudiu
sonifu 5vila muaruasaluniseenlfihdusiiu Ussnousie funds (Basement)
75189UUN5M (Sand with gravel) 1518 (Sand) Aumilsiuazaznounsiednna (Clay and
sitt brown) Auwmileiuazazneunsiedni (Clay and silt eray-peat) ansuiases
auduiusdeiiuiidouuudiassislounsy Weluaieuvusiaesduiiu asuldin
wuushasstuiuiildanunsataelunisadranuuiasuduumpnuazuansanuldiduie
Weaiulang19h

Trevisani and Fabbri (2010) Swnsnghmuduiudideiud wazaduuusiassduiiu
\louans Heterogeneity n¥oumaiiasnzriainuliuduouvondsuinialuitud Venice
Lagoon Usznednna iflesanfiuiiinuissoglungnamnssuvinliduimatinsdudou
arsiadl Anwnlaglddeyataviaasiuiu 769 Ue luiufivssuia 6 ns1shlaiuns Tas
Sruuntusiuesndu 5 vlin mu3s Wentworth classification (1922) ¥hmsdiasisviany
wsUsiuvestuiuusarsiindeuuusiasssleunsy nduas UL aetuiuge3s
SISIM #iuagudn wuuassiusiuildanusatistlunsinmgidudilunstostunis
Uuiouiiosintuls Wy nsadreuuniusssund (Natural barrier) UShnisessosyninetu
Fdufutuiduuuan Wudu

Quental et al. (2012) a51auuusaestuiudmiuudiuna Tagus Basin Tutan
wavta Seial  Tutssmelusnng iosndtymnisvuidiouansaiigduihuiniaan
1599749 @MNITY WU Sulphuric  acid, Nitric  acid,  Trinitrotoluene  (TNT) way
Dinitrotoluene (DNT) gy sy naitldnsdnuniastnelunmsnunuilosiunsiuiou
Tuouranld 91ndoyateuinia 81 Ve Suunduiiueonidu 5 via anudravesd K
Usenaumey 1518 (Sand) AUy (Limestone) #uns1g (Sandstone) #usuau (Shale) wae
Aumileavuyu (Marl) mﬂﬁ?ui%l,l,wai’waamﬁiaumaﬁLﬂiwuﬁmmmé’mﬁué@qﬁuﬁmm%
Aunmazuin LLa’Ju’leUﬁi’NLLUUR]’]@EN‘ZJU%UIG]EJ’JS SISIM @AY ¥ Simplified Futhene
3% Simulate annealing (ietrouansdnvartuilddaauuasiiety mntutuuusiaes
suiudilgluasswuusasniuiniasie MODFLOW luan1azasdl nanissnassnislvauas
Particle tracking Alduandlsifiuin F3nsmeadfssdildlunsdnuidisuiuusnisadng
WUUT1809M9aNNSIaINeN (Hydrogeological modeling) laagnsdiuse@nsnm

Guastaldi et al. (2014) 31a89n15MaUNUINIAUSIUNASIU Catania Plain Usewme
3018 TnetSUINANBIANUFUNUSTINUNASIETT SISIM waz T-PROGS kalrtnanlea luasna
LUUFIABINS Al MODFLOW  iswS8uLfisunanisanaseid 2 35 tnglun1sdiasanns
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Inandadu 3 n3d muguuuunsnssfvesduiiu Usznoude 1) nsdhfudeientiu 2)
nsailifudoretunaldnasin sisim 3) nsdldfuiloiorfusasldnasin T-PROGS wa
Agnun Tuwdvesnisnszanedudiu nan1s31aee91n3s T-PROGS Iinaiiana3aninia SIsim
mMsiasziauseulm (Sensitivity analysis) a9 K wuinlunsallidudedeasuain
SISIM- A1 K Slanuseulwitosniinsdifilaain T-PROGS agnslsfnu nadiuansnefutiu
Juogifundnmanienguiild

Jandrisevits et al. (2014) a¥auvuitaestiufiudmiuuss Zell Basin Useine
podanse InoiUsouiisunaannnisleisnisadfssafiaieiu 3 95 Ussnaudie SISIM,
Sequential indicator co-simulation (COSISIM) wag Multiple point statistics (MPS) e
AnsziiniFlafuansnaauaianniian doyadufivinnvauinigtethuina uasdeyassd
Handgndwundu 3 vl mutiswesdn K nan1sfinwinuin nsSraestuiugeIs MPS
Tinafiasasefian

3.3 LUUINADUTIFAAS I MTULSINALYGY

fupounisfnwuuuasaivadfissdiusznoudie MaTusmuas Tinszvdoyady
A wdvimssuunduiinludmunasiidinun arntuinisivuadaudsifunuused
(Indicator variable) wa1vinA193ATIERANANTRIUSLaEANLUSUTINYRIRILUSAvTllnelYy
wuUsaee3lownsy (ndicator variogram model) 213lownsumisfwesiildainnis
Anseihluldnsadrsuuusiassuiuizalnuaaiia (Stochastic hydrofacies model) ¥84
ussalsg) ununmduneunAnuFandluU 3.6

3.3.1 WUUINADITIUUIANNINSIUINYT (Geological conceptual model)

wuudnasudauulfn (Conceptual model) [Wun1siuualiifiudnyuenIsnIgaIN
vauswnalngmsanuilldgndansiinumenn 23 uasaae (2527) way @nn (2539) ¥
AAUALUUTIADUTILUIAA NEIAD LLa'ﬂmmImg'ammLLUa%uﬁﬂLﬁu 3 $u Usznausie Hu
ﬁmmimyj (Hat Yai aquifer) ﬁfiguﬁ’lqwh (Ku Tao aquifer) wazdurmensd (Kor Hong
aquifer) MUAINU Ima%uﬁﬂLLGias%ngﬂLLEJﬂmﬂﬁ’ué’w%y’uﬁuﬁﬁ (Confining layer) Buufu
wienfioeuliidurulden (Low permeable) Tneduimalnadadutuiusannls
wseuiaRanaliusaiu (Unconfined to semi-confined aquifer) Uszneudie Funsan
318 wardifumisviefumidsaunseunaquluuisiud Tasiamguinunarauss A
Aninfafuuszanas 2050 e druduihauiuay roned fadududianglduseiu
(Confined aquifer) Usgnaufedunsin e wasAunseuufumie: Nwhegiisziuay
Ananfafussana 45-80 wns AwFututigwi waznnndn100 was dwdudutheend
el e edsvestuiusna 30-50 e wastutuihUssnia 10-30 WS giﬁ?i 3.7
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LARILLIFAYIN SN SNAG TN PALUINE Tusen-ng Tuan (MNgUT 3.8) Fadinudasain
2% uazAmy (2527) il wuudaendaumAniinanundrsiulimsussgndldfundenelug)
0671199979 19U aauuusiaeniiuiaa (NsuminensiiuIema, 2546; 2549) NNy
MIAUEIUNANE (Lohawijamn, 2005) LLUUﬁi’ﬁaaqfwmmaLLaxﬂ'ﬁqﬂgﬁfﬁLﬁu (5lm wazAY
, 2551; ®38d, 2552) MsdanIstiuIana (Hudien, 2555) 1uduy

-Geological map

-Geologists interpretation Formulation of geological

-Literature conceptual model
Data interpretation
Data collection o Reclassification of o Lithofaciesand
-Borehole log o lithoclasses " | thickness analysis
Spatial statistical analysis
Data preparation Hydrofacies proportions Indicator
-Defining of hydrofacies unit o statistics o variogram model

l

Development of stochastic hydrofacies model

Stochastic hydrofacies Post-processing Hydrofacies model for the

simulation using SISIM using TRANSCAT HYB obtained

l

Evaluation the results

JUT 3.6 UNUAMLAAITUABUNITAT ULt UTUYR LA LYY
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H1224 U-Tapao River
RTC 218 ‘HmHm H42 H41
Y oy

Elevation (m, MSL.)
8

UTM_X {m)

— Kilomaters V7 Granite Aquiter 1 G if meta-sedi y aquifer —
0051 2 3 ) ] 7
| Aquitard 77 Aluvial Aquifer ]

SUN 3.7 2 NARYINNNENNGTARIVEINLLLINE TUAN — A¥ILEBNUBILSIMIALYEY (AnkUas
910 93 haTANE, 2527)

3.3.2 nMsuusauvanedaya (Data interpretation)

nswUsAuvEnedeyaluniusenaumenissiusiudeya (Data collection) N3
Fuunviinduiiu (Reclassification of lithoclass) wagn1aATIwAAUNUITUAY (Thickness

analysis)
3.3.2.1 M377UTMYeYa (Data collection)

Jayavan (Hard data) Mianldinsiest taun deyatuiiu (Litho-logs) #e33usa

NFIUTBLAUBUIUINNAVRINTUNTNYINTUIVIANATIUIU 315 Us ndudadenianizuen

L4 o

Ifoyaanysalanunsathludnsesilamvieiies 210 Us Fsluudazuedsdsenaume

Y
[

s18azlBuniiugu 19U JeUe (Well  name) fifa (Coordinate) mNuANUaLLaTE (Dril
depth) ¥39%8n3 (Screen interval) srwaziBenduiiu (Lithological descriptions) wagwiia
Fuiiu (Lithoclass) figniuunlaetnssdine WWudu 37 3.8 uansnsnszanefvesie
mmaLLquummﬁﬂﬁwuﬂuﬁuﬁLLa'wrmsng'

3.3.2.2 M53UNTHATUAY (Reclassification of lithoclass)

PNMINATIEEteyaviintuiiuainnsduunlaetnsstiing lussdunuin Tuuie
Frdeyaniimadwunduiiuesndu 2 slladeiu dnssdiiedelildssyriaduiunuiven
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650000 670000

City
Borehole (< 60 m.)
Borehole (60-100 m.) |
Borehole (>100m.) [~

e o 0o ®

River

\_—> Flowdirection
— Study area

Fault
~~~~+ Flood plain :
7z deposit aquifer i

High terrace aquifer

447 collwium aifer  |]

- Carboniferous meta-
sedimentary aquifer |

650000 670000

JUT 3.8 nsnszangivestethuinaluiiuiugminlvg

820000

800000

780000

760000
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Wy ddeyaannnisdwunidunie wazdumier Fdaildszylvidaauindunsevuiu
widlen vieRumdoavunsie Wudu duiu Tunisdnwilsesindunissuunsiaduiiulug
(Reclassified) Imaﬂisqﬂﬁﬂﬁ’ﬁ%mm Wentworth grain size classification (Wentworth, 1922)
way Folk classification (Folk, 1954) 11ed) titeliinelunsiasizvisely nanissmunnuin
Fudinluiuiinssmalugannsasuunldifu 14 ¥in fagulilunaed 3.3 Ussneudae
N5 (Gravel) ns1enenu (Coarse sand) n518UUNA19 (Medium  sand) N518WAENTIN
(Sand and gravel) nsInUuNsIY (Sandy gravel) ns18UuNTIN (Gravelly sand) nsreUy
prNOUNI1Y (Silty sand) nsaztden (Fine sand) nseuuAuLnilen (Clayey sand) nznau
N18UUNTI8 (Sandy silt) Auwrilervunsie (Sandy clay) sznaunsie (Silt) Aumndsrvu
PrNaUNTIY (Silty clay) wazfumiel (Clay)

3.3.2.3 MWATIwAVoUaTUAU (Lithofacies analysis)

Y

FUBYAUTLHLLIA LAY

Y

Ty lu anwuzn1s119d90sruAulununleg
nsgUIuNIslunIsanazneu dude uinalnddssiutinasiiu
IndlAesiu esananwuglassasssaingwewwsswinavadulaseadneiuu Horst and

ee gee

a [y

URULALINULAZ ANUNUN

=4

graben TnpituiivauussdunyTunnuazazfussnifulasiadnesesidounuy Horst @y
‘U%L’Jmﬂm\um'\iLﬂiﬂﬂiﬂa%’miamgammu Graben (Sawata, et al,, 1983; Lohawijarn, 2005)
1159719 LAENNTNT Y FI U ITUAUUSIIUNA LB ILATIOULS I3 IUANANS U Fatu
MsAnuiaRinTEinisnsaneaumnduRY (Thickness analysis) Imwﬂqmuﬁuﬁmm
fainafildazgnluldinseisniuisadfosd (Geostatistical method) sgly

swanBenuiindiu uazanumunsuiiludeedanildandoyaveuiaiasis 210 ve 1¢
wansl3lunsneit 3.4 Ameves Litho-logs Tavuafildaaszeivindu 13,345 wns $1uau
1,417 99 (Interval) Wi Fuiudianumuniade (Mean) iy 9.00 wns A1nas (Median)
Wiy 5.95 a5 nsredungnaunsie (Silty sand) ﬁﬂ’nwu’mé"amﬂqm 14.72 a3 Lay
n918UUNa9 (Medium sand) ﬁmﬂmu%aﬁsﬂaaqm 4.76 e dudumiled (Clay) wuin
fanumuiade 10.82 was Mnsuuduiiuiithuninsssinniigawiiu 472 929 39
AnLduferay 35.37 Yesanumuiavin uasdiaTuMuTIn 5,105 s dmsuriatuiiudil
AdudauunnggIu (Standard deviation) gegauazsga liuA nveUunzneunsng
(Silty sand) kagmaznaunsiguunsie (Sandy silt) aruaieau
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A1519% 3.3 TUATURULALINUATLDUANITIILUN

a9y yUATUAY d
o . NYaTLBYN
7 (Lithoclass)
Used for cobble beds, boulder beds, pebble and where gravel was
1 n530 (Gravel) reported as having no fine-grained matrix or consisted of gravel more
than 80% of the total
Used for sand sizes between 2.0 mm to 4.75 mm or sand more than
nIYNRYIU
2 90%, includes coarse or very coarse sand, or where coarse sand was
(Coarse sand)
reported
Used for sand sizes between 0.425 mm to 2.0 mm or sand was more
NIUIUNAY ) ) )
3 ] than 90%, includes medium sand, or where medium sand was
(Medium sand)
reported
. NINYLAENIIN Used for sand and gravel mixtures where proportion of sand and gravel
(Sand and gravel) | or pebbles were 45% -55% or sand and gravel was reported
Used for sand and gravel mixtures where consisted of gravel or pebbles
A5IAUUNIEY ) )
5 were 30% -80% or more and proportions of sand: silt+ clay was more
(Sandy gravel)
than 9: 1
Used for sand and gravel mixtures where consisted of sand was 30% -
NI1YUUNTIA _ )
6 80% or proportions of sand: silt+ clay was more than 9: 1 whereas
(Gravelly sand)
gravel or pebbles were 2% -30% or less than of the total
- Used for sand sizes between 0.075 mm to 0.425 mm or sand more
NYALLDUA
7 ) than 90%, includes fine or very fine sand, or where fine sand was
(Fine sand)
reported
- A Used for sand and clay mixtures where consisted of sand was more
NI18UUAUAUY ) i _
8 than 50%, clay: silt ratio > 2:1, clay +silt < 50%, gravel < 2% ,or where
(Clayey sand) )
clayey mixed was reported
Used for sand and silt mixtures where consisted of sand was more
nelunznau } ) _
9 ) than 50%, silt: clay ratio > 2:1, clay +silt < 50%, gravel < 2% ,or where
1518 (Silty sand) ) )
silty mixed was reported
Used for sand and silt mixtures where consisted of silt was more than
frnaunIIeluy i ) )
10 ) 509%, silt: clay ratio > 2:1, clay +silt > 50%, gravel < 2% ,or where
11518 (Sandy silt) )
sandy mixed was reported
11 AENauns1e (Silt)  |Used for intervals where silt was specifically identified
o - Used for clay and sand mixtures where consisted of clay: silt ratio >
AuMleIUUNIIY i )
12 2:1, clay +silt > 50%, sand< 50%, gravel < 2% ,or where sandy mixed
(Sandy clay)
was reported
o - Used for clay and sand mixtures where consisted of clay: silt ratio >
AUMUEIUUNZ N i _ _
13 ) 2:1, clay +silt < 50%, sand< 10%, gravel < 2% ,or where silty mixed
1318 (Silty clay)
was reported
14 Aumiied (Clay) Used for intervals where clay was specifically identified
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o A Total Thickness statistics
10y YUATUIAY No.
4 ) thickness | . Mean | Q1 | Median Q3
7 (Lithoclass) interval |Range (m) SD.
(m) (m) (m) (m) (m)

1 539 (Gravel) 2,049 218 1.5-51 9.5 4.5 6.75 12.0 8.55
IR

2 (Coarse sand) 435 74 1.5-33 5.88 3 375 7.12 5.99
NIYUIUNAS

? (Medium sand) 343 12 1.5-25 4.76 1.5 3.00 6 4.00
NIBUALNTIN

¢ (Sand and gravel) 801 96 1.5-82.5 8.34 3 4.50 9.37 10.56
N9IAYUNTNEY

° (Sandy gravel) 393 48 1.5-36 8.20 3 6.00 10.5 7.69
N518UUNTIN

¢ (Gravelly sand) 283.5 32 1.5-67.5 8.85 3 5.25 9.37 12.08
NIWALLDYA

! (Fine sand) 290 a7 1.5-37.5 6.17 3 4.50 7.5 6.39
nsluRuAilen

8 (Clayey sand) 813.5 93 1.5-60 8.75 3 6.00 9 9.29
N518UURLNaY

? 1578 (Silty sand) 118.5 8 1.5-69 14.72 |5.45 6.00 10.87 | 22.38
pENaUNIIEUUAY

10 1518(Sandy silt) 151.5 23 1.5-15 6.59 3 6.00 9 3.88

11 neNauUNIY (Silt) 190 18 1.5-30 10.50 3.5 7.50 13.12 9.04
Auniiyavunsne

12 (Sandy clay) 1,248 133 1.5-96 9.38 3 6.00 12 10.82
funilentu

13 | sgnaunsy (Silty
clay) 1,124 83 1.5-92 13.54 3 7.50 14.25 17.62

14 Auntlen (Clay) 5,105 472 1.5-90 10.82 6.00 13.5 11.92

U 13,345 1,417
Note: Q1 fie Aiifisrurudeyaiifidrinii Q1 g 25 %; Q3 fio A uuteyafifiiiinit Q3 o

75% wazannd Q3 ag 25 %; SD. Ao dulguuuNInIgIY

wuQikuUNges (Box plot) Tuguil 3.9 uanmunuIvestuiuns 14 vila fa1sa
nYeteyanluiinmiaund (Non-outlier range) AT1E9ladn FuAiunalUlunuiwgs

walngiinnuvu1egsendng 1.50 wns 89 30 waswaztayaludieiduaielnd (Inter
quartile range, IQR) 88/5¥1314 3 1A5 019 15 1WAT tAedlA1 IQR W@Hgwiy 7.42 1WAs diu
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HAUNREIER (Maximum outlier) A18g581314 25 AT 9 97.5 LRs wudl Fuiunden
il

¥
S o

aunfasann 97.5 lwns i Aumtlerdungneunsie (Silty clay) wenaini 1w

A
A 4
=
7

a1 a aa | ! = v Y a Ada i a a v
ummﬂﬂﬂmmmagismw 1 89 37 SU'EJQJUa MU %uwuwmﬂqmﬂﬂﬂmgﬂq@ VL@LL

witlyd 37 deua duduiunliiisiaundiae loun Aunznounsieuunsie (Sandy silt)

Y

.

AITNNAUN

AUNU (LURT)

100 r X & X EXTREME o
L X wALUES
B X X o o
|- X o g
L ;g( o
[} [} g ‘E|
[ o o X 8 e g | 5o
X X o o
- 8 © o ° X
g o
X 8 UEY (75%)
s
L o) o) o
(@]
© LEY (2522)
[¢]
°
| . o | T
10 ¢ °
- HTREME | 3
.
Explanation
UBV=Upper bound value
at 75™percentile (Q3)
H=Inter Quartile Range (IQR)
LBV=Lower bound value at
25"percentile (Q1)
1 I I | I I | I I | | I | |
Mean
T © T T @ © T T T E > > > i
¢ ¢ € ¢ ¢ ¢ ¢ ¢ ¢ B Hm /& &8 &®
c & & & = 3 & 88 8 X O T U
O ¢ g 2 2 > 9 > x» C Z 2
n T >~ = < v E < =
T 2 ¢ © O & > 7 & S &
o © © C > i) wn
) vV 5 g © ()
= c ()
©
Ve)

FUAYUHAU (Lithoclasses)

UM 3.9 ununiikuunass (Box plot) kAAINIINTEANLANUNUIVBITUIUY 14 ¥ila

MelATIEEnIsnIrEnITestuiulduUiuilun P neinudnuuedud
oonidiu 3 lou (3U7 3.8) Uszneusne Tsuveuusadiuny fuan leunaiauss wagleuvouuss
Frumziusen wbuswnalugifuiivsvana 1,375 ms1eRlawns (sauvsiaauauan)
wiadulsuveunssduns Sunniiuiivsvann 6325 ars1aRlaunsTounanousdinud
Uszanal 497.5 ensneilawuns uaslouvounssdunyfuseniifuiiussna 245 a1
Alawns TnoAndudeuas 46.0, 36.18 way 17.82 vasiiuiivavun aud s s1unutoutaia
wlsmnuiuiiiasviuseneufie TeuvounsadunzTuansiuiy 41 Uo Gewas 19.5) Tau
NANALE9IIUIN 130 Us (Se8ay 62.0) Lay louvaunlesnIungiueans1uliu 39 Ues (Seuay
18.5) 52u9aviun 210 Uo
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ununfiLuundesuansnamuTeskemnalgiuilve uussduians Sunndauans
Tuzuil 3.10 nut vinueukssi ez unndufiniinuanliud fAumies funieu
518 ns1evuiumien uaz N33 AuERU MsnsEaremurlutInd WaABegsENing
150 Luns 74 185 a5 wazdoyaluvag IQR wAvegsening 3.5 lums 9 10 w3 Taeiln
QR WwABWAY 6,50 W Sufiuiiddfnundgegail 975 wes léud Aumieaunse
uen Nl wud Suiiuiiiafnuniigean ldun Aumdes dwau 5 doya

(% '
a

WHUDNRUUNADILARIAIUNUNIVBILBIMIA e HUNNa19uae fananslugud 3.11

)
v
! v A a =

WU FURAUNNULIAUSIMNaNeslawn Auullen n9an Auwndeivunsie nseuufu

= o L 1 a dl ! =
e MUAIRU NIFATEUANUNUITUGIIUNG HAYBYITWIN 1.50 a5 09 23 LlURT Wag

ayaluYa IQR RAYRYITENIN 3.20 WAT B9 11.60 Wwns lnele IQR WwAgwiiu 8.40 1iAS

1 a a A

1 Ao a = Y 1 a = & Y A
uiuniiAiaunfigegan 96 s laun fumieidunsie uenanil wudd Fudiunien
AnUNFgsan laun Auwitey 91wy 19 Toy

9 Y

e e S

2

100 A erenE |
wALUES

: x | [
° N

M LB [75:4)

Median
s LEN [263]

NOH-QUTLIER RANGE

10

-3H
OUTLIERS

EXTREME | #
VALUES

Explanation

UBV=Upper bound value
at 75™percentile (Q3)

— H=Inter Quartile Range (IQR)

AMUAUN (LURNT)
T T T T T L T T
o
e I ) e
o *
*

o0 O
Tl %
| e | ‘
| ‘

[ e
\ \ °
(o] a

LBV=Lower bound value at

1 | | I I I | | | I I I | | ~ ]
25 percentile (Q1)
- © © - - © © © © = = > >~ >
¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ F H & ® @ e Mean
c &8 8 =2 = % % 8% R 2 o2 v
6] on  on
2 € 5 = > 2 g 2 c ° =
§ 2 ¢ © 9 T > &% & S &
5% 8 &8 & 3
) o [ O
= c v O
©
V)

FUnYUAY (Lithoclasses)

3UN 3.10 unuQilLuunaas (Box plot) WAAINISNTEAEAUNUIVEITUAUA 14 vila Nl
YauLBIUREIUAN



39

100 X

AUNU (LURT)

C X X .
- H E'é
B X 8 | LYo oo
i >(§ o 8
I o X X 8 g E E|
X o © o | aTaERE
- O (e} l I} o % g T
L 8 ) 2 ............ LB [753]
X @ Median
o (=4 . MV | k), O LEY [252)
o L =
. g A
10 L . ° ° g2 e S,
i (2]
L4 ] ] ] N N B
L WALUES
L L : Explanation
UBV=Upper bound value
L at 75™percentile (Q3)
H=Inter Quartile Range (IQR)
LBV=Lower bound value at
1 | ! | | ! | ! ! | ! | | ! 25"percentile (Q1)
— — — = = > > > Mean
T 2 2 ¢ v 22 R IFEERE T
t & & & &= 8 3 &8 & N
on on © > >
V8 E 5 =222 g 2 < T =
5 = ¢ © 9 T > H & 5 O
o © © c > L) %)
() L o) &)U © ()
= c O
©
m v
staguU (Lithoclasses)
~] a ! S a o a & 4
QU‘VI 3.11 LLNUQ&ILL‘U‘Uﬂﬁ@\‘] (Box plot) LEAAINITNTLANYAIMURUIVDIVURAUNE 14 BURA WUN
AGENINN

WHUQILUUNABILEAIAIHINUVBILB A g TuTIiva UL uiiAny Jusean Asland
Tugui 3.12 wud1 Usnaeuusswnuagiuanduiuiinuinloun fumied nsin nsinuay
518 Aunllelunsng auEIfu N13nTEeANUMUNIUTNUNG ladgegsening 1.50 s
09 20.45 a5 wazdeyaludie IQR WwHgeYsENINg 4.10 LuAT 3 11.40 Luns lagdle IOR
a (Y a ] < Y a daia a = a1 a a
waginAy 7.30 was Aumilendutuiuiieiaunfigeand 90 was uasiiAlinunfigagn
U3 15 ey

WHIpNANTUINIINTLANLANUNUIN AN TNONNGTAIVE @R TawUITuiuTY 2 diu

P v
a ¥ o v o

oA Nuntuiuguiingnoungindtias (High terrace aquifer, Qht) wasiuntuiiLgu

fznaUUINT (Flood plain deposit aquifer, Qfd) LLNuQﬁLLUUﬂEiENLLﬁGNﬂ’J’]@JMU’]“UENLLE]IQ

¥ A 1%

& Ao oa v o v o o o = S a & A4
V']@i‘lfifgwu‘l/lsﬁuwu’quu’]mgﬂ@umgv\lﬂﬁquqijﬂ @QLLﬁﬂQIUE‘UW 3.13 %UVUWWUNWﬂIUWUWU
léjLLﬂl a‘UL‘WﬁEJ'J 397 aULWﬁSUUUW§WﬁJ LLagmiqUUua‘ULV]ﬁﬂﬂ G]']Nﬁ']éljU NNINITINYAITUARUN

'
a 1 1

lugiaund lafgegsendng 1.50 Luns 69 18.00 wns uazdeyaluyie IQR Lafgeagsening

Y
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3.70 WIMS 89 9.70 wnslaedan IQR WASWNAU 6.00 AT AurTelusznaunIensIeduy
FuAunARaUNAgann 97.5 wns wagaumieddiminunigega 91uiu 9 Toya

100 -
; :
r x o | a¥a Eo
L x X o0 2
0 o [
i y | L —
Lo g

M LB [75:4)

Median
s LEN [263]

NOH-QUTLIER RANGE

EXTREME | #
VALUES

Explanation

UBV=Upper bound value
at 75™percentile (Q3)

H=Inter Quartile Range (IQR)

AUNUN (LUAT)
—_
(@]

T T T T T T T 7
1 ] e ox
\ \ .
b [ & }—ix

[ ) | o X

[
° —

[ °

i

|

Z

4

L L LBV=Lower bound value at
25"percentile (Q1)

1 I | | | I I | | | I I I | e Mean
¥ ©T T ©§ © © T T T £ £ > > >
P2 Eg 222 TE
8T 2 ¢ © 0 & 2 » & g O
o © ® ¢ > S n
o Q - Ll’/)() © ()
= c O
B Y
wiladuitu (Lithoclasses)
JUM 3.12 unugiuuunadad (Box plot) WAAINITNTEANYAUNUIVDITUIUIG 14 ¥ila WuTl
YULBIPURY TUDBN

1 QIQJ

daugui 3.14 LU U TUUUNEBIUERINIINTTINBANNUIVDILEIIA LE NUNTU
Fuguihazneudnmunuininuanluiuil lawnfuniden nsin Aumilesvunsisuay

NTIALALNTIY AIUAIRUNIINTEINLANUNUNIUTIUNG Rdeegsendng 1.50 wns B9 22.00

wns wazdoyaluyie IQR wagegsening 3.40 Wes A9 11.40 waslaeien IQR wagwiiy
a dl

8.00m5 AuwlenUunsedutuiuiniiamauniigeaan 96 was uarAundedtrminung
d9gm 917U 29 Yoya
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100 X :

X EXTREME
WALUES
°© ¥

0 X

2]

) « | ol
) i u El
8 g o LB [752)
o
4 Median
g I LBV [25:2)
o
=
» 2 -15H
0 [ A A ) I A I R (N I 0 oL

EXTREME | #
WALLES

*
00 GO ® ¥

T

*
o

[ ]

AUNUT (LURT)

Explanation

UBV=Upper bound value
at 75"percentile (Q3)

H=Inter Quartile Range (IQR)

—

LBV=Lower bound value at
25™percentile (Q1)

—~- 5 5 = = ©5 ©W © T +£ £ > > > e Mean
] v O = =
> 5§ 5§ 2 z 8 & & &§ ° v T T 35
O a6 w © O A u A own > v U U
O o g 2 ¥ > o x > 2 3 2
2 Ee s 38225 &
O © O
= 2 v &
O
wn

FATUAY (Lithoclasses)

JUN 3.13 unuQilluunaas (Box plot) WARINTTNTEALAUNUIVBIVUTIUNY 14 viln
Uhaitunduiiuguingnaunsinaiias (High terrace aquifer)

MMRaNTATIEEnIsnsEeAImLsuiluzul 3.9-3.14 andiuldh deyatuiiv
filsanvgunaizuiaia (Borehole logs) fmnuAnun (Outlier) Aeudnsunn tneidefiansan
foyalutniiinisnszaiedund woagulidn vinaveuLsmuedsUszIn 18 Was lng
YouLsnuAinnz fusenvuInIvuRzTuAnUsTIN 2 s druuinanatussuiiade
Uszanm 21,50 w3 luvhuesfeafunsdlieszimudnuarennssdine wud fufivy
fuduihngnounging1tnas (Qht) SarumuniedeUssana 1650 wns wasiufituiiugu
pznouLm (Qfd) SarumuiedeUszana 2050 weslumanduiy iefinnsandeyaluris
Inter quartile range (IOR) woasUléin UnaeULswmULAAETEINA 7 WA dauudin
nNaNauBMULRALUTEIN 8.50 LA ﬁuﬁ%uﬁuéjmﬁmzﬂaumzﬁﬂéwﬁwqﬂ (Qht )dAumu
WAnUsEnn 6 Wns wariufituiiudinhagnoutmn (Qfd) faumunadeUssunm 8 was
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100 X - :
: )
WaLUES
i X X ol T ¥ S
- X 8
L o
X
o o 8 =
I o >K X X 8
% ° x 8|
~ g o] § o (e} o g +1.
o o I g i UEY [753]
- - 8 8 © @ Median
&= X g s LEY [2552)
= o 2
\(: g -15H
= o | T S
s 0 - ol ® || |*| SR
3H
27 | . . (B
& L
B ] || ] EXTREME | #
L N WALUES
r | Explanation
- — UBV=Upper bound value
at 75"percentile (Q3)
L H=Inter Quartile Range (IQR)
LBV=Lower bound value at
— - 25"percentile (Q1)
1 ! ! ! ! ! ! ! ! ! ! ! ! ! e Mean
- ©O O ! ] O © o © = = >~ > >
o ¢ ¢ ¢ 9 ¢ ¢ ¢ ¢ F F /8 ®™ ®©
2 8 ®8 = = © © © © AN o1
© %] (V2] © © [%2) (%] %] (%) _8\ - ; v
O o Y > w0 >~ >
2 E 5 = 2 0 £ g e =
T =2 ¢ © o T > % & 5 O
0o 8 © = 2 L) wn
) Ne) — O
= c v O
©
V)

FUAYUAY (Lithoclasses)

JUN 3.14 unugiluuunaas (Box plot) WARINTINTEALAUNUIVBIYUTUNY 14 viln
UInanuntusinguiinenaudin (Flood plain deposit aquifer)

nanaszimmmulugu 3.9 314 WumsRiorsanlusy fdu Telddn
Wisdulufifuunds dufie wsyateyanutaanudnesnidu 3 szdu Usznausie 1) ¥
arwdntoondt 60 wes @umialvg) 2) Yaeermdnseiing 60- 100 wns (Furigu)
wa 3) T3 muENINNNT 100 wng (Futhnenad) Tnevis 3 52y wsfinsanesnnuvey
LEIUAZNANIUBIFIBITUAL UNLTILUUNFDIARIAAMUIMNTEFUAIIEN FauandlugUT

3.15 woazulai
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120
[ v o ' % o : *
- YauLsIunTuAN NANMLB4 VOULBIUAY TUBBN
[ Yot E,
100 -
- X * @
: % 8 % ] . E
L » g
80 L 2 ............ ¥ uey (e
— r E Median
) L o Bl L ¥ . LB [255)
e © © o [
= + S
= L X ° =
= 60 i “ 8 >§
< L X
g X o ° o
€ L8 8 °
0L ° g o 0
r o e} o : .
Lo 8 § § g Explanation
r g % UBV=Upper bound value
20 at 75™percentile (Q3)
: H=Inter Quartile Range (IQR)
[ LBV=Lower bound value at
r 25"percentile (Q1)
0 ! ! 1 1 1 1
o o o o o o o o o e Mean
e 2 8 % 8 & 8§ 8 =8
O O O

YRANUANVNIY (1AT)

3UN 3.15 urugiuuunded (Box plot) LaAINITNIEINYAUNUIVOITUIY WUIMUTEIU
ANUANVANLANELAEUSBUMB UM NUTIVRUKBINURE TUAN AxTusanta NaI9
o3

1) dsanudniiosnd 60 was luthedl Aufinansussafiaunfunniian wiiu 52
foya Feflerfinundgeaniviniu 60 was anuvuiiedslutisiinisnszaned
YNy 20 Wes (ngdunn) 16.5 1WAT (NA19LB49) Uag 24 L1uns (ayTueen)
ALEY

Y ¥
a A a

2) 9AINUANTENING 60- 100 bUAT TUYIIT NUNVBULDINIUALIUDBNLARAUNR
WINNFAWINAU 10 Taya FallAdaUnfgeaniniu 90 Luns danuvuiiaie

q
o

lugrainsnszatesdnduindu 18 wes (meiunn) 39 wns (Na1Les) uay 24
WA (MzTueen) MUaIny

3) gaeudnannd 100wy Tutedl fufinanaudsdiafiaunfunniigaiiu 5
foya Beflenfinundgeaniviniu 98 was anuvuniedslutisiinisnszaned
Un@winnu 31 1as (nedunn) 42 1Was (Naakes) way 21 1uas (Aziuean)
AUAPY
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3.3.3 NNFIATIZANEDALIINUTN (Spatial statistical analysis)

v '
a A I

N15ATIEAN AR UNdmTuwsmalug Usenauaiy n1siwseudeya n1s
AnTzidndiutuiudeadn (Hydrofacies proportion statistics) wavad1suuudiansnsle
unsulpsmsinuil YssandlfiuusraoniTounsululusunsy SGeMs (Remy et al., 2009)
diolianesinauieadn uarannsnesuielddedl

3.3.3.1 mam%wﬁauﬂa (Data preparation)

Usznaunie N15AnuaTiinuestuitu (Defining of hydofacies units) kagn1sLnTe
U8ya Experimental data ieldlunisiasigvimsanfifsiuiivesaamalvglne3s
WUUT189913 loUNTY

1) MIAAUATLAVBITURAU

o

ToyatuiuveIUauInaTIuIu 210 Ue aggnitwuniuy (Re-classified) wasununld
Tunsimunfuussai (ndicator variable) warluiilasiSenin "Hydrofacies Unit: HFU"
WiepuayaInlun1TInein9ainssdl (Geostatistical analysis) Seifert and Jensen
(1999) uay Deutsch (2002) wuzihliuvsslaiuliiud 2-3 via dodu nsanwbaslduus
yiafulfivdoud 3 ndu (M39713.5) aunmauiRnistanildueaduiiu (Permeability

1%
o

classes) Usznaunay %uuﬂﬁq\‘i (High permeability class) Furhlgurunans (Moderate
permeability class) wazduninlgsn (Low permeability class) (Marsily et al.,, 1998,
Michael and Voss, 2009) Inenduiiufiaildgsdian K unnin10* wns/Aund nduiiudisa
whldaunans i K seming 107 9 10° wns/Aunit wagnguitudiuiilés fien K desnd
10" lwns/Aund 915199 3.5 LLammﬁufu'qﬂEjmﬁm%’juﬁumuamamﬁ’ami%mfﬂﬁ WaznIs
MUUARILUIWUUAYHE A15ANMUA Hydrofacies Unit (HFU) Usgnaunie:

- nauduleiga (High permeability class) fuuadu HFU-1
- ngudunlauunans (Moderate permeability class) inuailu HFU-2 uaz
- naudulesn (Low permeability class) fvuaiduy HFU-3

5UT 3.16 uansieegesnsimuadiLls (Coding) wesUa TH-445 LWy Juiinuuan
Hu Auwdloadunse Gilty clay) Aifien K=1.28x10" was/Aundt Aagtnumiu 2 (Code=2)
Hudu
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[
& a o

A9197 3.5 nsutanguuiiatufiuiduiusfugaandinisduinld waznsimuaduys

LL‘U‘UWU‘L!
o o N Range of K, - HFU Indicator
annu* FuUATUIU (Lithoclass) Permeability class
(m/s) code code

A9  (Gravel), wnNI8RYIU

(Coarse sand), ns18U1unang

(Medium sand), N318LagNTIN ~ ¥y

Fuulaas

(1-7) | (Sand and gravel), n3IUY >10" ) HFU-1 1
(High permeable)
1518 (Sandy gravel), ns1eUy
n59@ (Gravelly  sand), N3¢

azidum (Fine sand)

nsrgdunuiniien (Clayey
sand), ns1gdUNLNBUNT Y

(Silty  sand), aznounsievu Fudhlaunans
(8-13) | 518 (Sandy silt), Axnaunse 10" to 10° ( Moderate HFU-2 2
(Silt), Auntlervunsie (Sandy permeable)
clay), Aunilervungnaunsiey
(Silty clay)
14 | fuwmilen (Clay) <10" Gl HFU-3 3

(Low permeable)

[

* APUNIUANTIN 3.4

2) M3MIEUTBYA Experimental data

manssndeyaduusuuusuldmiuiivieisonin Experimental data titeldlu
TUsuNTY SGeMS fauanasnogaveste TH-445  lumisnad 3.6 Inedeyaszgninienly
sULUUIWE (Dat) muguiuuvesTusunsy Wislflutunewiinsziuuusinen-slounsy uay
wuvINaesalnuAaRAAILIS Sequential Indicator Simulation, SISIM s &6y

3.3.3.2 dndiutuiiun1sads (Hydrofacies proportion statistics)

[

Fodnuduiiu (Hydrofacies proportion) Lﬂuammiﬂ,uiﬂiaaamLLﬁﬂﬂ%LWﬂMLL@Q
mialngiinsnszanedivestuiiu (Hydrofacies unit, HFU) Lmawzjum"luammumlmm
a'lu'1mwﬂﬁimamsqmﬂmaz&aﬂzjwuﬂsﬁ (Seifert and Jensen, 1999) wena1nij dndrutuiiu
Tufiefinudfyegrannlunmsadrauuusiasmnessainel Geological model) mu
33013 Indicator  simulation  Inednaiuduiiuiildainnisinsiziluituiing smalng
Usenaume HFU-1 iidusesay 48, HFU-2 winnusesay 14 way HFU-3 winfudesay 38
a1y a3unelddn manszanefvestuiivluussnelvg) fevas 48 Hunguuestuiuiil




Depth below ground surface, in meters

Generalized ‘ Lithaéiass Hydrofacies Unit
Lithology | 0
0 R \\'\‘\\\\‘5 ) 'b‘
AN Silty clay 2 |
Aquitard
Clay 3
M
| Sand and gravel 1
Clay L)
Sandy gravel 1
| Clay &
72 °
A
— ! Clayey sand 2 Hat Yai
EER o s Fine gravel 1 D
40— 55
/ . Clay 3
& /?///Z
Ripnior 2 —*
ek
. " t«* ;| Sandand gravel 1
B0 o T 1
_///I,-/'; //-’;"E
f/ 2 // ’4
4 ///,f;ﬁ Silty clay el ﬁ—"”
60_//’ /;// it // | 2 S
Pt i 28
//:" At
/ v o
A ’/:
7 //7 e
70— Y /; Clay 3
/ § //
Fs /‘I \
e —® 1
S ' Sand and gravel 1 Khu Tao
: : | Aquifer
|
I 90
90 .
Note

Hydrofacies Unit: 1= High permeable; 2= Moderate permeable; 3= Low permeable

U 3.16 fegnansimun Hydrofacies unit (HFU) waaUe TH-d45
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Well | Depth | X-coor | Y-coor z Lithoclass HFU | Ind. | Ind. | Ind.
name | (m) (m, msl.) 1 2 3
445 1.5 661662 | 777558 3.87 Silty clay 2 0 1 0
445 3 661662 | 777558 3.12 Silty clay 2 0 1 0
445 4.5 661662 | 777558 1.62 Clay 3 0 0 1
445 6 661662 | 777558 0.12 Clay 3 0 0 1
445 7.5 | 661662 | 777558 -1.38 Clay 3 0 0 1
445 9 661662 | 777558 -2.88 Clay 3 0 0 1
445 105 | 661662 | 777558 -4.38 Clay 3 0 0 1
445 12 | 661662 | 777558 -5.88 Clay 3 0 0 1
445 135 | 661662 | 777558 -7.38 Clay 3 0 0 1
445 15 661662 | 777558 -8.88 Clay 3 0 0 1
445 16.5 | 661662 | 777558 | -10.38 Clay 3 0 0 1
445 18 | 661662 | 777558 | -11.88 Clay 3 0 0 1
445 19.5 | 661662 | 777558 | -13.38 Clay 3 0 0 1
445 21 661662 | 777558 -14.88 Clay 3 0 0 1
445 225 | 661662 | 777558 | -16.38 Sand and gravel 1 1 0 0
445 24 661662 | 777558 -17.88 Clay 3 0 0 1
445 255 | 661662 | 777558 | -19.38 Sandy gravel 1 1 0 0
445 27 661662 | 777558 -20.88 Clay 3 0 0 1
445 285 | 661662 | 777558 | -22.38 Clay 3 0 0 1
445 30 | 661662 | 777558 | -23.88 Clay 3 0 0 1
445 31.5 | 661662 | 777558 | -25.38 Clay 3 0 0 1
445 33 | 661662 | 777558 | -26.88 Clay 3 0 0 1
445 345 | 661662 | 777558 | -28.38 Clayey sand 2 0 1 0
445 36 661662 | 777558 | -29.88 Clayey sand 2 0 1 0
445 375 | 661662 | 777558 | -31.38 Clayey sand 2 0 1 0
445 39 661662 | 777558 | -32.88 Fine gravel 1 1 0 0
445 40.5 | 661662 | 777558 | -34.38 Clay 3 0 0 1
445 42 | 661662 | 777558 | -35.88 Clay 3 0 0 1
445 435 | 661662 | 777558 | -37.38 Clay 3 0 0 1
445 a5 661662 | 777558 | -38.88 Sand and gravel 1 1 0 0
445 46.5 | 661662 | 777558 | -40.38 Sand and gravel 1 1 0 0
445 a8 661662 | 777558 | -41.88 Sand and gravel 1 1 0 0
445 49.5 | 661662 | 777558 | -43.38 Sand and gravel 1 1 0 0
445 51 661662 | 777558 | -44.88 Sand and gravel 1 1 0 0

Note: HFU = Hydrofacies unit; Ind. = Indicator




a8

aranansalunsfusulige Insedafiulunguiisznaudie nsn nae nmnvunse
yselungneunse waenevuiunies Sovas 38 WHunquuestuiuiidauaninsely
nsBurulden oA fuwies uardesas 14 \Dunduvestuiiuiiiauananselunsfus
laUrunans laun agnaunsiedunsity Aunllerdunsng agnaunsiowas Aunileivu
ENOUNIIY

nsdifdesnsesunelifiudndiunadnvesduiulin (Aquifen) vie Fuiuduii
(Aquitard) a’lm'ﬁaﬁ’ﬂﬁi%LLEJﬂ@%U’]&JLfJu%u"] (Layer-cake model) (Seifert and Jensen,
1999; Quental et al, 2012) fuu msAnwaSsiiFudstuiuasduiuioendu 6 $u %
gonndesfuuuaesdunaniuide 3.3.1 saumumunstaruawindy 180 was (-165.0
fla +15.00 m. MSL) 3Uf 3.17 wanaseasBenduiiusia 6 $u (Layen) Usznaudg

(%
U a

Layer 1 w1 15 wms (0.00 i +15.00m.) frsmundudufiutui 1 (Aquitard 1)
‘Layer 2 W1 45 503 (-65.00 83 0.00m.) fvuaidudurivnelug (Hat Yai aquifer)
-Layer 3 #u1 15 tums (-60.00 81 -45.00m.) svuaduduiiutuh 2 (Aquitard 2)
Layer 4 911 45 A3 (-105.00 84 -60.00m.) fuaidiuduiieui

-Layer 5 W1 15 s (-120.00 @9 -105.00m.) iviuatdugufunuin 3 (Aquitard 3)

Layer 6 WU 45 w5 (-165.00 8¢ 120.00m.) svuaduduinened

H 1224

H1223

HT787 RTC 216 Elevation (m, MSL)

B o AU +15

E 0- . AR layer 1
= o Vs Layer 2 (HY)
£ 40 SN
| SRR Layer 3
% © " | KhuTao dquler - S
§ A it ] Layer 4 (KT)
-120 - . NN Laver5
460~ _Kho Hong squifer 2 Layer 6 (KH)
i g o -165

(a) (b)
gﬂﬁ 3.17 (a) MWARYINNNETAINEay (b) layer—cake model

ﬁuauaﬂiwumﬂwammumma 210 Us Andumanuendsiy 13,140 LS Lavanunsa
E)ﬁ‘U’]EJLLUQWWNH@&’JU%H%UHUU’]LLﬁJUU‘MUI%U’] mzumiaEJawﬁuaaﬁuamaMﬂiuﬁ]waiuﬁuuMWQG] i)
F1915799 3.7 WU dedutuudmSy HFU-1 wag HFU-2 wuannluduit 2 (%ummmimg)
Uszanas 55% Usuanliudaeuinduiulind @enadestfuuvusiasnduunnn) luviues
ety Tudud 4 (ﬁﬁzuﬁwqwh) Useanm 729%  uazdudl 6 (Fudineved) Uszunas 94%
puddty Tumanduusuduih @uil 3 uee 5) wudadaruduiiu HFU-3 Guindlen) ge duie
Fuit 3 WU 58% uazduil 5 Wiafu 5% audndu dmsudud 1 wuin Sdedrutuiiu
HFU-1 Wiy 46%, HFU-2 wihifu 9% way HFU-3 winiu 45% Taensfidnaausuiiu HFU-1
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Hydrofacies proportion (%)
Hydrofacies Layer 1 Layer 2 Layer 3 Layer 4 Layer 5 Layer 6
unit (Aquitard) | (Hat Yai (Aquitard) | (Khu Tao | (Aquitard) | (Kho Hong
(HFU) aquifer) aquifer) aquifer)
HFU-1 a6 a5 32 60 20 85
HFU -2 9 10 14 12 26 12
HFU -3 a5 a5 54 28 54 3
% Borehole |  11.37 54.45 10.8 16.89 261 3.88
farlndiAosiuiuiu  HFU-3 du efuneldi dufiutuuuaneratianuliduiedoaty
(Heterogeneity) #1471 93 wazamz (2527) w@uebiin %’juuuqﬂLﬂu%’jmf%wul%lmqﬁuﬁqﬁ

WS9AU (Unconfined to semi-confined aquifer) Wufe Ushimveukssagidutuiuuuls
usenu waztdutuinfiussiuusnunalawes duwsunisnseaneivestuiuludunige nui

(%

“FuRUAUUI: 11.37% (Layer 1), 10.80% (Layer 3), kag 2.61% (Layer 5)
juRUlAUN: 54.54% (Layer 2), 16.89% (Layer 4), uag 3.88% (Layer 6)

[ % [% ' ¥ [ ' o
v A o 1Y

yiail dndrutuiunuandigeluduil 2 Guumielng) Uszanm 55%  dadutudd
nslhunniiaalufufinsemalg) vaeidud 6 Guiaonsd) wuiflesszann 4% edue
1§31 fnnsldumaluduinpensddes Tnsarnnisussunisldinunalufiuiies
mailng) (unil 2) wut dndunsldihwestudwnelug: e Aeved Sy 60: 30:
10 iy Fevhlivenimaluduihifvinatesdeduiu dwsud 3.18 uansnisnszans
fmesteuimafiléviannstvuatuiiy

3.3.3.3 LUUT1889913Lo1N U (Indicator variogram model)
1) AMSAINUANITILMDSWUUINADIINS Lo TY

3w Tmesaneg Aldlunsiuanuusiasni3lownsuuenauiiinig
W51 (Horizontal direction) waguuifa (Vertical direction) Usenaudag seezi Lag
distance Tunas Uiy 500 wng Fafvualagnsfiansannsseyinaosgaseninee
vIAa YU TITEELALIRWTIIAU 1.50 Wes fansanandeyanquiang @nsiudeya
suu‘wwm 1.50 Lms) d1115UN15WA57IFNS (Direction information) Tun13A1uIMI351e
wnsuth miﬁﬂ‘mulﬁm'}ﬂmaaqmmmuwmummLLmivm*u (Azimuth) WAy 0° (East-
West), 45° (North East-South West), 90° (North-South) and 135° (North West-South
East) A3 (Dip angle) MwiuawinAu 0, 5, 10, 15, uag 20 891 wavA1 Tolerance angle
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V-]
e

-%3
S 150
2]
W 545000
G
SN0 ‘ P
£l o
& e
£650010 b -
ﬁg@ O Fydrofacies unit. H=U
{,)/f,/ A )
\.{—5) 660000 ! H=U-1
i
’ i <g‘) | H=LE
665000 ag
. [RIREEN
70000 5
ey

5UM 3.18 N13n3¥2M8MYRIUBUIANANAIIINITUATUIY

MAUAYINTU 22.5 wag 90 A1 Range  LarANULUIUTIWANAAN19A19q Aldaziunis
ATIVABUANNFFIUNTININGIN waamalvgiiisunuuanuduiusvestuiiuluiianisle
(Azimuth and dip angle) lnaia1504191NENYULN1TNTZAIBUDY Experimental data

Poyadrdmiuldmuinluiuuitasanilownsunuuuisulasiulnwiandly
M1319 3.8 N13AUINAIAILLUTUTIU (Semi-variance, Y(h)) VBITUiuNg 3 viln NFuURUS
fuszeznanduvidla s logldaunisi (3.6) aniduinng Fit deyamefladdu Spherical,
Exponential, waz Gaussian wdaiansadenileaduiinignainatduyssdnsainuunieia
.. . . 2, a P a I A v v v s o
(Coefficient of determination, R") fiuniiga lagfiasanmIiliniuauduiusiauuisu
LAZLUIA

2) HANSANHILUUIIABIINS IOUNTY

NaNkUUSIaen13lewnsy nu1 AuduTusIuLuTIUty Tufiennediset ld
wupuLansauuiiteddy fatu Sudenlduasin Omnidirectional viteldidusuny
frmafiuamannuduiusuestuiiu Ritzi et al, 2000; Proc et al, 2004) HaRNNS
Ansginvudiassnilewnsufuanddunsnad 3.9 waga19199 3.10 agUliin Aeddu
Exponential mmsau"lumﬂ%@%mstmé’mﬁuﬁ‘@qﬁuﬁmaﬁaaﬂa%ﬁuﬁﬂuLLEJ'@W@”LijMﬂ
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4
an 19

bbUIFN

e Tde

1 2 dl b4 1 ! o U a o U a
1R legsening 0.76- 0.86 dmTUNANINWWITIVU Wag 0.93-0.97 dmuiiAng
Wy NsAnwiaiiausanigianlian Aty Exponential Wity 3UN 3.19

b9

wag3UTl 3.20 WARIKUUIIAB9ITLOUNTUVRITUAUNY 3 A MIULUITIVLAZLUIAT
ALEIRNY

A15199 3.8 Wsimasudndmsuldamuialunuuinasislewnsy

Parameter input Horizontal direction Vertical direction

-Lag information

Number of lags 40 50
Lag separation 500 1.50
Lag tolerance 250 0.75
- Direction information

Azimuth angle (Degree) 0 90
Dip angle (Degree) 0 0
Tolerance angle (Degree) 90 (Omni-directional) 5
Bandwidth (m.) 100,000 1.50

svpznefituiiuuiazeiiadnuduiusiuluwuisiu (Horizontal  correlation
length,A,) WAU 2,235, 1,770, Wazl,688 twns m1auwlsusiu (Sill, Cs) winnu 0.25,
0.10, wae 0.24 dmsU HFU-1, HFU-2, uaz HFU-3 mudidu mannuuususiudils wud
aannaRITuUAIMULUTUTIUAUNGE] (Theoretical sill) Farmuanann p(1-p) Lﬁap k)
Fnanutuiiu dmiue Nugget effect (Cy) Wulmunﬂsﬁzuﬁu asurglaiierainanduiu
Toyauinaliiiesne w3eiinan Error Guaﬁamuaﬁw (Measurement Error) (Deutsch,
2002) uen9Ni seduANATLAFRuT (Spatial class) muuuasuegluseduliunans
(Moderate spatial dependency) tfufia fF1 Nugget ratio (Nugget/sill) 9EYI¥NINY 25-75%
(Cambardella et al., 1994)

Tuiueniienfy svezmefiduiiuudazasiadauduiusiulunuai (Vertical
correlation length ,A,) 111U 25, 30, Laz23 Was AANLUTUTIU (Sill, C,) U 0.16,
0.08, wag 0.17 dm3U HFU-1, HFU-2, wag HFU-3 @1udifu @nsuan A, AaT annsaus
vondemnumuvestutile (Felletti et al, 2006) tufe 4l (Aquifer unit) e
Uszanas 25-30 a5 aauduiu (Aquitard unit) finnunudsUseinm 23 wes vaisd
szuAUFUTUS iUl (Spatial class) mmmﬁqagﬂuisﬁuﬁ (Strong  spatial
dependency) 1ufie fA1 Nugget ratio (Nugget/sill) Tfosnin 25%
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A15199 3.9 1151BLNSUNITITLADIANUKUITIU

HEU Models 7 RS Variogram parameter Spatial
G C A (m) | G Cy/Ce class
Exponential | 0.8592 | 0.0034 | 0.12 0.13 | 2,235 | 0.25 | 48.00 M
HFU-1 | Gaussian 0.8380 | 0.0040 | 0.12 0.13 1,665 | 0.25 | 48.00 M
Spherical 0.8359 | 0.0041 | 0.12 0.13 1,166 | 0.25 | 48.00 M
Exponential | 0.7647 | 0.0046 | 0.02 0.08 | 1,770 | 0.10 | 20.00 M
HFU-2 | Gaussian 0.7414 | 0.0048 | 0.02 0.08 1,315 | 0.10 | 20.00 M
Spherical 0.7341 | 0.0049 | 0.02 0.08 915 0.10 | 20.00 M
Exponential | 0.8621 | 0.0190 | 0.10 0.14 | 1,188 | 0.24 | 41.67 M
HFU-3 | Gaussian 0.8669 | 00189 | 0.10 | 014 | 1,322 | 024 | 4167 M
Spherical 0.8597 | 0.0186 | 0.10 0.14 956 0.24 | 41.67 M

A15797 3.10 213lounsunTnesAuLLIRa
) Variogram parameter Spatial

HFU Models R RSS

Co G A, m) | G Co/Ce class
Exponential | 0.9330 | 0.0091 | 0.01 | 0.153 25 | 0.163 | 6.13 S
HFU-1 | Gaussian 0.8936 | 0.0113 | 0.01 | 0.155 25 0.165 | 6.06 S
Spherical 0.8381 | 0.0127 | 0.02 | 0.145 17 0.165 | 12.12 S
Exponential | 0.9683 | 0.0006 | 0.003 | 0.08 30 | 0.083 | 3.61 S
HFU-2 | Spherical 0.8724 | 0.0026 | 0.01 0.07 21 0.080 | 12.50 S
Gaussian 0.8632 | 0.0027 | 0.001 | 0.08 23 0.081 | 1.23 S
Exponential | 0.9552 | 0.0033 | 0.001 | 0.175 23 | 0.176 | 0.57 S
HFU-3 | Gaussian 0.9204 | 0.0057 | 0.02 0.16 23 0.180 | 11.11 S
Spherical 0.8926 | 0.0080 | 0.03 | 0.145 16 0.175 | 17.14 S

Note: HFU= Hydrofacies unit; R’ = Coefficient of determination; RSS = Residual sum of squares; C,
= nugget; C; = models component according to Eqg. (3.2)43.4); C; = Sill, Kh = horizontal

correlation length; Kv = vertical correlation length, Unit of C/Cs = Percent spatial class: S =
Strong spatial dependency (Cy/Cs< 25%); M = Moderate spatial dependency (C,/Cs=25-75%), W=
Weak spatial dependency (C,/Cs>75%).
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0.3

y (h)

0 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000
h (m)

UM 3.19 wuuiaennsleunsununuisiuilisuliiguanuduiusideiunveatuiue 3
yilp 1@UUTE A9 Experimental data @uldudiu A9 variogram fitting

0.25
0.2
[ nnggﬁagg
0.15 }
=@ -- HFU-I
= ~~&--- HFU-2
=
[ --@-- HFU3
0.1
0.05 }
0 1 L ' 1 L ' 1
0 10 20 30 40 50 60 70 20

h (m)

UM 3.20 wuudaennsleunsunuuwuifalIeuiguauENTuS s NuNve stuiiua 3
yilp 1@UUTE A9 Experimental data @uldudiu Ae variogram fitting



54

NITULUTAIUNLIEAINNAUDY Experimental variogram ﬁum%y’uﬁuﬁlugﬂﬁ 3.19 uay
3.20 WU Fuiiu HFU-1, HFU-2 uay HFU-3 113 LOKNIUAURUITIVADAARBINIUNEG W) Ty
Ao AALLUTUTIUTaTNA (Total sill, Cy) wiiuAImMIamged (Theoretical sill) wazdl
SnwaziBunuu Cyclicity vausfinn3lonnsunuuuin Llaonndosnungud Jufe AR
wUsUTILTaIn agAIamnEg uaziidnuazuuy Zonal anisotropy (Areal trend)

3.3.4 wuUINABITUAUISalNLAGAA (Stochastic hydrofacies model)

nsaanuusiaesuiiu (Hydrofacies model) lunisdnwiilusznausedunau
fine St (1) ad1auuusaesuiiudaeds Sequential indicator simulation: SISIM (2) ¥
n13 Simplify Snwazduih 1neldia Categorical  transformation:  TRANSCAT iag (3)
AnszrinansTaesiily

3.3.4.1 Stochastic hydrofacies simulation using SISIM method

m5a%WQLLUU§1aaq%'uﬁuLLéqmme[,mgﬁ?'umﬂm'ﬁﬁmummm% (Grid size) @1y
WS (%, y) Warkuane () Tnefinnsanainaun wasssduituiidne smusliuunnnia
LUUANADUNIAU 500x500x3m (X, y, 2) FeRmdu 330,000 n3nwwad (50x110x60 cells)
ANt vue Parameter iAgadomnRinnsves SISIM 1

37U Realization =30

“ndnutuiiu (Hydrofacies proportion), HFU-1: HFU-2: HFU-3 = 0.48: 0.14: 0.38

ialewnsumnsnines (1nm15197 3.9 waz 3.10) tngldA1anilsddu Exponential
WINAUUARIL HFU-1, HFU-2, HFU-3 Usznauag Nugget (Cy), Total sill (C,), Horizontal
range (A), Vertical range (A,)

fati @unnsi (3.5) arunsaeulunilansaunisi (3.9)

(U, ) = 1 if hydr.ofaciesk prevails at location uu’ k=12 and 3 (3.9)
0 otherwise

dlo Ko Fudiuta 3 vila (HFU-1, HFU-2, HFU-3)

Han1TEsItLUUTNaestURuLesaluglaedd SISIM  Fudenainduau 30
realization  fawanslugun 3.21 uansliiudnwartuiiundanulidullodsiu uasd
AUFULOUVDITULN
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5UN 3.21 wuudnaesunuusaaluglag3s SISIM

3.3.4.2 Post-processing using TRANSCAT

NAN13Y Post-processing 1aeis TRANSCAT (gﬂﬁ 3.22 uay Fence diagram Iugﬂﬁ
3.23) uandliiunmsmesadudilddautudowsoudoutuma SISM (U7 3.21) wut
Snunrnsnsyaedesiuiiuaenadesiudnuargnnssdine dufle uinunanaugsiiy
pEnouiisIUvhuEs (Floodplain deposit) ﬂiaUﬂquﬁuﬁéwmammMmj FUNBUNNGT WA
U3nTeur saauastan asUsznaudie Fufiundy HFU-1 wag HFU-2 Tasnssaduify
Fupumien (HFU-3) sauzfivdnameunssnaosinasduinlduosusifidu High terrace
deposit vesiiuiisnnenasmeslts avUsznaudie %y’uﬁumju HFU-1 udaulng i
adufutuRumionue (HFU-3)

druzuil 3.24 wanan AL an-nn WU Anvurn1TneiaTestuiudy
ihaenrdosfuiuudasadanin ndmie Usznaude sudmalng euwiuay Aoned
auasu Tnsasfidutuiiunsnseninedudvieany sudhmelng duduiswseiu (Semi-
confined) tfufe UTAINALEs (S unomalug) Husufutmunyssana 10-20m Unpgu
Fuiuliidinundszana 3050m  Taenudn USnanatsuswwestutivialag oz
Usgneudetuiiunguduildviunans (HFU-2) Hudulng anefivinueuusadiudie
nzFunniiududivinliusedu (Unconfined) duiivdniluginguduninldgs (HFU-1) dou
Uinnweuussiufiany Tusen Usznaudetuiumieauieg UNAGUATUUY %y’wf’]@wimaz
Futhnandduduiuuuiiuseiu (Confined aquifer) fimnumunyszana 10-30m wuda Hu



Hudluegilungungudninlegs (HFU-1) wag Svuiungudud
agUn4lAglanzuTIUNA LSS

VaUrunans (HFU-2) Ygu

GESINL

Hycrofacies unit, HFU

IHFU-1

| HFU-2
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,‘I‘ ;9

IHFU-3

Hydr=facles unlt, HFL
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Y

3.23 Fence diagram of SISIM with TRANSCAT
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- [ High parmeabile (HFU-1) [ Modersts permeabls (HFU-2) [l Low parmeaable (HFU-S) [ Bedrock "

I e ey FTYA27S De5: | .
D05 1 . U-Tapeo River Agquiter layer
+au. 2
“F
2 Hat Yai
£ -t
-120
160 ] 2 Kho Hong
=200
HALD0D HHO000 LB GEOOOO HEL NI HPOO00
UTM_X (m)

5UN 3.24 AmARTIIILWIRg TURN-R TURBNLUUTABITUIY

3.3.4.3 N15USLLULUUINADITURY

nMsUszliunanLuUSaeuiuiiléainda sISIM waz TRANSCAT @wnsavildlag
A15#1315841910 Visual inspection Fndruduiiu (Hydrofacies proportion) WagAIUAUNUS
L‘?N‘ﬁuﬁ (Spatial correlation) (Seifert and Jensen, 1999; Almiada, 2010; dell’Arciprete
et al., 2012, and Koch et al., 2014)

1) Visual inspection

Nan1591aesuUy 3 I3 990 SISM Tuguil 3.21 uandvidiuisanuuisusulutag
&uq (small scale variation) wazmuliduiloiorfuresduilunsonmalng Tunis
p3siutna nan15s1a8397n TRANSCAT (3Uf 3.22) thuuandliifudnuassuilddaauiy
wazaenAdesTuLUUTRenTuATIiEUelnY 27 wazany (2527)

I
[ v a

2) dndIUTUR

NANNERUUNITANUANITIRMDSAWANAINY (WU M3LBNTUNISIRMBS) §719%1

Tidnduguitunsunazndsdnassiialimindule (dell’Arciprete et al., 2012) Astiu Tung

a va=e !

ﬂgummmimmaauammaﬁlﬁﬁmmaamé’mé’@dauﬁﬁwLéﬁww%hi (Deutsch, 1998) M54
7l 3.11 Wisuidsudaduduiviifniundminnssasauisuiieutuaiindlusues
Aady (Mean) LLazdauLﬁmwummgm (Standard deviation) 11435 SISIM uaz TRANSCAT
330z 30 Realizations HanladaserldinAmnuulsusiuvesdndruduiiuiilane 2 33 fd

I8
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3) ANUAUNUSLTINUN

3.1) iladidu Exponential  gnidenldeiuisanuduiudifeiuiivostuiiulunss
nalngy Fefansananadulssansanuuniede (Coefficient of determination, R) 7
unilge warasaadosfiuauidedu q dviuusauimanznoulufisiugy  (Alluvial
sediment) wuth 13launsuiladu Exponential grlfosursanuduiusideiiuiiduiu iy
Falivene et al (2007), Trevisani and Fabbri (2010), Phelps et al (2011), Simo et al
(2013), Serrano et al (2014) \Judu

AN5199 3.11 dnduTuRUELYY WazaINN153189991N91UIU 30 realizations AlwaN
LUU1aD9 SISIM thay TRANSCAT

nout Simulated proportion from | Simulated proportion from
n
Pu SISIM TRANSCAT
HFU proportion Remark
Mean Dev. Mean Dev.
(%) SD. SD.
(%) (%) (%) (%)
HFU -1 48 44.07 -3.93 0.365 | 49.00 | +1.00 0.183 .
Aquifer
HFU -2 14 19.23 +5.23 | 0.626 12.87 -1.13 0.403
HFU -3 38 36.70 -1.30 0.651 38.13 | +0.13 0.434 Aquitard

Dev. = Deviation;SD. =Standard deviation

3.2) 'ﬁzazﬁ%’uﬁuﬁmmﬁuﬁuéﬁummLLmimagjiszN 1,200 -2,200 1A5 d1useee
Fidudiufinnuduiusfumuuie Ysuendemnumnedsvestuiiusamnelng) duiie wun
Uszunas 2030 A3 denndosfuuuuiiaeaduannininualududu wazliny
mudTLEB s uTiLuY Geometric anisotropy  7i9aLau AseRudunUAMLFuRLS WU
Zonal anisotropy Snwaiziduil Deutsch (2002) ndn191 N3t Geometric anisotropy f94
f9150191N AN 1NN INE1VOINUT n30a1NRUUIIaBUTILUIRANIIETEINE

(Conceptual geologic model) @unsel Zonal anisotropy AISHANTUT 2 8819 AB 1) AN

ANULANANUDIANNLUTUTIU (Zonal) sdwuwIsruaskulne (AC) ldmisiiusesay 30
YDIAANMNLUTUTIUTIINUA ey 2) dndlu statistical anisotropy ratio (A/A,)

Tuusziiu Geometric anisotropy Iuquwa fiamanmsanaynouvestuiuiine
Suiusiuiiamanislvaveni nsdlvewuswnalngiflofinnsanannssurunsiuonluitug
Anwn wudn masuusdu 2 Teu Ao USAUIULBILAY NANILBY NA1IAD USIAUUBULBITIA
nemslvavesihaylnaanay fusnidedgluinmie luvasiinarwssiuheslnaanialg
luimile dafu sULULLAETiANI9NITINAZNBUUT NI UL LAY NAaNILBsTenaty Tuyaei
nMsinzinslewnsusaniimsaiauuusaesuiniuldduendessiiuisanaeen

[ '
I I

1NAU MEnANaTI9R Ul Anisotropy ldaau fau n1sfnwldaudenfiavesuiy
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muduTusBeuTivestuiuluuuylidsuluaufieme (sotropy or omni-directional)
drluuseiiu Zonal anisotropy wuina1 AC, fiawvindu 36%, 17%, uag 25% &msu
HFU-1, HFU-2,laz HFU-3 1816y d3uensndiu A/ALnAu 90, 60, Wway 52 d@msu
HFU-1, HFU-2, kag HFU-3 @818y wuan é’mﬁauﬁlﬁﬁlaﬂwﬁuwm%ﬁuﬁLﬁmmﬂmiﬁu

auveaudthfiluanuuaduinden (Braided fluvial) FafiAnsnsidiu Ay/A, s¥9i1d 30-100

3.4 d@yUna

Q@Uizmﬁﬁummiﬁﬂwﬂuwﬁﬁ@aﬁmaé’ﬂwmwaméqmdw (Characterization)
Tudeadd nsfneUseneude 2 dumdn Wi n1slnseimnamuduiu waenisadns
wuuraestuiiudeiBalnueaiia (Stochastic hydrofacies model) fogaudnfigninuld
Ans1esildun ayanauanzuina (Borehole log) angiuteyansunineinsiiuma 13
NMSANYISUIINNISAINUALUUT I8 0TIMUIAANIISTEINGT (Geological — conceptual
model) vawssmalug Tuie uesmalugUsznausetuli (Aquifer unit) 3 1 1w
Futhmalng) %ufwmsh wazdurnened mudu Tnefiduiui (Aquitard unit) Aunans
sewinstulifiiusazdu 91nuuusiaenduuiAnniassidinend Sauuadalunisdne
Snwaznianszaneduiiu uaranuvunduiiu meliengideyatufiudsznaudie n1si
foyatuiuiiflogsgnuusanumnelagtnssdineuds wiinreiuarsuunlniagl43s
Y99 Wentworth grain size classification (Wentworth, 1922) wag Folk classification
(Folk, 1954) wuin wswmalngiUsznaudeduiiu 14 «da andulduudmidu 3 ngu oy
muansalunsTLEuYesuiiu (Permeability class) titennuarainlunisinseidy

11 nansfnwagulanat

3.4.1 A1SAATITIRAIUAUIVUUN

MFIATIERAIUIYE T UuLAar e luBERd (Statistical) TneusnIasizinng
519NN TURLL U I uRi duTu s fusyduaudn udaduitufiveuusady
AYIUAN NA1ILBY LAzYRULBIRUAL TURBN TnavieAudnaandy 3 s¥AU Ao 1) ¥39Al
Antiosndn 60 1w (vdutivielvg) 2) 91eauBngening 60- 1003 (~uthewin) way
3) HseuEnannndt 100 wes (sutieensd) asuldi nmansgareanumusoudig
AenAABITULUUS e NTIIAN Tufe fufinarwssiimumunduiuedsuinninfiuiivey
wesansdng Useneusie daeenudntesndn 60 wns UnananawsaliAAnund (Outlier)
wnfian druanumuadglutsdinisnszanedundniitu 20 wes Geiuan), 16.5 1wns
(NANaLB9) way 24 a5 (Mxueen) AUEEU 119ANNENTEMINe 60- 100 WRTNUT Hudl
vauLssfunyTusaniiddaunfundigavintu Sammuiedslurisfinisnszaiedund
WU 18 Wns (Aziunn), 39 [T (NANNKLBY), kag 24 AT (mxiuesn) AIUaIRU 429A1U
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nuanndn 100 wes lugaei ﬁuﬁlﬂm\iLL@'\iﬁﬁ’lﬁﬂﬂﬂamﬂﬁaﬁ mumuiedglutiaing
N5¥FMUNAWINAY 31 1UAT (Azdunn), 42 1Wwas (NA19We9) wag 21 1was (Aziuean)
audu eSuneladn suhmelnaussneuseduiuiifiaumuneds 16.5 - 24 w3 $u
ihauhsgneumetuiiniiiarumuiede 18 - 39 wes wastuihnensdussnouseduiiug
firnamuniade 21 - 42 wns

3.4.2 WUUNABITUNAY

i B duTivostuiiudmiuusenalnganunsainssiuazesuneldlaeld
wuUF1ae9373Tewnsy wuinileddu Exponential variogram  finnuinzanfiazidentd
a%mEJmwué’uﬁuéL%aﬁuﬁMQ%uﬁuLLéamﬁﬂ,mjmﬂﬁqm T,maéziaaﬁ%uﬁué:uﬁwﬁmmé’uﬁué
Beufinuuunsuusyana 1,770-2,235 wns dautuiuiifidiussinn 1,188 wns vasil
sverlunnisausavsueniemnumuvesduiinle TnedaUszana 25-30 wns @autuiu
ihilaumuUssanm 23 wes seduanuduiudiefiud (Spatial class) ﬁuaa%y’uﬁua&ﬂu
5¥AUR (Strong  spatial dependency) wazU1unals (Moderate spatial dependency)
FIMSULLIRWATUUITIU ANUEIFU HAIINNTESIMUUR AT uiugeds SISIM uaz
TRANSCAT ~ wuin dnwasduindildiinnuasnndostunuusiasuduuipa duie Saa
Usgnaudietuiin 3 du elvg quin wazaonsd) fgnduiutunsnaduegseninaduih
ANHANTIATIERTI9AIIIUIYet Ut lneIEBeadn  (Statistical) wazn13 LAz
muduTuS S iuTinuuunndagisadfssainui Aitladaulndieiu fodu @wse
agUli uwuudaeadsundnvesussmaluafiauslag 23 uavany (2527) daamsnga
Tumshldldasauuuiassiumals



una 4

AsUsTuuAFuUsEaANSN1seau TN uNUY

4.1 YN

Jaymmileiinuteslunszuiunsaiuuusiasniuvimaie madonldmsines
Aeafuamautinissamans iy Ardulssaniniseeulii@uioy (Hydraulic
conductivity, K) andudszansnnsinifiu (Coefficient of storage, S) Sulszanamstnenin
(Transmissivity, T) tJusu Imsiumqﬂg'jﬂﬁﬁ?ummﬂ%wamﬂmiwmaauiuamu WY A1Tay
npgay (Pumping test) 150 Slug test Wiy Teiliesnfurausivarmansvastuii
vimafildanuanageulnenss Fuduafifinnnuindedennnidsdy egnslsAniu nsdi
wavmaeuluauiites nsldaquautfinisamansaindeyagunaaouifiodlifsmums
uldlunvudrasnivina o1dlinanissiaesdilddmueanedouanaanunduaild
ol losnanduiiuiiuduihiinnududeunazaralidudedentu Snmaandiniea
anivestuRiudutvie enaifldvatsd dadu nsussunmAmadeufionafinus iy
Fvedeuiinete 1wy BmsAnuanvuadadu Grain size analysis) 3suuudIaeddu
119%a (Inverse modeling method) A8mseheAasunguiy (Thickness weight average
method) MndeanauizUeiuina ud

matladnunemessdivelasiadswestuiuduihduiuasnduediebdunis
afrauuuiasniuima Wuiefuaudivarmansiitauddalidesnintu Tneldan
ava. maveslihduiudumnsfvesnisfiinaedanuseulmgslunsadauuusiaos
e namMwTsimugeulmuuuasiuinavessalng wui wsdmesiia
arugoul liun Arada. n1sseuliidusdiu as1n1sidutiiuinia (Groundwater
recharge) wazaUa. N13ANNUTWNIE (Specific storage) AUANU (9584, 2552) oy s
finnsandend K uldsaduduneuitddayegiann

v '
v o 1 1 a

TneunalusssuvAvestuiuguii a1 K 1uafinisiasundasnaaniilofiunas

9
1
o (T [

firmansiva msdseidiuen K lufiudinihifanududounsiussdine1dddiimaade
(Averaging technique) ?iﬁ%msmﬂ'ﬁLa?iUﬁazﬁuagjﬁ’ué’ﬂwmsmsmqﬁamaq%uﬁué:mﬁﬂ N9
NsENEfveIAn K msagthumnanisnszanewuulni (Normal distribution) d1anudives
A K liogluAadeunfivediasinsiuinn asld38nsmeadin (Statistical) 190 19U A3
ﬂizmmm%’a;ﬂa@qﬁuﬁﬁwiﬁ Kriging wag variogram n15UszanaAlutig (Interpolate)
#2838 Inverse distance weight, Nearest-neighbor Wugiu iiemuniidunisuszanamsey
fnTgendulsyaniniseeulvihdus (©) vestuiuduitluussnalungideisnisdag
ANAUVULRAY (Thickness weight average method) ndeyanquiatzieuinia lagly

61



62

NANNTIUNIRATUIAY (Lithoclass) TUUMT 3 NANTITILATIEIINNTNTLAN8AIVBIAT K 7IlA 9
gnihlUldlutumeunisasruwuudnaeniuimaluuni 5 ssly

4.2 NUNIULBNENT

Quellon et al. (2008) Anwidnuagerlliifuidederfuvesduiiuguly
Uszmauawen Tnglds Kricing thelunnsuansnsnsyanednvesinala.mseenliiingusiiy
(K) Iu%uﬁué:uﬁﬂ Suannssuunduiiu (Hydrofacies) Fesudeyarn K 91nsansnnaey
Slug test, Grain size analysis, Wiz Cone penetration test (CPT) ﬁ]’mﬁ?u FATIEIN
AuFuRUSIBaiufl (Spatial  analysis)  vestuiiuusazaiindrsuuusiasanslownsy
(Variogram model) ¥n1sinune K 15udu (K, uaz K,) TR uTuRsaz i udFI
fin K #2835 Kriged  proportions Hufte ¥hnsaasimtingredndiuduiiu (Hydrofacies
proportion) KafildannsAnuuandliifudnunznisnszatefvesd K wuuund (Normal
distribution) Al uileiferfurestuiuduiluiuiidnuignesureifisidudie
Anisotropy ratio (Ki/K,) wui1 fiAnagsening 1 - 10,000

Ahmed (2009) FnwandnunzroaussuInaluiul Sohag Uszmadaus lasns
I%Gﬁayja%qumzmmaLLé'aa%’NLLUUf\i’ﬂam%uﬁu (Lithologic modeling) Taglalusinsy
Rockwork titeuanenisanefuasdnuarmsnszaesivestuivluiuiidnw arnduinai
I¥anuuusaesldldlunmsadrauuusiassiuimaseluunsy MODFLOW 2000

Michael and Voss (2009) Uszanaen K luitufiugatenes (Bengal Basin)
ﬂi@UﬂquﬁuﬁﬂiszﬂﬁmﬁaLLazﬁmmLmﬂimﬁ%l,l,umi’waaqquﬁunai‘a (Inverse modeling
method) way TaMsaeAIANIMUNTURY HansAnTIMUIT AduUsEanSnnseenliindy
NI IULAZLLRRTisIwalld 2 331ndR T unasSasidrusewineduUsyansnns
g AT LA UL UA DI (Anisotropy ratio, Kh/Kv) fia1Useauiad 10,000 910
Snsrdnitiiedoudieged Jaldvinsieneidelaglduuudasudsadfssdfelusunsy
SGeMS lagleas Sequential indicator simulation (SISIM) \lomenumunvesuiiu 910ty
tnanissaesilaluaduuusiassituiniadieTusunsy MODFLOW  waitldwudn en
Anisotropy ratio fanvgang Ingsinagu weafaneatazussneusetuianedu Tnous
avﬁuuﬁ]vuﬁuuﬂuu%msﬂaauas Tneituiuihiuesiiviennugnnuus uUsEanas 20-30
Alans kavAurEIegTEnIng 60-110 wns

simo et al. (2013) AnwuazUseifiud K Tufiufiues Aquitaine M9ngTunnAeals
voeUsznAl Suaa et mailaluiauinuusiassiiviniaisuainswunduiu
(Hydrofacies) sanilu 4 nau muANLENsEluNs T uve Uiy (Permeable class)
laun Furtuldas (Highly — permeable)  Furuld (Permeable) Funuldsn Low
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permeable) uarduruldenn (Impermeable) ¥in1siuaan K Sudu (K, way K,) Wiy
Fudiuudazedn wdIFIuIMA1 K #2833015829A1A2 0 Tuiuandy iasizsinn
AUEUTLSI B fiuTivese K, way K, frouuusianiidlennsundvinnsussanman K 15
Nuigae33 Ordinary  kriging LWW3suITiunaitldd1e3d 2 iR (20) Au 3 47 (3D) udatina
nsfinw @ K Ailivie 2 F8latauuudiassiunma MODFLOW waflléagy wasiauouus
31 MsUsEINae K @eiiuiieneds 2 37 dlinaininis 3 97 wazuuziin 33n1sfiiaue
Jannsahluldlunssurunisadawuusassiuiaaldedned

T =

%4 = ‘Q‘ o
4.3 nsUszanuAEuUsEaNSn1seaulunRueNY

N13UszaAT ava.niseenliunduniu (K) Tuiuiwsamalngusznaumistunay
#1499 A3l

4.3.1 NM1359UsUToYA

foyafivulilunisussanua K Ussnaude 2 gadoya téud deyatuiiu (Litho-
logs) uazdayanmauiiiviswamans deyatuiiuanrquiatzuiaa 210 ve Sududeyayn
Ferduildainnssuunduiivluuni 3 hie 3.3.2) daudeyad K duldanuanisgu
yagou (Pumping test) Fadutoyafinunuanmsinulasnsunineinsiina (2546)
seandend K anmsgunaaeunirauluiiuiiudsnelugdiu 68 Ues Usznoudas
Futhmelngisiuau 45 e (15197l 4.1) Futhauinguiu 14 Yo (el 4.2) wastuihag
nadduIu 9 Ue (131971 4.3) Tawen K lumanedi 4.1-4.3 da1nmsduanilags Time-
Drawdown, 75 Theis analy5|s uazis Recovery test (Theis, 1935; Cooper and Jacob,
1946) M nituiivresleuinailiguraaeudefiasananduiivuinasenses
(Screen) @nansasentaidu 4 via lawn n3Im (Gravel), n518 (Sand), A5IALAENTIY (Sand
and gravel), nT18UuRzAOUNIIWUTONTIWUUAULUTYY (Silty sand or clayey sand) AL
vsumaivhmsgunaaeuuandlilu suiid.1

Y v
dUQddo

A1 K 91nnsaunaaeuvestuvialvgflunisned 4.1 asdlaned ﬁuwu‘mummuua
= D2 ° oA 1 i 5 =
gunnaaUINNTianlduA n5In $1uau 17 Ye ik K agsening 7.35x10° §9 9.31x10” Lwns/
a PN a1 @ . | o -4 P A o 1
uiuag delsegiu (Median) iU 3.39x10 WAS/AW9 NTIaLagnTediuIuUegy

oA

nagou 13 Us A1 K agszning 1.08x10° §a 4.37x10" lums/Auit uazldfiasisegiu
Wiy 9.58x10° ms/Aundl netuszneunsne WieneUuiumieiiisuulegunaaey
8 U flf1 K agszning 8.10x10 " 1 1.78x10” wins/Auil waslanfseogiuwiiiu 6.13x10°
1ns/Aunit drumsrefidnnudegunaaesuinniian 7 Ue Taeile K agsgning 2.08x10” s

-4 Y - -4
9.61x10  IN/AUN walAgiseguinfy 6.68x10  Luns/AUNd
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L U Fulsvandniseoulindun (wes/Aund)
FUNU (Lithoclass) '
ue Min. Median Max. Average SD.
599 (Gravel) 17 | 7.35x10° | 3.39x10" | 9.31x10° | 1.00x10° | 2.18x10°
578 (Sand) 7 | 2.08x10° | 6.68x10° | 9.61x10° | 5.75x10° | 3.10x10"
NIINLLATNTNY 6 5 a a4 a4
13 | 1.08x10° | 9.58x10° | 4.37x10" | 1.52x10" | 1.60x10
(Sand and gravel)
N518UUALNDUNIY U
nseluRuwmies 8 | 810x10" | 6.13x10° | 1.78x10” | 6.56x10° | 5.96x10°
(Silty sand or clayey sand)
99U 45
Note: Max.= Maximum; Min.= Minimum; SD.= Standard deviation
M13199 4.2 ArduUsEavEN1sEulNTULAIINNTFUNAGRUYBITUNALIN
. U Sudsvansnseenliingurg (uas/Au)
PUNU (Lithoclass) !
U Min. Median Max. Average SD.
579 (Gravel) 3| 431x10° | 1.44x10° | 2.22x10° | 1.36x10° | 8.98x10"
n510 (Sand) 2| 4.02x10" | 6.28x10" | 8.54x10" | 6.28x10" | 3.20x10"
ATINLATNTIY P 5 4 5 5
4 2.16x10° | 5.08x10° | 2.21x10" | 8.11x10" | 9.70x10
(Sand and gravel)
NSYUUNZNDUNT Y 'Vﬁ@
nsevuRuwmies 5 2.66x10° | 3.59x10° | 1.89x10° | 6.62x10° | 6.89x10°
(Silty sand or clayey sand)
99U 14

M15199 4.3 Adulseavsnseedliduriuainnsaunaaeuvestutnenad

. U Susgandnssenlingusing (uns/Aund)
FUnY (Lithoclass) '
U Min. Median Max. Average SD.
N30 (Gravel) 1 1.28x10° -
578 (Sand) 1 2.75x10" ;
NIINLLATNTNY 5 5 5 5 5
2 3.41x10 5.70x10 7.99x10 5.70x10 3.24x10
(Sand and gravel)
N518UURTNDUNIIY 1158
nseluRumTen 5 1.85x10° | 3.20x10° | 9.53x10° | 4.14x10° | 3.11x10°
(Silty sand or clayey sand)
573 9
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A1 K nmsgunadeuvesdutguiluntsed 4.2 aguldsed fuiuiifisiunudeg
nadsUINTigaldn neunzneunste wiensevuiumien 5uiutegunaasy 5 Uo
AN K 9g3eming 2.66x10° fa 1.89x10” las/Aunit uazildndisegiumiiu 3.59x10° was/
Junit nsanuazneiidiuulegunnaoy 4 Us A1 K ogszning 2.16x10° fa 2.21x10°
lns/Auit uazdladisegiumiifu 5.70x10° wasAwi nseiisiuiuteguneaey 3 Ue
Taodlin K ogsewing 4.31x10" s 8.54x10 " luns/Aunil wasdiangisogiuitiy 1.44x10°
1ns/Aunit daumsrefiinnudegunaasutiosdian 2 ve Tasila1 K agsywing 4.02x10" fs
2.22x10” Wms/Aundt uazdiaisogiuviniu 6.28x10™ ms/Aun

fduiutegunaasunniigaldud nieUunzneunsevsons ey
wilen f51urutegunnasy 5 Ue fif1 K agszning 1.85x10° fis 9.53x10° wns/Aunit uaz
fiAndisegiuiniu 3.20x10° wRs/Ani nrnnazneilidauegunnaeu 2 e fid1 K o
5813719 3.41x10° 84 7.99x10” Luns/Auni wazdlansfseguindu 5.70x10° wns/Aund
nsedldinnutogunaaey 1 Ue Tnefld1 K iy 1.28x10° wes/Aunit dunsedisiuiute
gunnaey 1 Us Tasile K whiy 2.75x10" wins/Auni

NN3TIUTIMTRYAAT K mﬂwamigwmaawm%uﬁmmimyj AW wAZADAA (M54
7 4.1 - 4.3) Tunmsaunuin %’auﬂaﬁauimgﬁjummﬂ%’juﬁ’jﬂmmimg wsoAndudadiuuszunu
66% luvmeiidoyanduiigein uaraevsddniludadiu 23% uay 11% nwddy
uena1nil Juiiuiiidoyauniian lHun nsan $1uu 21 Ue Aadu 31% veadeyarianue
dIUNTIY NTINALNINY LasnTelunznaunIIEusoNTIeULAUMTeY J9uiuvewinnu 10
o (15%), 19 Vo (28%), way 18 Us (16%) mud1siu dutualugien K 91nauasiaiy
8.10x10" &4 9.31x10° lwas/Aund Suguirdien K anauniviiiu 2.66x10° fla 2.22x10°
WA/ AUd uartutaensdiian K amnaunansiniu 1.85x10° B¢ 1.28x10° was/Aund

4.3.2 n1snvuAAIauUsTaNSNIseau YUK

A1 K vastuiiuie 14 wiin arwnsamldlaenistmund K fwaizay Gaeiialy
asldnuanisgunnaoy efinrsuudanudt duiiuannsgunaaeuiifies 4 wia
Tuvaediduiuivionun 14 ¥ia ey nsdnwidfadenldan K Mluvesdufiuainnis
$9U531%99 Spitz and Moreno (1996) il Tasesniiidonldnisoglutasesitldan
MIgUNAADY (51971 4.1-4.3) dums1e 4.4 uansdn K anzauvestuiiusi 14 «ind
fvunty
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AN5199 4.4 NMSATURANEUUTEANTN1TY U INTUN LI ULLITIULAZ LIRS

No wiladuity (Lithoclass) Ki (m/sec) K, (m/sec)
1 | n9m (Gravel) 6.37 E-03 6.37 E-04
2 | n31eneu (Coarse sand) 1.60 E-03 1.60 E-04
3 | nsrwduna1e (Medium sand) 1.30 E-03 1.30 E-04
4 | 38UaznsIn (Sand and gravel) 1.20 E-03 1.20 E-04
5 | AvUunse (Sandy gravel) 5.50 E-04 5.50 E-05
6 | ny1evdungIn (Gravelly sand) 3.48 E-04 3.48 E-05
7 | n31wasden (Fine sand) 2.60 E-04 2.60 E-05
8 | nyeUufumie) (Clayey sand) 1.60 E-05 1.60 E-06
9 | nyrevungnaunsiy (Silty sand) 1.40 E-05 1.40 E-06
10 | senaunsgvuAunIIe (Sandy silt) 1.00 E-05 1.00 E-06
11 | aznaunsiy (Silt) 4.60 E-06 4.60 E-07
12 | fumilervunsie (Sandy clay) 1.28 E-06 1.28 E-07
13 | Aumtlervungnaunsiy Silty clay) 1.00 E-06 1.00 E-07
14 | fumnilen (Clay) 1.15 E-08 1.15 E-09

74 = Q‘ 901 1
4.3.3 n1sUszaAduUszansn1seauliunduesnu

nsUszanaadulssansnnsenliiduilunisinud sualneuszgndld
A3nn5e29AIANMUILRAY (Thickness weight average method) 1NT8YAUBUING 210
Yo ariidruialiidondt duussansniseenldinduiiuuuunenindn (Composite
hydraulic conductivity) Usgnausig

1) fn a@va.nseenlfindunuauIsIu (Composite  horizontal  hydraulic
conductivity) mrfimwinildazifuaadefivadn (Arithmetic mean) a1u1safuwIalldain
aunns (4.1)

:ZKhi -h
th Zhi

2)  aava.nisvenliuIFunIunIuLuIfg  (Composite  vertical — hydraulic
conductivity) Tngfiarficuialaaviuanadesiluila (Harmonic mean) aunsasuiadla
1N@NN1T (4.2)

Ke = Z%—/hK (4.2)

(4.1)
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820000

800000

Pumping wells
® Hat Yai aquifer
° Ku Tao aquifer
° Kor Hong aquifer -g
2
O] City .
River ;
—_—  Study area
Flood plain B
deposit aquifer |
High terrace aguifer |
% Colluvium aquifer :
- Carboniferous meta- |:
sedimentary aquifer 1o
o i i ©
= 670000 E

UM 4.1 dunidsusuinnangunagay (Pumping test)

Y
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1%
o

3) A1 ava.nsyeuliin@unuUsednsua (Effective hydraulic conductivity) A7
murleazduradesviadn (Geometric mean) anunsafulaaInaunis (4.3)

Ky = KnoKye @.3)

il K. = mava.nseesliindusuluuneunERm LTI (Composite horizontal
hydraulic conductivity, LT )
Ko = Aavansseuliinduiiuuuuaeslndnaiuuuan (Composite  vertical
hydraulic conductivity,L.T )

(%
v a

Ky = fava.nmseesldindusiunuuusivdmdutuiivluduil i (Horizontal
hydraulic conductivity, LT )

K, = mava.nseesliindusununfsdmsuduiuludui i (vertical hydraulic
conductivity, LT M

h; = AamE S UTuRUluT R | (Thickness, L)

il A Ky luaunisit (8.1) 16anansneit 4.4 drumssmunan K, luaunisi (4.3)
tHu asfiarsanandnan Anisotropy ratio (K/K,) lasdnsuduiiuduthaznauluiistugy
(Alluvial sediment) 1fu Todd (1980) wuztiimsiidnszaring 2 §1 10 u3eenagedis 100
ﬁﬁiﬁzuﬁumﬁmumﬂagj ety nsAnendsesmunsnsdu K./K, =10

gﬂ‘ﬁ 4.2 wandnvAIzAISAIIALonIAT K. way K, PNNTIATITRART
fdluunil 3 (ade 3.3.2) WeRasaniitrannudneineg mnteyannuvuilursidenie
& (nterquartile range, IQR) (g“d‘?i 3.9) NNTUURNILUILIUNAUDS (G?J’ayjaﬂamﬂﬁqm)
WU FEumIEn 0-60 WA SlAsEning 3 Wwes 89 9 wWas (I0R =6 WA3) SEAUANEN
60-100 15 SiA5293n3 3 WAs 89 18 s (I0R =15 wa9) warfiseduanudnunnndi 100
lAs fiA15EwIng 6 WA B9 21 1WAs (QR =15 WwA3) eaunelédn dnsasuudasudiu
Uszanamng 6 89 15 wns feiiy nsAnwiFadenldan h vty 15 was Uil 4.2) tiile
insAunA K lninnus (210 Us) mudsnisaisaianuvunluaunis (4.1)-(4.3) daegns
nsiunaaUa.nseesliihfunuuuunsindnainte H-1224 funuitufiveuudssu
fiamz Sunndauanslugud 4.3 91nUe TH-445 Funuiiuinanauss fauandluzuil 4.4 uazue
H-36 é’hLmuﬁuﬁmauLLéqé’mﬁﬁmﬁuaaﬂﬁqLLaﬂﬂugﬂﬁ 4.5

SUT 4.3 uanamansduine K 9nvesuinuiieng funnuauss (H-1224) deog
Uinashuarsiien sunemelng Sanudniaevintu 45 wing nailduandiiudnuus
Futhiufivinaveuussiuiiansfuan tufle Suvugaduduimelngadududwouly
W59 (Unconfined aquifer) §Annumunuseanas 15 wes A1 Ky = 6.25x10° wns/Auiil
K, = 2.55x10 wns/Aunil K, = 1.26x10° n5/3UNT wagA Anisotropy ratio (K./K,o) =
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2,447 @1 K 7l wudn eglurndrilnainnisgunasey dude Tudwnalugiien K 91nauiy
L 1 o= -3 =
Wiy 8.10x10 §19 9.31x10 " L3/ A9

l/BorehoLe

'Y A
Layer 1 Kh, Ky, h;
\ 4
| 4 Khc
Layer 2 Kh, Kv, h, Kvc
] v h
A Kg
Layer 3 Khy; Ky, h,
v Kho/Kv,
A
Layer n Kh, Kv, h,
\ 4 v

(%
[ o

UM 4.2 dnwaztuiiuiaznisiwineala.nssenliinduduiuuasulndnainteuinig

(% '
v

Fuit 2 Budufumiendedaduduiu (Aquitard) uiUszanas 15 was fe K, =
1.15x10° wns/Auf Ko = 1.15x10° was/Auil K, = 3.60x10° 1ns/Aundl wazen
Anisotropy ratio = 10 daudud 3 %’juﬁ”]ﬂwi’]%ﬁLﬂusﬁzuﬁ”]LLUUﬁLLNﬁu (Confined aquifer)
wulszana 15 wes 61 K = 6.37x10° was/Auiik, = 6.37x10" was/Aund K, =
2.00x10” WwAs/Aunii waz Anisotropy ratio = 10 ¢ K 7iléf wuin eglutasdriildainns
qunadey tufie Tuthawinddr K 9 naumwinfu 2.66x10° fa 222x10° wuas/Aun
Snunuznisnasvestuihiuandusuil 4.3 wud aenedosfunminramsgnnssdine,
Tusuil 3.7 wazuvudasadeuudn dude vinameuusnduduiuuuliussiuay 1By

oo

WUNLALUT (Recharge zone)

SUT 4.4 wanswansfuImA K 91nteaintauiinanaisueuss (RTC-222) oy
Uinaindevuzansy fuamuds snnemelvg Saudniaisvinfu 165 wns waiils
wandlifudnuastuhufiusnunaiues dufe fuvuanduiuiuniendsinduduiu
dhiivunUszanas 15 was Sien Ky =1.15x10° was/Aundt K, = 1.15x10° wns/Aund K, =
3.60x10° UAS/AUT uaze Anisotropy ratio = 10 %juﬁ 2 L‘T;Ju%guﬁgwfmmﬂizmm 15
wns SIA Koo =6.46x10 las/Auil K, = 2.28x10° 1ins/Aundt K, = 3.80x10° luns/3unil
wazA Anisotropy ratio = 283

Fuit 3 uaz fuil 4 Lﬂu%ufmmimyj Fafuduiuuuiussununussanaduas 15
wns Tnedudl 3 61 Ky =2.41x10"* wns/Aud Ko =1.60x10" wms/Audt K, = 6.21x10°
LUAS/AUN9 LagAT Anisotropy ratio = 1,507 Fuit 4 flen K. =2.75x10° wns/Aui K,
=1.41x10 WAs/AUd K, =6.23x10 " 1n5/3u17 waza Anisotropy ratio = 20 A1 K il¢
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mm‘u%um 3uay 4 ‘W‘U’N ’QEJGLU“U'N?]’WI‘LG]’ﬂ’]ﬂﬂﬂ'iﬁ‘U‘V]ﬂ?{aU ‘L!‘Llﬂa %uumm‘lmg' A1 K 270
UMY 8.10X10 84 9.31x10 Lllﬁ]i/aiﬂ‘l/l

Ge_n_e'allzed Lithoclass Kﬂ.i Kvi Comno.slte h_‘;’draullc
Lithclogy (m/s) (mis) properies 0
Ll e Coarse sand 2.60F-03 | 2.60F-04 "
Khe= 6.25E-04
avally o 3.50F-04 3.50F-05
" Gravelly sand -2 Kve= 2.65E-07 Hat Yal
— '
£ Kg= 1.26E-05 Aquier
= Sandy clay 1.28E-06 | 1.28E-07 | KheKve= 2,447
c
= 15 W
3 A
© .
= Kho=1.12E-08
=
- Kve= 1.15E-08
V= . laE-J
E Clay 1.15E-U8 1.15E-02 Aguitard
> e =
3 Kg= 3.64E-09
g’ Kheikve= 10
= 30 Al
3 A
% Khe=8,37E-03
A Kve= 6.37E-04 Khu Tao
Fine gravel 6.37F-03 | 6.37F-04 Aquif
Kg= 2.00E-03 e
Khe/Kve= 10
45 Vi

3UN 4.3 fegrnsAnammala.nisveslvii@uruwuunedlndnainue H-1224
5 al' % 3 3 g a0 *5 a a
YU 5 Fonduduiuin ‘wmﬂi 110 15 Luas JA1 Kp=1.15x10 Lum/’;um
K,.=3.83x10" n3/3ud K, = 207x10 Lumifmw wagAI Anisotropy ratio = 2 928 Wil
Tusui 5 oradaduduliinlg (%ummm) dfosain A1 K RGRMURNER LLmua@mﬂ
Anisotropy ratio wudniAAaUI9Es st SRl dutuiu

1
o

Fudl 6 Wutuingue dndutuiuuuiussdunnuussana 15 wes 61 K, =

-4 ~ -6 ~ -5 P ]
2.74x10 WRSAUM K, = 2.60x10 wns/Aui K, = 2.67x10 1uns/Auniuazan
Anisotropy ratio = 105 1 K #1la wu31 agluyaeAilainnisaunaaey dude duiiawd

A K 1naunavindiu 2.66x10° 9 2.22x10 10 s/Aund

Qe

Fudt 7 way Tudt 8 Fadutuiutiinuitssnatuas 15 was Inedudl 7 fia
K =6.66x10" WAs/3UT K, 228><1079 wns/Aund K - 3.84x10° WAs/AUT wazen
Anisotropy ratio = 283 Wag Fufl 8 A1 K. =3.92x10 " WAs/AuUT K, =1.64x10" 1un3/

=

AT K, = 2.53x10°" Wwas/Aundi uagen Isotropy ratio = 240

CE 1l
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Fuit 0 Fuit 10 uazdud 11 Wududheronsd Faduduiuuuiusedu vunduay
Usvanas 15 wns Taedudl 9 uazdud 10 fidn K. = 3.84x10" was/Aundt K, = 3.84x10°
Wns/Ai K, = 1.10x10 " wns/Auit wagan lsotropy ratio= 10 d@ududl 11 fien K., =
1.60x10° WwAs/AuT K. = 1.60x10" wwns/Aundl K, = 510x10° wns/Auniiuazan
Anisotropy ratio = 10 /1 K 7l wuin eglutisanitldannnisgunnasy dufle dutheenad
fifin K 2nawuwiniu 1.85x10° 89 1.28x10° wns/Aunil

Generalized Litheekiss Khi Ky Composite hydraulic
§ Lithology (m/s) (m/s) properties 0
// Khc= 1,15E-08
Kve= 1.15E-09
- Clay 1.16E-08 | 1.15E=09 Kg= 3.64E-09
Khe/Kve= 10 15 Aquitard
/ Khc= 6.46E-07
20— 7 Kvc= 2.28E-09
NN \& Kg= 3.84E-08
Sy SN Sandy clay 1.28E-06 1.28E-07 Khec/Kve= 283 30
— ~
O AN e ; Khe= 2.41E-04
I vy . . | Sand and grave 1.20E-03 | 1.20E-04 Kve= 1.60E=07
// A Clay 1.15E=08 1.15E=09 Ka= 6.21E-06
I NN g=b. i
DTN N Khc/Kve= 1,507 45 HatYai
i i
SN0\ Sandy clay 1.28E-06 | 1.28E-07 Khc= 2.75E-06 Adifer
AN o Kve= 1.41E-07
\ WREH Kg= 6.23E-07
e ™
» ] x Khe/Kve= 20 80
o) 60 Clayey sand 1.60E-05 1.60E-06 Khe= 1.12E-05
@ Kve= 3.83E-09
£ g Clay 1.15E-08 | 1.15E-09 Ko= 2.07E07 Aquitard
c — Clayey sand 1.60E05 | 1.60E-06 9
& Clay 1.15E-08 | 1.15E-09 Khe/Kve= 2,928 75 \!,
8 Khc= 2.74E-04 A
g 80— Clayey sand 1.60E-05 1.60E-06 Kvc= 2.60E-06 Khu Tao
= = -
? [*o .| Gravellysand | 350604 | 350605 | 9= 267E05 fealer
2 i _j— Coarsesand | 260E-03 | 2.60E-04 Khc/Kve= 105 20
> A0 he= 6.46E-07
g WYY - Sandy clay 128606 | 128807 |  hon SOt
> 100*? Kg= 3.84E-08
% Khe/Kve= 283 105 Aquitard
2 Clay 1.156-08 | 1.15E-09 Khe= 3.92E-07
- = / Kve= 1.64E-09
2 Z Kg= 2.53E-08
(= IR NN SN\~ Sandy clay 1.286-06 | 1.28E-07 Khc/Kve= 240 120
LN Khc= 3.48E-04
[+ oeseieisie Kvc= 3.48E-05
Lt Kg= 1.10E-04
[rlili| Gravellysand | 3.50E-04 | 3.50E-05 | KNo/Kve= 10 135
PheER Khc= 3.48E-04
L R R Kvc= 3.48E-05 e Hong
Kg= 1.10E-04 i
Khe/Kve= 10 150
ie? Khc= 1,60E-03
Sy Coarse sand 2.60E03 | 2.60E-04 K:;: ;'1535'3:
160— "« = 5.10E-
R Khe/Kve= 10 165 W

JUN 4.4 fMegransAnnumala.niseesli@usduiuuaedlndnainye RTC-222
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é’ﬂwmxmiawﬁaﬁuaqsﬁguﬁwﬁLLamTugﬂﬁl 4.4 WU A0AAGDINUNINFANYINNINENN
s3aAneluguil 3.7 uazuvudiasaduundn dufe Fuvugauiunarusaududud
(Fufunien) ureiludneazduliduooiussfuaduiviutui Tnedulid
Usenouseduivielng duthauiues dueoned audid

SUT 4.5 uanssansdiuan K 9nveuinuiiany fuoonveauss (H-36) g
USUAEIEUNSIA Aiuanemsd snevalug fannudnanzuindu 45 wes wadilduans
TiudnvartuhiuiivinaesuuswiiangSuoen Tufe Wuduimelnalsuiu 3 du
wardadutuinuuldusesu faumunduazUssuna 15 was 4ui 1 (Uugn) Te Ky =
3.00x10° Wns/Auf K, = 1.60x10 " ns/Aund K, = 6.85x10" 1ns/AUNT Fudl 2 Ten K.
=2.60x10 WAT/AWT K = 2.60x10° Wns/Audl K, = 8.20x10° 1ns/Aundl uazan
Anisotropy ratio = 10 Wartudt 3 A1 K. = 6.36x10" lwms/Auit K, = 3.80x10° a5/
Fu7 K, = 1.60x10 "1n5/3u17 wazen Anisotropy ratio = 17 A1 K #ilé wuin eglutaedi
¢nn1sgunadey tufie futmialugfidn K 9naunusiniu 8.10x107 fs 9.31x10°
WAT/AUIN

Generalizad Litfigees Khi Kyi Composite hydraulic
Lithclogy | (m/3) (mis) properties 0
Sandy silt 1.00E-05 | 1.002-06

Khc= 3.00E-06
Kve= 1.60ED7
Sandy clay 1.28E-05 1.28E-07 Kg= 6.85E-07

Khe/Kve= 20

Khe= 2,60E=04

Kve= 2,60E-D5 Hat Yai
Kg= 8.20E-08 Aquifer
Flne sand 2.60E-04 | 2.60E-05 Khe/Kve= 10

30

Khc= 6.36E-04

Depth below ground surface, in meters

Kve= 3,80E-05

Kg= 1.60E-D4

S sandandgravel | 1.20E03 | 1.208-04 Khe/Kve= 17

UM 4.5 fegrnsAanaaada.nseeulihBuniusuuneulndnainues H-36
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ANBAEN1TINAITOITUINNRAATTUTUN 4.5 WU @0AARRITUAINARYINNIGNN
syelAne1luguil 3.7 wazuuuinaendauuifn Wufe vnaveuwsndutuiiuuuliuseiu
wag Wuiundn

4.4 NM5IATITRNALBIERR (Statistical analysis)

NNanIsAIUIA1aUd.N15EaN TR UNTUN UL UABNINER TUIYD 4.2 ANNLe

¥
P

anunsathuieseiludsedfileosuignisnszaemaesan K Tuiiuiiwesmaluglasil

15197 4.5 Wazgul 4.6 uanadoyaldeaiAuarn1suanLIANALUY Histogram
936 K dwsuduimnalvg ausiiy asuldded andiunudoyarionun 287 doya duih
R 3A0 Ko 589319 1.00x10° - 9.00x10° 1uns/3unil fAd58g1u (Median) iy
1.20x10° Wwns/Aundt dauendiszuenudosiu 95% wirdu 2.90x10 " wms/Aundt Arard
(Skewness) tHuuINUAAITINNSLINLISANALUULTY A1Alae (Kurtosis) Heenidn
0.263 uansideyainisuanuadldenmilaaos A1 K, ogsening 1.91x10° &3 9.00x10"
wns/Aud enfsegumindu 3.80x10” wns/Aund druaiiseduanandesiu 95% wirdu
2.88x10" tums/Aunit Apuiiduuanuansisnisuanuasanuiuuuidnn sasiiaining
Taannnin 0.263 uansirdoyaiinisuanuasldsnnuilrsunn §as1d@m Anisotropy ratio 3
Aegszing 10 fa 17,583 flAsisegiuwinfiu 11 wagAdiszAuaudesiu 95% Wiy 280

A19199 4.5 AduUszansniseelliinFusuve st Ul malng

WIS1ANDIN9EDR Knc (M/sec) | K. (Mm/sec) | K, (m/sec) |  Anisotropy ratio
Mean 0.0023 0.00016 0.00057 803
Standard error 0.00014 1.46E-05 4.63E-05 142
Median 0.0012 3.80E-05 0.00017 11
Mode 0.00637 0.00063 0.0020 10
Standard Deviation 0.0025 0.00024 0.00078 2,404
Sample Variance 6.30E-06 6.18E-08 6.16E-07 5,778,353
Kurtosis -0.4165 0.960 0.638 19
Skewness 0.9077 1.515 1.386 a4
Range 0.0089 0.00089 0.0028 17,573
Minimum 0.000001 1.91E-09 1.10E-07 10
Maximum 0.009 0.0009 0.0028 17,583
Confidence Level (95%) 0.00029 2.88E-05 9.12E-05 280
Number of sample 287
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A15797 4.6 LLazguﬁ 4.7 LLﬁﬂﬂ%@MuaL%QaaaLLazmiLLﬁ]ﬂLLRNﬂ’J”liJaILLUU Histogram
vos K dmsutuinguin audidy asulddsd andwiudeyaianun 100 deya dutheg
WA K. 5871919 1.00x10° 89 6.40x10° Lwns/Aund Henisegruwintu 1.20x10° Lun5/
AUt daumiisziuanudesiu 95% Wity 5.00x10 1 was/Aundt menudSuuinuansds
MsuankasAIALUULTYN Amnalastiosnin 0.263 uansirdeyaiinisuanuadianimd
laatdoy A1 K, 98587318 2.87x10° 9 6.40x10 " Wwms/Aud fAdisegIuminfy 3.00x10"
wns/Auil druafissiuanudotiu 95% Wi 4.00x10” wes/Aud areadiduuan
WARIFINITHANLAIIAUARUULT Y1 VausfianAIalaanInnan 0.263 waneIeyaiinisuan
waslAsAualasann snsdu Anisotropy ratio #lf1ag5¥vi1e 10 89 14,771 Heglsegu
WU 12 wazandisziuaudesiu 95% Wi 420

a597l 4.7 LLangVi 4.8 LLﬁﬂQ%@%aL%QﬂaaLLazﬂ’]iLLﬁmLL‘-\]\‘iﬂTliJaILLUU Histogram
936 K dwiutuinnensd nnudidu asuldded andiuaudoyaionun 38 doya dutheae
WIATIAN Ko 5597191.00x10° 89 6.37x10° 1uns/Aund fAdiseguminiu 2.80x10 " s/
it druanfiseiurnudeiu 95% winfu 5.30x10 was/Awnd menuthduuinuansda
MsuanuasnNALuUu Aelaannndi 0.263 wansideyaiinisuanuadlianimd
19N AN K, 98581379 1.00x10" &4 6.37x10" wns/Auni fAnsisegIuwinny 1.60x10°
Wns/Aui druefiseiuannudesiu 95% Wi 4.96x10° wes/Aund areadiduuan
WARIEINITLaNLaIAUALUUI YausTiAnAulaannin 0.263 waneIeyaiinisuan
wadlsndlasann 8ms1dau Anisotropy ratio Jfnegszning 10 &4 15,930 flesfsegiu
Wiy 10 wazAiisedumnudesiu 95% wihiu 892

M13199 4.6 ArduUsravENsEeuliN TN WYBsTUL AL

WISTNDSNEDA Kie (M/sec) | K, (m/sec) K, (m/sec) | Anisotropy ratio
Mean 0.0021 0.00014 0.00050 627
Standard error 0.0002 0.00002 0.00007 212
Median 0.0012 0.00003 0.00014 12
Mode 0.0064 0.00064 0.00201 10
Standard Deviation 0.0023 0.00022 0.00070 2,118
Sample Variance 5.38E-06 4.74E-08 4.86E-07 4.48E+06
Kurtosis -0.829 1.079 0.492 28
Skewness 0.844 1.599 1.396 5
Range 0.0064 0.00064 0.00201 14,761
Minimum 1.00E-06 2.87E-09 7.55E-08 10
Maximum 0.0064 0.00064 0.00201 14,771
Confidence Level (95%) 0.0005 0.00004 0.00014 420
Number of sample 100
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A15199 4.7 AduUsransniseeuliuNYUNILY T UL ABISE

WIS1ANDIN9EDR Kie (M/sec) | K, (m/sec) K, (m/sec) | Anisotropy ratio
Mean 0.0011 7.93E-05 0.00027 622
Standard error 0.00026 2.45E-05 7.84E-05 440
Median 0.00028 1.60E-06 1.95E-05 10
Mode 1.60E-05 1.60E-06 5.05E-06 10
Standard Deviation 0.0016 0.00015 0.00048 2,715
Sample Variance 2.63E-06 2.28E-08 2.33E-07 7.37E+06
Kurtosis 4.117 8.681 7611 29
Skewness 1.987 2.861 2.658 5
Range 0.00636 0.00063 0.0020 15,920
Minimum 1.00E-06 1.00E-07 3.16E-07 10
Maximum 0.00637 0.000637 0.0020 15,930
Confidence Level (95%) 0.00053 4.96E-05 0.00015 892
Number of sample 38

4.5 ayUna

dovmunilgatiufinuiiieyssanme avansseulii@ukiu k) andeyave
vmalngldisansrmumunduiiy tessuienisnszanovesn K ludeeda waziluldly
nsUsuTisunnsiwesluduneunsadrsuuusiassinuimaluundell wafildainnisane
agulsd

1. Melesgidnunznsneiivestui fldndunutoniamatinaounssinu
Az TuANUATAINEEN KWAZUSIIUNAILEY WUT1 @BARRDIAUNINAAYININIIENN
ssdnuazuUUTaends e vinaveunsnuduiuuulfussiusdaduiuiidu
(Recharge zone) a'auu%nmﬂa'mLLéQ%uuuqmﬂu%’juﬁu’uﬁw (FuRumile) wdrshludnuos
Fulvdnuuiiusstuaduiutuiub Tasduliiusenousedudhmelng duthewuay $u
thaevsd audiy

2. measgia K Aldludeadn laomumuin 9avese K vesduthmelug) quin
warAnsdiadnuasnndenunalnnIsaunageuluauy muﬁm’;ul,ﬁw,uummgm
(Standard deviation) wazAAINLLUsUTIU (Variance) fiAnlndlAessiuii 3 dui dou
SULUUNITNTERNEAINUIT A1ANadvesAn K ﬁuamﬂ%’uﬁ%ﬂumﬂ?ﬁqLLamﬁqmiLLamLﬁm
ANUALUULTY21 VUETIAIANVDIAT K fc%’m%’u%uﬁmmimguaz@Lﬁhﬁaaﬂdw 0.263 Lan3
dwsﬁaggaﬁmsLLf\]ﬂLLmIé’qmmﬁIm%s Tuwnueiien K. d1mduduniinensduinnin 0.263
wansindeyaiinisuanualAseudleienn
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3. fi9saanizatala.niseeuliinduniuUssansna (Effective  hydraulic
conductivity, K)) wuin Futhmalugfien K, ogsewing 1.10x10” fa 2.80x10° was/Aunil
Tnefianfsogruniniu 1.70x10" wes/Auit dudguindidr K, egsewing 7.55x10° s
2.01x10° wn3/Aunf uasdiandfsgiuniniu 1.40x10" wns/Aud dutheensddien K, o
591119 3.16x10 " 14 2.00x10” WWAs/AUT wazansisegmuiniu 1.95x10° was/Aui

4. euliduilefeniu (Heterogeneity) vostuiiuguinluwssmalugaiuise

a5u1elAfIg Anisotropy ratio (Kn/K,) wudn tuiwalvgiAiegsening 10 fia 17,583
a0 U 1 U 5 9(‘)’ 1 a0 1 1 = a0 o 1 U

wazdlengdseguuiinnu 11 FuiigwindAegsendng 10 fs 14,771 Zenslsegiuwiniu 12 uaz
gj gl; a1 ) U = a U 1 U o U U 1
FJuuIAenIdiiA1egsEndng 10 89 15930  dAgdsegiuiadu 10 audidu 8nsdiu
Anisotropy ratio luguimalvgirmainintuiigwiiuazaevd asuieladn Tl
fienududounazliiluloderiuainituinawwazaend denndesiunanisinsien
N19N32318AMNRUI (U9 3) Inu Fuiulutuiinialugiinnuiuiadstssnintudu
wona1nldinuan Tutudinialngnisnszaiedivesal K danuduiusiusnsidiu
Anisotropy ratio dagluiu dufe vshunarswesdaduiunniian K Asudreiiniiuiim
au WU 18ms1dIU Anisotropy  ratio  gesmeiuiu lurueusedIfu uSIuYaULes
9378 Anisotropy ratio 9¥dAIAINITUIIUDUY
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A1sUsziuafu linudusuYBUUINEDY

5.1 uni

Tnerhlvlunsdszfiudnenmihuinasglduvusasmndineanslunisun
deswnanmdudoureniuinaiifinsisusdamuanmuesUsinamy YSuansldi
warilodedug o msdnetaseiifeateonnartinfinnsan lnsendeuvusiasniuinia
AlFmsusziiuiinnudenadesiunnuduaie wazansalsafiudnonnlunsazduii
meldnnzdoulusieg Idegraannnans sgaslsfiny msadrsuvudassiuimaninly
wiveuswegfeenadesainmiulidilalunisnssuiunisiAnveausuinia nienisua
foyaluaumdiiiose msfuanuuiasudsuwianifissudyaifoinanisiiassdlsoad
auewdedludeadf (Statistical  bias) nistmuadeuluudusazdeulvveuivni
Annanaldaonadosiuannads sudsnmstmuaniwesitligndes Aunarigauvily
Aapnaliiudueuresuuusiassiiuinia (Groundwater model uncertainty) Fuld uay
anadsnaromuundedelunisiiluldannisnalusuanseuiy (Rojas et al, 2008
Singh et al., 2010)

TurnsduninUfinunnsussdiupnuliivdusuvesuuusiasstnuiaialdsuaing
aulaunniy Tnsauddeanlngadunaglvianuddyieifunansgnurosaaliuiuey
PNUUVTNADUTIUUIAA (Conceptual  model  uncertainty) 11nAdALlLUUDUATN
W158mes (Parameter uncertainty) (Engeland et al., 2005; Troldborg et al., 2007; Rojas
et al., 2008, 2010a, 2010b; Nettasana, 2010; Pham and Tsai, 2015) 35 Multi-model W
?Jgﬂﬁﬂﬁﬁﬂmﬂ’mﬂ%uﬁﬂQJM’]@’N%JI@J'LL“IJ‘IJ@‘LHJ’ENLLUURT’]@@Q‘LE”]U’]W]@ (Pham and Tsai, 2015)

[
ad a

[ o a a aa I v [ 1% [ 1 J
Wadunsiausiuuinasndwwifaninnudululanalsuuudnass waaviinisaasen

(%
o Y

Pudnvsemainudazidululsaziuuinanasieds Model selection #391835 Model
averaging W@IATUAY Lag/MIBLaBNkUUIIRRINATER (Tsai and Li, 2008)

nsafranuudiaesiuiatausealvgfiiiusndgauszasdifiotluldlunns
Uszifludnenmiiuiananielduuusiasadauanuuuiion (wu 930, 2552; ousini,
2548; nsUNSWENNIUIUIANG, 2546, 2549 Wud) eeslsiau wiinanisenwldasdud
gousuluszdunis widlefinrsanlulssifunisivuawuudiasandauunn nuiidensd
Asuanesiueg e len msfvuaguiuunisnssanefvesadudssansnsduriu (K)
wavdeulureuin (Boundary condition) Wi AIAIMUANITAT K fivauuu Homogeneous
wazuuuiduleu (Zonation) duanmveulwnuiiaveukasdinslauliuiveusy 1 I
Wermuanuuiiilnaniu (General head boundary) waglailwariu (No flow) ety

80
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lsvasduaansinwiluuniiednunazssdiuanuldudueuvesuuudiaeniviaa
YDIUBIMA MR85 Model selection way Model averaging lassjaiudnwininull
wueuiiAnanuuu e ndauuaAavity sududenuvudtasudanunfniiafian (The
best model) dmdunssmalnaliiioshluldlunsuszdiudnenimiuinavesussmelg)
moly

5.2 NUNIULBNENS
5.2.1 waenunvesnulsinuiuau

waadnvesauliiliueu (Source of uncertainty) lun1sasrsuudiansiruinig
gniuunbilaetdnidevaneviny el

Yen et al. (1986) suunuvasiinvesnulduivenlusuusiaesiuinaseniy
5 unas Usenausie 1) 31nnT8UUn1sN19s35u9@ (Natural process uncertainty) 2) 910
Asadranuusiaesiildaenadesiuaninasewesiiud (Model  uncertainty) 3) 910
wsfweifldlunissiass  (Parameter  uncertainty) 4) aandeayaniaauny (Field
observation error) Uag 5) 9MNFIETI0489 (Human factors)

Singh et al. (2010) $auununasiiuvesaulintususendu 3 unas Ussnaumie
1) WUUdIa0TIuuIAn (Conceptual  uncertainty) 2) wasnfitnesylalunisinass

(Parametric uncertainty) e 3) Stochastic uncertainty

Refsgaard et al. (2006; 2012) Suunelludusulunsadawuusiassiuinia
WRRIN 2 uae Usenausig Ay ldutueu1nwuuInaoades seiine us el uuiInan g
LU2AR (Geological model or conceptual model uncertainty) warannvnsfimesildly
N19391999 (Parameter uncertainty)

Wu and Zeng (2013) 1@ Review wazasiunasiiuivesaiubiuiuenluiuudiass
wwnaeendu 3 wras Usgnaume 1) 91nwnslmesfildlunsinass 2) wuudnaeuds
wwIRRkay 3) Yeyaniaauiy (Field data) Wusiu

o dl 1 v v % = dy = a d‘ d‘ o 1 1

fanna1tlivneau n1sanwdaulafdneianiznisuseiiuinennuaiuliuusy
LUUTIADUTILUIAMLYINTU FIUU NISNUNIULBNAITIITIUTINLRNILL LMD 82T 091U
Uszrhuiiinguy

5.2.2 AU lULUUBUVDILUUIIADWTILUIARA

n1sfnwanuliuiusurasuudiaesiiuiniasgazden vieliasouaguyn
Usgiuthududanilaenn (Tsai, 2010) st Tunisiesiziuazunladaymaiyliudueu
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diesnnuuusasudunfntnazdenldds Multi-model (Refsgaard et al,, 2012; Wu and
Zeng, 2013) Ao MvuakuUsIaeudwwIfanate wuusiaes (Alternative conceptual
model) FaustazuuusrassonafimiuuandstueenludusgifuLufnuardnumsianzaes
Nudidnwadug Wy wandrefuiiiosannnisulaninumunenisssaingn (Geological
mterpretatlon) I@EJUﬂﬁimWIEH (Hgjberg and Refsgaard, 2005; Troldborg et al., 2007)
\losnnefinduriuiena (@Wu Porous media or fracture rock) (Selroos, 2002) Lilasan
n13nsEAeMInuaudRvan1ans (Poeter and Anderson, 2005) #3053uUsERIN9LATIAT
nassEINeuaznsirunleulrveuluaiineiu (Rojas et al, 2008, 2010a, b; Tsai,
2010; Pham and Tsai, 2015) fudu ludumeunsuszdfiuaulduiueuiiy dawlg)
mATmsugnnssaine1aziealdis “Model averaging method” Gvanansautsléidn
wae3s fsaznanlumidedaly

5.2.3 AsUsziuau ki uuiua UYL UUINABLTILUIAA

MM3LELERUUTIa0938 Multi-model WinUszifiuanuliuiueu ansauuslgidu 2
ﬂfcjaJ (Singh et al, 2010) laun Model selection or information criteria wag Model
averaging  1agwa 2 3adidmamsunnnaasimgn (Model  weight) wioaurazilu
(Probability)  veeuuUsIandIAaTiaue Geardrsiuiindldazgniiluldluniam
Anasvosmiitsaulaainanissass 1wy sEAU (Head) Sasmsiva (Flux) wiedns
auuaensiy (Safe yield) 1usiu

5.2.3.1 35 Model selection

Saa

78 Model selection LﬂuﬂwU’JUﬂ’lﬁsUENﬂ'lﬂﬁlgﬁalJuaLﬂlaﬂ'iuLEJUW]LLUUR]’]@E]W]@W@@
IINBATVOILUUSIa09FEn (Candidate  models)  neld3snsadafidenld wu 33
Hypothesis tests, likelihood ratio tests, decision theory, Occam’s window, Bayes
factors, cross validation, wag information theoretic criteria WJudu (Tsai and Li, 2008)
Fanudn3s Bayes factors WuABTTewldndian uenaint 35déanmnsaldsamiuiz Model
selection ’3146] A8 19U Likelihood ratio tests, Occam’s window, Hag information
criteria (Burnham and Anderson, 2002) ae19l5An Poeter and Anderson (2005) aSune
1591 wuusiassiaziuUseidfiulaeds Model  selection Hu ArsHIUAMSUSULAEU

(Calibrated) 1 dusesm

Information criteria based (IC-based) U135 Model selection %ﬁﬂﬁgﬂﬁﬂm
Ussiiuwuusiasndauunanneldinasiiiiivun (Specific criteria) Snanedd wu 35 AIC
(Akaike Information Criterion), AlCc (second-order-bias-corrected AIC), BIC (Bayesian
Information Criterion), uwag KIC (Kashyap Information Criterion) (Burnham and
Anderson, 2002; Poeter and Anderson, 2005; Neuman and Wirenga, 2003) Wudu
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5.2.3.2 35 Model averaging

3% Model  averaging Wunisusediulagnisaasanimidn wiemanutazduly
yn9 uwwuSaeuduuafn windenuuiaesiindigaainadasddmiinfigagauietu
78 Model selection ina1e75 14U 75 Generalized Likelihood Uncertainty Estimation
(GLUE) (Beven and Binley 1992), the model likelihood weighting of Burnham and
Anderson (2002, 2004), the model probability weighting a3 Draper (1995) t{Jufu

5.2.4 3% Multi-model

ATeTiieTunsUsafiuaulduiueuveswuusiassinuiaatusinazidunis
EUBRUUTIADUTMMIAAANY ) JULUY 13809135 Multi-model method 1agn15ATUIIMN
muanfuresusasuuuiiant 2991319395 Model selection way Model averaging Tu
msUsediu uaswudwi 2 Fidntenlinguivenud (Bayes’ s theorem) lumsiiasigyion
ANLNgduYeuUUIIans WU 35 Bayesian Model-averaging (BMA), GLUE-BMA,
Information criteria based Model-averaging, Maximum Likelihood Bayesian Model-
averaging (MLBMA), Variance Window-Based MLBMA 1Juu oy ludetasdunis
asunquilnegevesunsisfitenlflumuidouuudaesiuina fd

5.2.4.1 75 Bayesian model averaging (BMA)

7% Bayesian Model-averaging (BMA) gnuuzilag Draper (1995), Kassand
Raftery (1995), wag Hoeting et al. (1999) wieldlunisAunmmnuiiandusewing
wuudiaeadaunfAndisnsiuniuguuuues Bayes' theorem ndnvualil A Ae U3unal
(Quantity) M3eA"TiisdeInIsAuIn (WU Head or flux) o doulvmsnsyanefives
Uoya (Dataset, D) dwSulwnvawuuinges M = (Mg, Ma,..., M) @18150f 301103
299 Bayes’ rule lansannis (5.1) (Hoeting et al., 1999)

p(AD) = > p(AID.M,)p(M,|D) (5.1)
dlo p(ADMY 8 aruthaziduresUSuna A dwsunuusians My uas p(My/D)

Ao AuUnaziuvesiuuiians My(Posterior model probability) Tsanunsadiulnlan
dunns (5.2)

o(M.|D) = p(DM,) p(M,)

2 p(DM,) p(M,) (5.2)
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e p(My) Ao Anutiazidusudureauuus1ass Mg (Prior model  probability)
d1u p(DIMy) Ae AR Tululs (Likelihood) wesuuusnass M (Jnannainugenndoaiu
syieAAutuAdLnansalluauid D) aunsaauaulaainaunis (5.3)

p(DM,) = [ p(Dfg,.M,)p(@,/M,)dq, (5.3)

Wagede Lwnvasn1snilmestuwuuingase k p(gMy) Ao Auu1agidusuduves
W15780035 (Prior probability of the parameters) @1 p(Dioj, M) AoAuUazidusy
(Joint probability) vednuuinass k uaziduiladduvesa Eror Tudwvesioyaluauy (D)

Tngiluanuirenduisuduresiuudians p(My) e1anildainnisasuaiy
Fi38170y (Ye et al, 2005, 2008) Wiarimuslimnuuuiassdanuazdumiiiy (ufe
p(M)=1/K) vauziinaudiazifusuduresmnsiiitnes pqMy) duaiuisanilédainnis
Aunmienmsaeuaudidvaituiu (Singh et al,, 2010)

A1AANTS (Expected value) vosdaunUsnaula E(A|D) annsaruialdainaunis
(5.4) drunsAanunuliviveuvewuuiaewseniivesnusukuuls BMA a1unse
AwndlaluguuuuresnuUsUsIu (Variance) fauandluaunis (5.5) (Draper, 1995)

E(AID) = > E(4/D,M,)p(M,|D) 5.0

Var (AD) = 3.Var (A|D,M,)p(M,|D) + 3-[E(AD,M,) ~ EAD) p(M,[D) ~ (5.5)

AAuBUsUsluanns (5.5) wuadu 2 wew Usenaume wendiuiiefe Ay
wUsusauniglunwuudnass (Within- model variance) uagineuvinilefs AuLUsUTIU
SEWINUUUTIA09 (Between model variance) #sonugis ANlLULOUYDILUUTIAD T
IPLIIGR (Conceptual model uncertainty) (Refsgaard et al., 2012)

5.2.4.2 35 Maximum likelihood Bayesian model averaging (MLBMA)

msUszdiuanundululdvesuusians M 1ng3s BMA luaunsi (5.3) fadldnisg
Fuanlaeds Monte Carlo simulation senafiennugsenn fadu Neuman (2003) Saaue
Bnsewnmudazlurewuudias My lnen15u5uu3991n35 BMA 138031 Maximum
likelihood Bayesian model averaging (MLBMA) astounatenduiiaiaeuldfuetng
LLWi'wmaiumumqﬁmqm%w8’13’;315&1/1’1@51"114LLUUﬁi’wamﬁ’]mma 35 MLBMA Junsin
aundululy (Likelihood) vesuuusiassiivsuiiieuudalaeld Information Criteria 1éun
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Kashyap Information Criterion (KIC) (Kashyap, 1982) %3® the Bayesian Information
Criterion  (BIC) (Schwarz, 1978) \HJudu sty anudululsveswuudians My (The
integrated likelihood) @snsamulnlansannis (5.6)

A
p(DM,) =exp(—2kj (5.6)
A, =(BIC, -BIC,) (5.7)
Ak = (KICk - KICmin) (58)

W Ak A1AIINLANFINTENINN BIC w50 KIC dwisukuudnasd K fuedianues
BIC %50 KIC U99uUUT1a9919%3a 1ag Burnham and Anderson (2002) 95uUn8aMuduius
VIR Ak AUTEAUAMUFIAYVOIMUUTIADIAINITIN 5.1

A19199 5.1 52AUAMNAIAYTBILUUTI0NUAT Ak (Burnham and Anderson, 2002)

Dx Level of empirical support of model k

0-2 Substantial (Very good model)

a-7 Considerably less

>10 Essentially none (Dismissed from further consideration)

A19UATIANITWANLAIAT Error W UUMUU Multi-Gaussian  M1linsIuAILaagLazAIL
wUsUTLdmsuaudulUldvesnuuinaasluaunis (5.3) aatu wauvad BIC  wag KIC
ausamuInlanail (Ye et al., 2008)

BIC, =(n)Ins )+ p,In(n) (5.9)
KIC =(n-p)InGZ)-2In P@«) - P, IN@2p) +1n X WX, | (5.10)

dle nfe S1urufednafidunanisel (Observation  sample),  peAe $1u3u
mdwesildmuadmiuiuusiass k p(gd fe Anuthasdusududmsumsfivesd
Uszuned (Prior probability for the parameters estimate), Sze,k Ao ANUWUTUSIUVBIAN
Error residual (€) #iUszanaanel Sum of squares weighted residuals (SSWR) v84
wuuiaes klag
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. e[wq B SSWR,
ok n n

(5.11)

S

Wl w fia Weight factor waginauanyingvesaunis (5.10) Ae U338a1n Fisher information

matrix (Kashyap, 1982)
Aty AuUeviduvesuuus1aas My(Posterior model  probability)  1me73s

MLBMA @ansamunadlaainaunis (5.12) (Neuman, 2003; Ye et al., 2008)

IZ:; eXp( _O5A|) p(M |)

P(M, D)o = (5.12)

5.2.4.3 35 Variance window based MLBMA

Tsai and Li (2008) tausisanelémdnns “Variance window” LileU§uuseds
MLBMA (mMLBMA) Taansiiid Scale factor, O Tun1sA1uan BIC #38 KIC A9iu AU
nagdurauuinass Mg lngdSves mMLBMA agla

exp(-0.5aA,)

p(M k D)mMLBMA = k
a= Szl (5.14)

A A 1 ~ . I~
WD Sp AB FIULUEILVUNINTZIUTDINTTINLLAIILUY Chl—square, S AR YUIRUB
Occam’s window (Madigan and Raftery, 1994) uag S;Ao VU1AU94 Variance window u

5y YY) LY

Wauwed Sp Tsai and Li (2008) wugiie o fiTussfusesutivd @y (Sienificance level)

Y

kagSp Aauanslumis1an 5.2

A1979 5.2 A1 O NuegiuszauledIfgy (Tsai and Li 2008)

Y

Variance window sizes (of 20, 40,

Significance level 5% 4.24/\n 2.12/'n 1.06/+/n

Significance level 1% 6.51/Vn 3.26/\/n 1.63/A/n
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5.2.4.4 Information criteria based model averaging

A dunsTarudululy (Likelihood) sesuuusiassiiviudiouuds (Calibrated
model) 1agl% Information Criteria lawA Akaike Information Criterion (AIC) (Akaike,
1974) 438 modified Akaike Information Criterion (AICc) (Hurvich and Tsai, 1989) et
1959uAU78 Model averaging 3138011 Akaike Information Criterion-based model
averaging (AICMA) Tag AICMA ﬁ?uﬁgﬂqumiﬁwmmﬂa”wﬁuﬁ% BMA sfatiu Anuvrasy
YRUUTIa8s My ansnsaauiulansaunis (5.15)

AIC
p(DM,) =exr{— 5 k} (5.15)

Twihusaerfudivaunsit (5.7) uay (5.8) A, awnsadougulvsidsaunisdi (5.16)
wag (5.17)

AIC, =(AIC, - AIC,) (5.16)

AIC, =(AICc, —AICc_ ) (5.17)

e AIC, Ag A1AINKANANNTENINN AIC %3 AICc dmsuluudnasd K fiuednan
Y9IAIC %39 AlCc YashuuTIaasiamualaefl AIC aunsaAalaan

AIC =(n)Ins2)+2p, (5.18)

Hurvich and Tsai (1989): Poeter and Anderson (2005) Lauaauﬂﬁimﬁﬁﬂ%ﬂqﬂ@h
AIC §ad]

AICC, = (n)In(s jk)+2pk+[2pk(pk+l)j (5.19)
' n-p -1

1Y

Fatiu AUzl UUIIaad Mclagds AICMA anunsamuialasadl

exp(—0.5AIC,) p(M )
> exp(~0.5AIC,) p(M ) (5.20)

p(M k‘D)AICMA =
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exp(—0.5A1Cc,) p(M )
zk:exp(—O.SAICcl) p(M)) (5.21)

p(M k‘D)AICCMA =

5.2.5 1UIYMN8IVD9

il dun15IIUTINUNAY kazuIdTeRAnenierdfuanuliviusuluudtans
B1urna Ingtanizluyusziaunisusiuminuluwiusuya kU U180 LT ILUIA
(Conceptual model uncertainty) @3i911398 A0 Al

Harrar et al. (2003) Fnwanaliudueuresuuusiassiuimaseuss Glacial til
UsEneauun 10en15IauauuUsIaeuduulfAnsIuIL 6 LuusIassfisiuanansiuniy
Svarn1suUIAINUNLIENIEITEINGT a519uuusiassnteldaniizasfindouiinis
VSuiteumnsiwmedfusesuinluaunanndusiassdunisnisiva Particle tracking uae
nsiAdeufiuaans (Solute transport) Wudn wuudIaeudauAnTidstulinadonainis
\wAsufiveuiadns (Travel time and solute breakthrough)

Poeter and Anderson (2005) \@ue35n153m8uaU (Ranking) WUUINABILAEIANTO
51435 AIC, AICc, BIC, and KIC lunuudrassihuina filsunanin wwudraesiidnans
Uuifuifiandu lannsodusuldindunuusiaesdiafian uaslduuzhlildas Acc T
nsUsediuaulduusunuusaesiuna Tnsaniznsdindndiu n/p < 40 e nfe
Frnufiegafidunanisal (Observation) wag p Ao Srunumsfiwesiidlunissiaes

Ye et al (2010) @upMUUSIABUTIMUIANTILIY 25 UUU dmuLssurmaiiud
Yucca Flat  Useineanigaiusni wuudnaoIn1eiunIlanwazn1slaniumungna
55003N81 (Geological interpretation) LLazﬁm’]mﬁLauﬁ’l (Recharge estimation method)
Usziuamulduiusunuudnasaudanuifnlagldis GLUE, AIC, AICc, BIC, way KIC @aunu
liwdupurasmsiinesgnuseliuaieds Monte Carlo simulation HANSANWINUTT AL
LkdusunLUUT I RTLIAndNaRaLUUTIa0INAIAN LU URUIIA WIS TIND §
SRR IDEREEG Snadmun nMswlamumnenessaineiinaseuuusiaswnnnIgng
maiiuthegnaiiteddyisuiu vonanifideudiasiifisdni namsuiuifisuwuusiass
(Calibration result) lifimuddgson1sdasusiu (Ranking) senitsuuusiassiivaue

(Competition model)

Singh et al (2010) W3suieuisn1sUsEuANUlULLUBULUUT 180 UTIULIAR
TIUIU 9 WUU mmu,mnm"mmaaLLUUfﬁ’waaqﬁuagjﬁ’ummﬂsﬂmwmamaﬁia’i%wm
wisfnesTlduarsnsnisiiuninisyssiiiuUseneuseds GLUE, MLBMA-BIC, MLBMA-
KIC, AICMA, uag modified MLBMA (mMLBMA) Tnetszendldfuiiuiidnundmiu 2 us
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1gun Death Valley waz Nevada Test Site Uszimeansgom3ni tnaguudnuliiuaiy
uangnsweava 5 351 fldsuasudn enulduiueuresuuusiansnisinisUssdiuannndi 1
33 ogalsAniu nsdiusuiugiedd Model averaging fisinsfugouinasdonuiivziiu wie
nsdnduduituiu wanisAnwadadnudn Arduduildannisusadiui 4 35 iuad
donndesny nanlagagune

8 GLUE mnuasduaylituegfudiuumaiines uasvedunanisal ustueg
fuen N Factor Tnewuin Ardasihuedn (Weight) azroudnsasinaueiiiomwundn N Factor
winfu 1 uazdan N gaq sgsiliuuudiassiiinansuiuiiisudngadidianuiazdunin
anuduiu faifu Famsdinsinnesivioudsaumned N Factor #ae

AIMLBMA-BIC, AICMA aglvnaiireudenssiunselndifosiu wasildususiu
¥foni138 GLUE Tuvnitis MLBMAKIC Tiuafifimuunnsradniios

35 mMLBMA nafildaztuagiud a-value uagszdutiodidty (Significance level)
Wud1 181 a-value WU 1 Han15UsELEIULAEIE MMLBMA agwiiunIelndifeaiuls
MLBMA-KIC

uanant isuldiaueitlunsdiifeyailéuiuifisuuuuiiaadliddesunioto
{338 (Modeler) rsaztausnuuiuduuiAafiudy wazdldinaiaisves Bayesian
framework wugtlilH35 mMLBMA

Hansen et al (2014) Uszdfiuanyldutiueuneinisnsyatefudeiufivesansiumsy
(Nitrate) ~ gutihuinialutszimaiaunidn lnonisaduuuiiasstufiusuvalvueaia
(Stochastic hydrofacies model) lnglddayatauinaunarteyan1sdnsiassaildnd 1w
20 realizations #28TUsunsy T-PROGS 9 ntuimani1snsyaneduiuanuuusiassdudiu
afranuuiiassinuimaselusunsy MIKE SHE vihnisusuifsunuusiassie 20 wuu dae
3B PEST Awnsizsinsuninszansvesansluinsm nsusuifisunanisinassiudeyadiinlu
AUy fmﬂﬁ?u'ilmwﬁmmhiLLﬂuauﬁuaqLm'amwmﬂ’waaﬂmﬁmmwmﬂmLﬁmwummgm
(Standard deviation) ui1 uuudaestuiiuilideyateuinatauiudeyanisdisassd
Wand anwnsatavannnuldudusulunsinszinsuuitouvesanslumsvly

Rojas et al (2010a) 14738 Model averaging (GLUE, MLBMA-BIC, MLBMA-KIC,
AICMA) Uszidiuaailsiuduounuusiassiuimaludssmauadon s1uau 3 wuushass 7
LANAAUAINAITWUIAMURLIENISIING @S1UUUTIaDIA28 MODFLOW-2005 nela
anmeasi Ysuiflsunuusiassuazysyfiumuliutueureamnsfimeseieds Weight least
square  lulUsunsu UCODE-2005  annduuszifiuaiulduiueuluguvessugati
(Groundwater budget) 91nkUUIIABIAIMNITAI (Model prediction) Taamuuansalfine
(Scenario) ®ondu 3 N3l mmgﬂLLU*umiLﬂ?{aul,maqmé’m%amf’] (Recharge rate) wa
s Tued fyvosnsUssifiuauliuduoudigds Multi-Model wa Scenario

uncertainty



90

Yaa

Rojas et al (2010b) 14735 Model averaging (GLUE-BMA) Usgiliuainuliuiueu
wuUsaesiumalulssnada $1uau 8 wuusiaes wennsiumLnswaruRInen1e
ssdiAneuaznalnnsiinth (Recharge mechanism) @$19uuus1aoeiae MODFLOW-2000
melfanneasi Mndulszdiuanlduiuevlusuvesssdutiuazaunat (Groundwater
budget) wansARuTLRuAILE eI sUsTdiuaullutueusie3s Multi-Model
Tnewudn mssmuauuusiasndsuiAniinisiuiy dwadoaiuliudueuvesssiuii
U118 Ingilanauwdsusiuegsening 6-64%

Tsai (2010) 1435 Bayesian model ~ averaging BMA)  Usziiuanululiueuy
LUUSREUINE LLauqumaaqmisﬂawmmmm (Seawater intrusion model) Usgive
ansgeLusnT 91U 15 Luudnaed lngusay qumaaqLmammuwsﬂquimaaiwuaqm K
wazdeulvveuwn (Boundary condition) Hufie n1snszaefivesa K muaaﬂusuumsuaﬂmi
Tounsu (Variogram type) fiuszneudeiladduaslounsy Spherlcat Exponential, uag
Gaussian @udoulvveuwainusliinisidsuudassui (fin-an) oanidu 5 pYU UV
LwaﬂimuwamamiqﬂmmLmJ ¥imsUsuisunuusiass wdamuraautazdusie 15
wuudaes ntudeniuuiiaesiifian Tasfinnsananaraniasdugegn idouazdn
mMsiesiaalivdueunuusiassiiuiaialngds Multi-model Hufiausndusdneda
Tunsusmssnnisinuna

Nettasana (2012) 1935 Model averaging (GLUE, MLBMA BIC, MLBMA-KIC,
AICMA) Uszifiumuldudueunuusasniuinia Lwamimmsammimmmam‘muau
wihid Uszinelne lngiauonuusiaoaduwifndiuiu 12 wuu fuansietuniunisws
AUMINENISIEANeN Shsnsiitues deulvveun @¥rsuuusiasidae MODFLOW
Tulusunsy Groundwater Vista lazUSuLisunuudnassaieds PEST lagdnassnielaaning
asit nailadlidudsmuddyuesnislens Model averaging Iumiﬂimﬁué’mwmiquﬁﬁﬁ
f38u (Sustainable yield) 1nn31nsldnsusadivarnuuusasaiien

He et al (2013) wsizviaulduduounuusiassiuinalulsemeiauindn
$199U 300 WUUS1889 TJUNaaINNTWUSAIINMNEN IS TERETLas NS TAe ATy
Tnenisadrauuusassduiiunuualnuaain #1833 Multiple point geostatistical (MPS)
$112 100 realizations #2elUsunsy SGeMS Mt an1snsEaEduiuaInLUUT A0S
Fuiuatrsuvusiaeniuiaadae MODFLOW Tulusunsy Groundwater Modeling System
(GMS) vinsUSuiieunuusiass #eds PEST antuiiaseirylduueuiiiinasdeseiu
druananay Travel  time wan1sAnwanudn anuldudueuannmisiimedinanenis
Wasuwlasseduinuinia dunnuliiudueuainmsuusanumanenissaineayiinase

Travel time
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Sonnenberg et al (2015) Uszidiumnalsiudusunuusiassinuianalssma
ansgeLusni 31UIU 66 LUUIIABY PunaInn1suUsAunLIeNIssEIen Las
LUUS1a09EN1IEeINTA (Climate model) Aisnafy Tnenisadrauusiasstinuiniasae
TUsunsu MIKE SHE wdawsinisusuifisunuusdiass wdrRansawanenisidounlassziv
i mingl,ﬁaﬁ;wh (Stream discharge) A113L5I"5kUa (Travel time) waz Capture zone
nan1sAnENUIAN LY UL LS aesEn1reInAlinatensAuLUadsEsuL
waznsgydednn sasiinasoninuiinnsivauas Capture  zone Hu 1AnanAIlll
LUUBUIINAITUUIAMURUIENISTINGILINNTT

5.3 n13UsztivAnukiniuauluUTIa0 T UIANA NS ULB9AIA Tngy

Uizﬂauéfaa%y’umaumiﬁﬂmﬁaLqumwiugﬂﬁ 5.1 Ingi3091nN15AIMUATIUIY
WUU1aeaTuLIAR (Alternative conceptual model, My Aiiansnduldlsinniian s1ntdy
N3 Setup WuUA1809A281UILATH MODFLOW tagUSuiisunisifinosaneis Trial and
error YesnLUUdandluan1nzasil (Steady state) VI’]ﬂ'ﬁﬂ’m’]mﬂ’J’]ﬂ,JU’WuL‘U‘LlLLauf\]@EJ‘L!@U

e

(Ranking) wuudaedlaglydls Model averaging WiaumLaual,mumaaqmumﬂﬂm‘mjm
LLaﬂu%’umaqumﬁwﬁﬂmsﬂszLﬁummimuuausuaaLLUUﬁnaaqmﬂmaml@

5.3.1 NISLEUDUUINADILYILUIAN

nsiauekuUTaendwudadieldlunisuszfiuanuliviueuve s mnlng
Juegdy 2 Hadendn 1&ud sUuuunsnszarefvesaiala.n1sseuliindudiu
(Distribution of hydraulic conductivity, K) waziioulvvoulnuuusaes (Boundary
condition) dudnwazduisuiuifeadulumunuuiasuduufniigniudusions
n1sad1euuusIasstuiu (Hydrofacies model) Tuuwdl 3 Wuie Uszneushe duthmelng
A1 uazABA (UM 3.24) Audndiy

5.3.1.1 N15N5231863989A1 K

nsUssduauldudueuiiiinnuuusiasnduuafnludiuvedlaseadianig
SsaAMgty ?hﬂﬁﬁljﬂumi‘lj’lLauaiuﬁﬂwmzma\igﬂLLUUﬂ’]iﬂi%ﬁ]’]EJﬁ’J%aﬂ%uﬁu (Lithology
or hydrofacies) filuflsAduiua K 1wy nszatesuuuainaus (Uniform value) wuuidu
191 (Zonation) LU T (Spatial distribution by random space function) (Rojas et
al, 2008, 2010a, b) wionsnIzAEFTuAnmInLTeduIslownsy (Tsai and Li (2008);
Tsai (2010) tJusiu



Propose alternative conceptual model
(M1, Mz, M3, Mk)

l

Numerical model (MODFLOW)

Groundwater flow
model setup

- Model calibration

Model validation

Model selection and ranking

'

Calculation of posterior model
probabilities using AICcMA and
MMLBMA methods

Y

Multiple model

inference

Model raking and

select the best model

l

Assessing conceptual model uncertainty
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JUN 5.1 wnunnsanstunaunsuszdiuanyliuiueuveluuaa s duuifinnswmntig

A1sANENE Avunnsnszatesivesn K uuadu 2 UL (A57971 5.3) fie LUy
Asil (Constant) waztuuiduley (Zonation) nsdiasil n1simunen K azfiansanldenliey
Tuthsanuansgunaaeuluauiy (Pumping test) (AAN5197 4.1 - 4.3) d2UNNTNTTIBUUY
Wulsudu f K Tuusazduilgannmsussanaalugaedieds inverse distance weight
iow) Tagldan K Aigiunaildainiinisarsiininumuiiade (Thickness weisht average

method) Tuunii 4 (Fade 4.3.3)

A15197 5.3 JULUUNIINTENLFIVBIAT K

ANSNSTAYFIVIAT K LUUAADY
A1 K 391 (Constant) lunnduun M1
A1 K ulaw (Zonation) Tunntui M2
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53.1.2 [oulvvaulwn

nsimuadeulmveumaluuuuaesiifanugniesmsatuannaimusssuy ity
Dudaiivinldenn (Tsai, 2010) nMsUszfiuauliivdusursawuusiassihuinasiaildlag
nsivundeulaveuwaliatouuy il sxdesiiansanliinuaenadostuioulvny
anmaislsinndian dmsuusaealuanuin aneeusuinameuussiuiinnaliuiuey
mm’?iqm Fatu msanwilgsmundeuleveuwneenidy 5 wuu (15197 5.4) TneRansan
Trdoulvvoutwniinisiasunlasamzveunmsinadiudig (Lateral flow) Wi dau
yauwaduaun liimswasuwlas weilidessnuinaveunssiuiield fidnsTuan wazdie
avFusen [Wuiuiiiddianuldudueuiniilnarundeduiiandudrausnuveuuss
v3elal lunnanduiu veulwnsuuy fuas wazfimmie fsuuvumenieaiwdidoudig
wdueuegudl 1wy nziaavasardufismdesinualiiureviuniifissfudiaed
(Constant head boundary) tiesanniinsiwasuutassesutindesunn Wudu 3dlaifa
snfudosuasy duiu desudoulvannisnszaeivesd K fuldeulvveuiunid
defu (Combination) aylduuusasadauuifnsevun 10 wuusiass Uszneusie Mia,
M1b, M1c, M1d, Mle, M2a, M2b, M2c, M2d, Lag M2e snuafu

A19199 5.4 msmuuaReulvueun (Boundary condition)

No flow | GHB No flow
No flow No flow | GHB

Boundary condition setup Model

Top Bottom North South East | West code
No flow | No flow | No flow a
GHB GHB GHB b
-River leakage NG flow Constant No flow | GHB GHEB c
-Recharge head q
e

Note: GHB= General Head Boundary

5.3.2 LWUUINABINIS WA

Tutumnoull inn1sadisuuudiassnisinans 10 wuudiass aaeglusunsu Visual
MODFLOW V.4.1 aelddeulunisdnassluaniizaedl (Steady state condition) lng
UsggnAltiuudnassdiuinanssalngannnisAnyived agad (2552) d5eaziduniidnfy

v

N

=20,
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5.3.2.1 Model discretization

Wulunsdtaemsadiaadansdnsunssalngiouin 1,260 a1ssilamns J
AIUAING 35 ALALUAT AINLUIRLIUDBN-AZIUAN INTANA UTM 640,000-675,000E fA314
17 60 Alawns auwuivie-1d 9n#dia UTM 750,000-810,000N kazilAd1iadvesesiu
ATUsEINAATLA -180 wns AT 390 was (snn.) Tunsiaealdutaiunwuudtaeadu

a I3 @ 1 [ [ I '3 = YV 3
ASAUABNIWIALAN IAELUIWLIRY TURRN-AxTuANTY 100 @aus wuduile-lady 200 wan
LLazLLqumgwaﬂﬁuﬁLﬂu 12 U 59UVAUA 240,000 N3AUADA (850, 2552)

5.3.2.2 159851901955 8NeN

nsimuaieulinisssainewiady 2 sUwvuauuuuiiasudeuurfndisdy
Usenouse A1 K dwsunnduiididiasit (M1) uasuuudulsu (M2) 307 5.2 uansiaegns
nsmvuaAl K dmsusuudiass M1 egslsfing msnszanedives K E?'M%’U%guuuqmﬁ?u
(Unconfined semi-confined) fmuslvaenadesfuiuuiiasadauunin dufe vinavey
ussiaaestraduiuilisni1 (Recharge zonation) (gﬂﬁ 5.4) aiaugﬂﬁ 5.3 WAAINIINTLANY
Frro K dmsunuusiass M2 vastuiwnalvg) awn uazeensd suddy

Unconfined semi-confined

Elevation, m (MSL)

S05002 650300

CUTM_X (m)
gﬂﬁ 5.2 AMMNHAVINLANINITANTAINUAAT K dnSULUUINad M1

53.2.3 Geulvvouin

Woulvveulunusenounie YaUlunTeautIAs? (Constant head  boundary)
YaulnUIan1u (General head boundary, GHB) wagaauLlwsLiiul (River package) lnadl
PTG REEN

1) waulAsEAULIAe (Constant head boundary, CHB) AuualiusIngiaany
asvannarenineisyaulneei (0 u.5vn.)



95

v

v
o

Fumalng) FuLAL LPDRGRIAG]

JUN 5.3 Mansgneiivedn K wuuiduleu (Zonation) dwsukuudnass M2

2) vouwwninlnariiu (GHB) Usznaudae frszdut (Boundary head) Wa1381310
foyaunuitszduinsunineinsitinia (2546) Tasimuneglugas 5 89 25 was (9n)
dlesnnuinmeuusadutuiiuliimeneufsiiunsyaaisueiineda (Carboniferous
Meta-sedimentary  aquifer) Usznausae Aufuniu dunsiewtls funsie fusuau ¥
vImagninivegn1elusesunn wuIkan soulAou uazuInafuy Jeimualidien K
WU 3.59e-05 Wns/Aund dmsuaianuthvesinsiungneuiosin (Conductance, C) 2%
ﬁﬂmmé’miuﬁﬁé’wiﬂmﬂsu Visual MODFLOW

3) YBULIALLITN (River - package) 1%@%5”%141LLavsvm‘uwaamLaaamﬂammm
mmaumﬂaaqamvLmLLavammﬂamsmu NTUBAUIZINIU T 6 a0 (929 WA, 2547-
2550) dumdulszavanisdururenznoutiet, Kz mvusldiAwintu 1e-06 was/
W (9304, 2552)

5.3.2.4 Source and sinks

1) fufiiiud1 Recharge zone) wundlu 4 Tewu (3U7 5.4 a) awdnuagnnsld
Usslomifinu uwasmnuaaduvesiiudl Usznoudae tuidilitinisdusiiu furuldmdusiu
louunanauar Furulaas auadu (e3a, 2552) Tnefuunsnsufingn (Recharge rate)
Andy 4-12% vesUsinaiduaasset

2) msldtiunma (Groundwater usage) n1sUszdiunsldhuina (und 2) wu

(%

HunAnwisnsnsidunadedsvann 21.53 augnuieiunsiel




(a) Recharge zonation

River package
— ]

(d) Boundary condition-c

Constant head

River package

(b) Boundary condition-a

Constant head

(e) Boundary condition-d
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Constant head

River package

(c) Boundary condition-b

Constant head

River package

(f) Boundary condition-e

sUTl 5.4 (a) Wi wag (b) - () Fevlwweuivn (Boundary condition) 14 5 uUY

5.3.2.5 Yayaidn (input data)

Usznausme Yeyaszaudiainuedunanisel (Observation head) wazlsefiuu
Susu (nitial - head) A1lea1nn13nsIaTaluauiudiuig 80 Ue Tudal w.a. 2545 - 2550
lagnsunsnensuiuinig wazeusiny (2548) UM 5.5 LaAIN1INTLINEAIVBIUD

dunanisalnazuaulnia
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£E5000 &&5000 70000 &75000
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3‘1]1'7; 5.5 Uau1aa (Pumping wells) wazuadananisal (Observation wells)

5.3.3 n1sUSuiguBUUINaDY
5.3.3.1 MsUSUEUNIS1TWas kagn1sUseiliung

W imedivsuisulseneusie Adulseaniniseesliingusiiu (O uazdns
st (Recharge rate) Wan1susuLiBuAl K wenAudud S uLUUSaea 10 WUy
Fanandlunsnedl 5.5 way 5.6 dausnsinsiuifildainnssuiisunuusiaosenay
Hudsh fuanslunsed 5.7 uwae 5.8 dawsudiouan K Aldannisusudisuiuaann
msgunaaeyluauy (115197 4.1 - 4.3) wuih Sarwaeandeaty dmudnsinsiiuid
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nsnsrangagluausyanm 4% e 12% vaeUSunaniruadeset (1,583 fadunssied)

(9304, 2552)

A1519% 5.5 AduUsEansnn

= 1

SFUHIUNLAANNNSUS U UBUUINEDY M1

Model L v ANduUsEAVSNSTUNIL, K (m/s)
layer Ead M1la M1b Mic M1d Mie
1 Unconfined semi- | 5.0x10" 1.0x10° | 5.0x10° 15x10° | 2.0x10°
confined S20x10° | -20x10° | -2.0x10° | -20x10° | -20x10°
24 malng 8.44x10° | 6.59x10° | 7.25x10" | 6.17x10° | 7.14x10°"
5 At 310x10° | 21x10° | 2.6x10° | 83x10° | 8.5x10°
6-8 AL 515¢10° | 1.75x10° | 9.15x10° | 8.70x10° | 1.41x10”
9 At 4.00x10° | 1ox10° | 2.0x10° | 32x10° | 8.0x10°
10-12 | peved 931x10° | 1.32x10° | 1.02x10° | 1.83x10° | 3.2x10"
A1519R 5.6 Adulszansnisauruiildannsusuiisunuusass M2
Model g ¥ ANduUsEAvB TN, K (m/s)
layer v M2a M2b M2c M2d M2e
1 Unconfined semi- 1.6><10’53 1.73x10’j 1.42><10’§ 1.66x10’§ 2.3><10’53
confined -1.0x10 -1.0x10 -1.0x10 -1.0x10 -1.0x10
Zone 1 | 9.0x10" | 2.2x10° 1.0x10° 15x10° | 6.5x10°
24 welvig) | Zone 2 | 7.32x10° | 5.35x10° | 9.2x10° | 9.0x10" | 8.2x10"
Zone 3 | 2.0x10° 7.05x10° | 8.0x10° | 5.11x10° | 8.0x10°
5 fuwmden 8.00x10° | 4.00x10° | 5.00x10° | 5.00x10° | 5.00x10°
Zone 1 | 7.65x10° | 6.18x10° | 6.75x10° | 4.44x10° | 5.45x10°
6-8 Al | Zone 2 | 5x10” 15x10° | 25x10° | 21x10° | 8.14x10°
Zone 3 | 2.5x10° 1x10° 1x10° 9.5x10° | 6.5x10°
9 fuwmden 3.00x10° | 200x10° | 3.00x10° | 2.00x10° | 1.00x10°
Zone 1 | 1.79x10° | 6.9x10° 9x10” 39x10° | 5.02x10°
10-12 Powsd | Zone 2 | 6.8x10° | 9x10° 3x10° 8.22x10° | 6.18x10°
Zone 3 | 2.28x10° | 1.8x10° 9x10° 1.32x10° | 5.88x10°

A15199 5.7 9as1nstiutnflnannsusuisudnsukuuINans M1

Zone | Muidinih (Recharge zonation) Sasnsintih@edwnseed)
Mla | Mib M1c Mid | Mle
1 laifunu (Impermeable) 0 0 0 0 0
2 | Fudulat (Low permeable) 75 84 88 95 80
3 | Guulduiunans (Moderate permeable) | 160 130 140 132 160
4 | Furuleida (High permeable) 210 160 176 185 205
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AN5199 5.8 9n51N15H AN lRaInNNsUS U BUA S UL UUIIaaY M2

Zone | st (Recharge zonation) Sarmsinih@adiunseed)
M2a M2b M2c m2d M2e
1| la@ueiu (mpermeable) 0 0 0 0 0
2 | ueuld (Low permeable) 105 75 100 108 104
3 | Fudulduiunans (Moderate permeable) | 165 150 164 144 154
4 | Fusiulelisa (High permeable) 200 175 182 182 197

nsUFuBuLUUSIaeadunsUsEiuALLANAsERIeA sER U IR U e
(Calculated  head) fuenfi¥aluauny (Observed head) nsANwIEaERiansaNaInen
Absolute residual mean (ARM) ez Normalized root mean square (NRMS) (ESI, 2007)
Tnofvueliien ARM wag NRMS  desdialidiiudosas 10 definnsanaindoyaseduihi
ATIVIALUAUIYN WU ﬂ'ﬂmmLmﬂsmizwmizﬁmfﬁqaqmﬁuﬁﬂqmﬁi’mlﬁﬂismm 36 1AT
Faudmduen ARM azdeadiailiiiy 3.60 was nanisUSUTisULUUSIAD 10 WUUTIaed
nuIuledunanisel 80 Us sauandlumisnedl 5.9 wud1 wuusiass Mid §id1 NRMS
ez ARM ﬁi"']am WIAU 9.263 LUAT LAz 2.778 LUAT ANUAIAU iih?i 5.6 WAAINANIS
Wasuifisusesuiilaannisiunaiuiiiialaluaunu (Scatter plot) '31J1/1 5.7 LAAIWNY
‘VlSuWULLN@‘U‘m‘U’]@’]ﬁLLEJﬂL‘lJU‘UU‘LJ’]W]ﬂIMEU AW LavAavad LLauTLJ‘Vl 5.8 memwmm'm
ANULUINAAZTUAN-AZIUD DN (Usnmmawmiwm) Y035 FULTITULIUIAIadINTY
wuusaesfiiinanisusuiieuiiian 4 Susuusn Tdunkuudiass Mid, M2d, Mic, wag Mib

AUAIAU

a (% ) o gj =
A15197 5.9 Han15USUIBUYBL U@ 10 wuv Tugn1izasi

Model Residual Absolute Standard Root Mean | Normalized | Correlation
Mean (m) | Residual Mean, Error of the Squared, RMS, NRMS | Coefficient
ARM (m) Estimate (m) RMS (m) (%) (%)
M1la -0.716 3.058 0.416 3.493 9.831 0.869
M1b -0.034 2919 0.387 3.459 9.531 0.886
M1c -0.484 2.825 0.377 3.407 9.389 0.893
M1d 0.312 2.778 0.374 3.362 9.263 0.895
Mile -0.378 3.030 0.421 3.483 9.823 0.863
M2a 0.093 3.225 0.442 3.558 9.907 0.857
M2b -0.354 2.866 0.393 3.537 9.746 0.882
M2c 0.329 2912 0.389 3.498 9.638 0.884
M2d -0.308 2.739 0.378 3.399 9.366 0.891
M2e -0.669 3.089 0.421 3.527 9.846 0.862
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SSULIU

UTM_X (m)

b) M2d

GSS00T GoOZI0

UTM_X (m)

c) Mi1c

s6CEI0

UTM_X (m)

&SU00

d) M1b

CEE RS EELITN AL JEE] L ERl ]

TUTM X ()
3UN 5.8 nning (Row 119) kansszAuusssiuiiuimadmsuiuuingss M1d, M2d,
M1lc wag M1b

ERERTITE)
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5.3.3.2 NNFIATILNANND UL UUIIEDS

MsiATIETANeaulmILuuiiaas (Model sensitivity analysis) tHunnsUseiiiutd
msmeslatheiidanusoulmseuuusiass ddunmsinuilenszsdnnuseulnves
wisieed 3 A leun mdudszansmseenliingusiiy ( Sasimsiiunn (Recharge rate)
wazszRUidmsuveuaily (GHB-head) Tnedmsudn K uavsnsiiutntuasyinnisiiy-
annsiinesina 2 a1 adtar 200 dmssRuiuinaeusssiuagsfiu-anANY 5
wns N1elugae £20 Wes (Rojas and Dassargues, 2007) 9ntfia1sNeT Root mean
square error (RMS) wag Absolute residual mean (ARM) LLéj’Jﬁ’maﬁiﬁuﬁLﬂi’lzﬁiugﬂmaﬂ
nsMANdIUS eIt MsAsuLUas s mesiud RMS waz ARM. fild 5U7 5.9 (a)
LAAIHANTIATIERANEaUlMYBILUUS a8 Mic WU wsfiwesiifinasewuudians
wnfign Ao ArdudsyAvsnssedlviBuriu wagdammaifiudintg mugid duguT 5.9
(b) wansnLBaUlVBITEUTIT IMUAUS MTEULES

6.5 5
—0— ARM-K ARV
6 —o0— ARM-K s
45 ©
55 ----&--- ARM-recharge N
£ ---<---- RMS-recharge %
B ;¢
E 45 1S
5 5
S 2
g 4 -§ 35
8 8
35 ,
3
2 5 1 1 1 1 1 1 1 2 5
80 -60 -40 -20 0 20 40 60 80 -20 -10 0 10 20
Parameter change (%) Head change (m)

(@ (b)

(%
o

sUN 5.9 MsTagiaugeaulnl @ Wdwes wag (b) seavihdmiuveuiuenaly
(GHB) wasuUTIRBY M1C

5.3.4 AN3ATIVFDULUUIIADY

n1sM9IRaBULUUTIa8S (Model validation) Lunsmsiaaeunuuitansiiiiuns
USuiieu (Calibration model) Tanunsaldidudiunuvesseuugnnssalinenliogsgnies
vi3elal TnsmsdansfudeyaluaunuBnyemils dmafildainnissrassiuseusulilaglises
finsusuAmsimedlvl wansiuvudaestuiunisnsaseuuds (nJeednd, 2563)
nsfnwil n1snsandeukuusiaasildlaglddeyaseduinnnauialutaed 2550- 2551
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Mnmsanaialaensuminensiiuinauay 030 (2552) $1uau 27 e antufiansan
mmﬂ%%ﬁamaqLLUUf\i’waaqﬁga 10 Lkuudaedg A8A1 ARM (Duan et al., 2007; Nettasana,
2012) Tnediayasziuiniinsaaluaunmaindeyayeil wuin Seranuunnsiieseminesedu
quqqmﬁuﬁﬁqmﬂizmm 25 s fau deh ARM ldarnnisasrdeuuuusiassdanliiu
2.50 L3 (10%) HI1hUUINasiIun1snIIvaauls

sU#l 5.10 Wisuidfisusn ARM nnnansUiuifisuiaznisnsinaeunuudiass wuin
wuaesimunegluinasifisensuldlaeiidn  ARM tiosndn 2.50 was favun faduds
nanldd1 aansothuuusiaesimualuussfiunreilduivevlususeudelly uenand
NNANTATIADULUUTIaBINUIT LuUTaesiafian Tdun Mic  Tuwagd Mid 1Hu
wusaesiinfiarlutuneunisuiuiiioy @d1 ARM desdign 2 Susuusn) wandliifiuiing
\Fonuuudnassiidfignainuanisuiuifisueafedensdimulsiwiueusy (Uncertainty)

5.00

| o Calibration lValidation|

4.00

Max. ARM for model calibration

—  Max. ARM for moddl validation
3.00 ] — T - ]

2.00 -

ARM (m)

1.00

0.00
Mla Mlb Mlc Ml1ld Mle M2a M2b M2c M2d M2e

Alternative conceptual model

31]17'; 5.10 wWSguLiguan Absolute residual mean (ARM) 5¥3719 Model calibration wag

Model validation

5.3.5 Model selection criteria Wa¥ model averaging

nsUsziiumlindueuLuUS I uInaeds Multi-model T Tn3dedu
&[,Wyjﬁaﬂ%ﬁyjﬁ%‘ Model selection wag model averaging 13U 75 GLUE-BMA, MLBMA-BIC,
MLBMA-KIC, AICMA, AICcMA gz modified MLBMA (Poetor and Anderson, 2005; Rojas
et al,, 2008, 2010a, b; Ye et al, 2008; 2010; Singh et al.,, 2010; Nettasana, 2012; Tsai,
2010; Pham and Tsai, 2015) Tngn1swenenumanuinazidy (Posterior probabilities) ¥89
wuUsansfiiausudUiouiisuanuwanasuaznannyliwiueudild wuiwadildinas

[
= 1

Fuagiuguwuuismaenldy
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Poetor and Anderson (2005) wuz1i131 38 AICCMA fannuuinganlunislauseidiu
anliiuupuuuusiassiiuina Tnennznsdafidnaau n/p < 40 e n fis ST
fdunaniseluaz p Ao Srwaumsdnesildlunissiass vausdl Tsai and Li (2008); Tsai
(2010) wag Singh et al (2010) wuzilwlg3d Variance window-based MLBMA #38138031
modified  MLBMA  (mMLBMA) Tun1shinsigsinanulaiuivewiesfudlymlunisuims
famsthuinna rdeligmmsgndniudy eghdlsiau lumsiiemedinninesduuazde
UMY (Ranking) LUUSERLduuIRntl Singh et al (2010) kugin131AITIATIZANINATT 1
33 sy efersanauuandisdreduiuga lunisinwrdsadenldvonun 2 33
Usznaunieio AICCMA La3d mMLBMA

5.3.5.1 NM1SANUIUANNUNIZITUURILUUTIaDY

msmmmmmuwuﬂmmqumaaﬂ (Postenor model probabilities, p(MyD))

o w

P85 MMLBMA tag AICCMA uu uﬁuumaummﬂmmu

<

1) dwwslianudazdusudureswuusiass (Prior model probability) fid
wihnunAkuuIaeainiu (p(Mw)=1/10) (Rojas et al., 2008, 2010a, b; Ye et al, 2010;
Singh et al., 2010; Nettasana, 2012; Tsai, 2010)

2) ATUIEUAT BIC, 91n@Nn1s (5.9) way AlCc, 91naun1s (5.19) d@1ms5uis mMLBMA
way AICCMA - AINEIeU 1uﬁﬁgumau5w1ﬂﬁma%ﬁﬁﬁmﬂﬁm ANAIULYTUTIUYBIAN Error
@1naunTs (5.11) Fauszunaldarnedn SSWR - fildanuanisusuifisunuudiassluide
5.3.3 dwsumstinua Weight factor Aildlunisduinen SSWR u agtuegfuaa
Yidedavesinsziuuinvauimaildlunsiunasyduin Tnefuuslidavingu 1 e
spulfainnisdisaaluauy waziviiiu 050 1ile9ndeyaidnea LWy Digital Elevation
Model, DEM {udu (Nettasana, 2012) siaii Arszsudndeuimaildlunisanunilduain
MsdrsaluaunusivLe (836, 2552; UM wazAMy, 2552) s ervunen Weight
factor TdiAMAU 1

3) MuIA1 A, 91naun1s (5.7) way AIC, 91naunas (5.17)

a) ﬁwmmmmﬁwzLfJuﬁuamﬂLwUfiwam (p(MyD)) Tneldaunsdi (5.13) wag (5.21)

[y

A95U35 MMLBMA wag AICCMA #NuaTau taed@1nsuds mMLBMA Aviusan O = 2.12/

JNn (N =wnudedunanisal =80) fiseautiud A5y 5% (Tsai, 2010)

M13199 5.10 wanINan1sALIaALtnasdularnsensusy (Ranking) dw5unn
LUUINADIRIED MMLBMA ag AICCMA WU qumaawmmmmmmLﬂuaqammﬂm 2
35 lown wuudnass M1d szNLUuLmeammmamiﬂﬁumaummqm
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A15199 5.10 wan1sA1uIAuunazidurewuudiasdlaneldis mMLBMA wag AICCMA

Model Mla | Mib | Mlc | Mld | Mle | M2a | M2b | M2c | M2d M2e
Px 17 17 17 17 17 23 23 23 23 23
Ny 80 80 80 80 80 80 80 80 80 80
SSWR (m”) 1165 969 958 916 1159 | 1269 | 1013 991 936 1186
p(My) (%) 10 10 10 10 10 10 10 10 10 10
AAIC, 19.21 | 4.46 3.60 0.00 | 18.78 | 47.88 | 29.88 | 28.09 | 23.52 | 42.50
ABIC, 19.21 | 4.46 3.60 0.00 | 18.78 | 5233 | 34.33 | 32.54 | 27.97 | 46.94

DM |D)yeons %) | 001 | 826 | 12.75 | 78.98 | 0.01 | 0.00 | 0.00 | 000 | 000 | 0.0

DM D)%) | 400 | 2325 | 2575 | 39.57 | 421 | 0.08 | 0.68 | 084 | 145 | 0.5

AICcMA Rank 5 3 2 1 4 10 8 7 6 9

MMLBMA Rank 5 3 2 1 a 10 8 7 6 9

5.3.5.2 Multi-Model inference

wan1sFuamandusdnisinsusuwuusiaadunsed 5.10 tu fuom
aeldmnaiagdubudy (Prior probability) vesmnuuusiasaviiiy Nettasana (2012)
uelifuwaairutazdusudulu pM)* Tnemuiaainnaildluginisasiaaey
WUUT1889 (Model validation period) laglguann1sved3d GLUE asaunis (5.22)

. SSWR™
p(M,) _ﬁ (5.22)

k=1

e p(M)* @9 Az dusuduresuusiasy My (Unequal prior model
probability), SSWR' fia Sum of square weight residual @1%3U Validation models wag N
fie Factor of GLUE method @silendaust 0 auils oo Wuile & N=0 arnurrazifuves
LuUsaeanunaziiAinfy (Equal probability) waz 81 N=oo wuusiassiiiidn SOAWR
ﬁaaﬁqﬂ agfienmnuiazdu 21 (Ye et al,, 2010) g‘dﬁ 5.11 LAAINANITAIUIUAINNUNDE
Jureswuudiasasudu p(MY* i N sswing 0 81 100 wudn @ N= 10 Lﬁuﬁ;mﬁmm
ihaznduresuuuiassdilngiineisundas @adandu) faiu Jadenldd N= 10 Tu
msmwana p(M)* Tuaunisii (5-22)

HANTIIANUI P(M)* é"fﬂLLamﬂugﬂﬁ 5.12 Wi wuusiaesiiflarudiesdusudy
asan¥evay 33 1HuA wuudaes Mic dunuudiassifiamnuiiesidusudumianiesay 0.2
T¥uA wuusiaes Mie 910ty thar p(MY* Algluduamaananinazdiu p(MdD) e
35 MMLBMA uaz AICCMA Iniidnasdluaunis (5.13) uaz (5.21) Tagunuiidn p(My) dae
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p(MY* 3U7 5.13 WiguifisunanisAuinnuiiazsdusgninnsdldrmanuiis iy
SuAuiAY (Equal prior) waglaivindu (Unequal prior) 90aniuudiass wuil daiu
upnAnsvesnNasiluegradiduddey 1wy WeRiansaaniyds AICcMA wuudiass M1d
Id [J a1 1 ) 1 (% = o (Y a Id
WuwvudtaesiArniuuiagsduganlugielsuiisuiuudiaessinnu 79%  wWaswdy
3.35% lugiensiageunuudans WWudu naflauansliiiuisnnudrfyresnsnnuamse
@onlgAmnuiasiduisuduresuuingss

1.2 4 M1la @ M1b M1lc M1d e M1e
M2a : M2b M2c M2d M2e
e Aommmmmme Ammm=mm= Ar=-====== i

Prior model probabilty , p(M,)*
o
(o))

N-Factor

gﬂﬁ 5.11 Prior model probabilities and N-factor

(3]
™
o

b Mlc M

Prior model probability, p(M,)*
0.09

[ 0.02

i 0.00

~ [ 0.14

3 ©
S S
o

[S]
1 M2d

d Mle M2a M2b M2c 2e

Mla M

Alternative conceptual model

g'ﬂﬁ 5.12 anuazdusudureanuudiast (p(M)*) anrani1sitaeives Model
validations (N-factor =10)
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&
© OPrior
9 § B Posterior (equa prior)
5 | @ Posterior (unequal prior)
X H
= i
8 g
Q =
o H
o 8 -]
= ] H
h R g
W 23 ¢ |
~ < =
= Tl of 8 3
62  OH o @ @
H &) © ~
E g EI ”;a 238 ”88 ©g88 %38 ”88 888
= H SSS 33 33 33 53 OSoo
H L HHM a al U
Mlc Mla Ml1lb Ml1ld Mle M2e M2b M2c M2d M2a

Alternative conceptual model

(a)
g
@8 @ Prior
B Posterior (equal prior)
@ Posterior (unequal prior)
~
< 2
e :
= & H
§ 12
& | |9 8 g g
\ [¢] : =
g gl &85 ° :
EZ ] Q:OO_ =
1H SHS |
{H i 1H ol )
. Hl 5|3 5 o
4 H : A4 H - H ™ —
{H E 1E 1E S 8 ~
i '™ g r "8n 53z 933
) E 1H H £ °d °s ©Soco
: > B H Bl= 8 = BES =
Mlc Mla Mlb M1ld Mle M2d M2e M2b M2c M2a

Alternative conceptual model
(b)

g‘dﬁ 5.13 powthazdusuduy  pM* anuthasdududuwinfu (Equal prion wazld
Wi (Unequal prior) veenkuudngass (a) 38 AICcMA wag (b) 35 mMLBMA



110

5.3.5.3 MIINTUAULALLADNLUUTIABIATIER

nMsdnsusuLuUTaehldlneiansanaudtazly p(MdD)* Turaenisnsiaaeu
wuudaes (Validation period) Hufle Sndusumuarauiazdugeanluniign fauans
Tupns1ad 511 wuin woudiaesdidimiuuiazdugegnaindd mMLBMA uag AICCMA
wihfudosay 54 waz 67 muddu I wuusiaes Mic luvaefivuusiass M2c WJu
LLUUﬁi’ﬂaaaﬁmmmm%Li‘]u&?ﬂqm WonaNd sERuAUERTeILUUSaetEnsaUsTdiy
18lnenisldan Ax (Burnham and Anderson, 2002) ufunausifinnsan f1 Ay lunnsnsdl
5.11 wudn wuudnaes Mic uag Mla dnegluseaudann (Very good model, Ax <2) luvae
fiuuudians Mib waz Mid  egluseéiu Considerably  less (Axog3ening 4-7)  ddu
wuusaesfimdedaldilidanusndulunisfiansan (Ac> 10)

uana1nil nMaduuiuvudiaes Mic Wuuuudaesiiafiaaduy aunsafarsuld
91nA7 Evidence ratio Faidudndiuszinanuuitaesiidiantuiuudiassdiindsionsun
Tag Bumham and Anderson (2002) kugi11 Evidence ratio ¥eduuUs1adusui 2
(Second best model) A151INN71 2 i1 #38HAT Inverted evidence ratio LiAusaeas 50
Jevgsiulaldindunuudansiiafian e Evidence ratio (ER) wag Inverted evidence
ratio au13aMUINLAINENNT (5.23) uag (5.24) Audiu (Bunham and  Anderson,

2002; Poetor and Anderson, 2005)

P
ER=— 5.23
D (5.23)
InvertedER= L x100% (5.24)
P

'
a

e piae Awitaziduvssuuudnassiafiganas pe aruuraziluves
WUUTIRBNRANTAN

Evidence ratio  Tum137197 5.11 wanslsiiiudn lifiwuudrassdadedisudu
wuuIaes Mic uaailAn Evidence ratio Woenia 2 wih Tuvusadeadunladal Inverted
evidence ratio fiANALToAE 50 WUy waildannsUsliuinediu annsoasuliin
LUUTa0uBuUANTATign (The best conceptual model) dmSuusamalnglunsdneil
¥ur wuudiaes Mic dufle wuusraendundidnualidnvaeduiududnduide
Wiy (Homogeneous) wazeAduUszAnansduriu (K) Juagifufiayna (Anisotropic: K,=
K, # K,) veungsnuiianyiusn (fenu1ussiia) uazaziusen (wirevsd) Wuveuivaiil
mi@aﬁf’l (General head boundary) Uinaemlveuasnziaauawanilafismioreuss
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Auualiduveuiwnislsyauinmei (Constant head boundary) USLaaunTedailefield

[ a

mvualidureuiwnitliifiunlvaniu (No  flow boundary) AaBIgRzINUATARDITHYT

Y
4
o

o < ' 5 . a H Y Y v a
muuaduvaulwauiin (River boundary) wagUsunaivaidndngssuulaunainnisiuuy
NAUUU (Recharge)

m‘s'N‘ﬁ 5.11 W1513985 delta values, posterior model probabilities, evidence ratios,

WAy inverted evidence ratios

Model Mla | Milb | Mlc | Mld | Mle | M2a | M2b | M2c | M2d | M2e
Py 17 17 17 17 17 23 23 23 23 23

Ny 27 27 27 27 27 27 27 27 27 27

SSWR (m”) 182 188 173 196 292 268 215 230 198 196
p(MJ* (%) 19.57 | 1443 | 3291 | 9.20 0.18 0.40 3.69 1.87 8.39 9.38
AAIC,- 1.40 2.23 0.00 344 | 1412 | 22.60 | 17.90 | 19.74 | 14.68 | 15.39
ABIC, 1.40 2.23 0.00 344 | 1412 | 29.50 | 25.68 | 27.52 | 21.58 | 23.17

P(M|Daiccnaas (%) 19.80 | 9.68 | 67.17 | 3.35 0.00 0.00 0.00 0.00 0.00 0.00

PM|D)pauar (%) | 23.88 | 14.89 | 53.48 | 7.39 0.02 0.00 0.03 0.01 0.15 0.14

ERaccmar 3.39 6.94 1.00 20.05 | 2E+05 | 6E+06 | 7E+04 | 3E+05 | 6E+03 | 8E+03
ER it suan~ 2.24 3.59 1.00 7.23 | 3E+03 | 4E+04 | 2E+03 | 5E+03 | 3E+02 | 4E+02
InvertERycomax, % 29 14 100 5 0 0 0 0 0 0
InvertER i gua, % 45 28 100 14 0 0 0 0 0 0
AICcMA* Rank 2 3 1 4 5 10 7 8 9 6
mMLBMA* Rank 2 3 1 4 5 10 8 9 6 7

5.3.6 N15UsIUANN LU ULUUIIABLTIUIAR

9197971 5.12 uansaunatiuiatavesamalugluaniizasfinnndiuiu 10
WUUSIa89 wazAady (Model averaged prediction) lunsazasdusznau (Groundwater
component) Femrualaeldis Model averaging @ naunsii (5-25) (Poeter and
Anderson, 2005)

— K
Zq = ka

k=1

(5.25)

g,k

\We® Zq A9 ALadY (Model averaged prediction)
Zqk Ao AAnalddmsuluuiaes k




112

pe fo Anuuasfuvesuuusians k (Posterior probability) fifuiadléannds
AICCMA 1ag mMLBMA (0 5.3.5)

d' %” U 1 dl
19199 5.12 Q‘UG]EH‘LH‘U’]@’]@LL@Q%?@I%Z‘Q?{JTTJW’NVI

Inflow (m>/d) Outflow (m’/d)
Model River River
Recharge leakage GHB CHB Total Well leakage GHB CHB Total

Mila 334,387 | 29,588 0| 3030 | 367,005 | 58986 | 186,205 0| 121,858 367,049
M1b 261,702 | 12,751 | 83,834 | 3272 | 361,559 | 58986 | 198,784 | 2,940 | 100,869 361,579
M1c 279,110 | 23,054 | 72,056 | 2,632 | 376,852 | 58986 | 210,384 | 3,169 | 104,366 376,905
Mid 294854 | 17,021 | 64,830 | 1,739 | 378444 | 58986 | 216,685 0| 102814 378,485
Mle 288,150 | 26,754 | 32,298 | 3,441 | 350,643 | 58986 | 166,946 | 4,232 | 120,508 350,672
M2a 328,672 9,921 0| 2112 | 340,705 | 58,986 | 173,168 0| 108551 340,705
M2b 265,470 | 14,757 | 96,208 | 3,260 | 379,695 | 58986 | 211,943 | 3,091 | 105674 379,694
M2c 274,421 | 28,818 | 90,917 | 3,161 | 397,317 | 58986 | 228,928 | 2,921 | 106,492 397,327
M2d 316,855 | 16,784 | 69,661 | 2801 | 406,101 | 58986 | 230,458 0| 116,636 406,080
M2e 309,707 | 14353 | 17,347 | 2,468 | 343875 | 58,986 | 168,072 | 4,048 | 112,724 343,830
Zq 288,902 | 23,147 | 58,685 | 2,743 | 373,477 | 58986 | 204,685 | 2,413 | 107,440 373,525
AICCMA (T7%) (6%) (16%) (1%) | (100%) | (16%) (55%) | (1%) (29%) (100%)
Z 290,981 | 22,611 | 55591 | 2,757 | 372,370 | 58986 | 203,317 | 2,140 | 107,942 372,384
mMLBMA (78%) (6%) 15%) (1%) | (100%) | (16%) (55%) | (1%) (29%) (100%)

Note: GHB = General head boundary; CHB = Constant head boundary

Tunsaumut sugailumewvesAiadefldainds AICCMA uay mMLBMA i
Tn&iAsatu dufte Vimaniilvawd (nflow) Tnsladsarnuuusrassionn Jssanudosas
78 39NN AN A UUY (Recharge) anudsyTunuinainaneuen (GHB) ARBIEATLAN
uazAaesingll uasvzauasaUszanafesas 15, 6, uay 1 muddy drutiinadilua
oon (Outflow) lnsiledsUszunudesas 55 lnasendnasgnzinuazaassingdl (River
package) uazlvaoangvelaauaival maseniannsguiauinia (Pumping well) waglva
pondutne (GHB) Usvanaifenas 27, 18, uay 1 muddu Anduaunaiuinialuang
AsTiUsEaNal 373,500 anuAdunssiaty

n15Ane1l ANlULUUIUYRILUUT 18 UTILUIAR (Conceptual model
uncertainty) Ninansunau1uIn1a (Groundwater budget) Hu vilAlaeNISAIUIUAT
nar1sasduyTal (Absolute residual mean) A7n@un1s (5-26)

Y

‘R_

q

1 10
=—%YIR
16 2R (5.26




113

R =Zaqw—Z, (5.27)

My SevarvesnnuliiiueureIeIAlsENauLIUIAIG g @11150A1UIlARTN
aun1s (5-28)

U, = ‘Zﬂ x100 % (5.28)

q
q

e E‘ fio Awaseedsduysalvasesdussnauthuinia g Mfiansan

R A9 wangesausznauiiuinia q awmsunuuinass k
Uy Ao anuldiiueu (Uncertainty) 98983AUsnauiiuinia q

sUfl 5.14 Wisuifisusunativintavosusanialugluynesdusznoy
(Groundwater component) ﬁﬁ’lu’smlﬁmﬂ%% AICcMA, mMLBMA iLag Best conceptual
model (M1c) ﬁ’augﬂﬁ 5.15 uﬁauLﬁamu@aﬁﬂmmaﬁy’wmﬁm%nﬂLLUUﬁTWa@NLLazmﬂ
Model averaging Wu11 au@aﬁﬂmmwuﬁﬂaaﬁ M1c fiAnUszanay 137.5 drugnuieniunsse
U IndiAeatiuaadeain Model averaging ufioUszunas 376,900 anuIARLUATARTY Land
Tiudsrnuundedovatuudians Mic

400,000

@AICcMA EmMLBMA mBest model

350,000 -

300,000 -

250,000

200,000

150,000

Groundwater budget (m"3/d)

100,000

50,000

Recharge  River GHB Constant Total Pumping River GHB Constant Tota
leakage head Inflow leakage head  Outflow

gﬂﬁ 5.14 Lﬂ%‘ﬁULﬁauauQaﬁﬁmmaLaﬁﬂﬁlﬁmﬂiﬁ AICCMA, mMLBMA wag Best
conceptual model (M1C)
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420,000 g
N~ 13
-
§ —
5 400000 | 5 3 5
o & 5 o & g
E 3 e 8 & 5 o
5 o0 =@ 2 . 5 5
()] ™ — ™
°© ©
3 1 3 0
o 360,000 | N g 8 2
® — =) %
e 3
€ 340,000
o
0}
320,000 -
300,000 L !
N N W N N A 0 n° > "2 Kae had
AR R A
SR
&
Alternative Conceptual Models
3UN 5.15 agdaunativinavessanalugnelianiiznd
80
73
0 | - mmMLBMA
OAICCMA
60 1
2 55 ¢
o 50 -
)
>
£ 9
= 31 30
g 30 -
[
)
20 - 16 17
10 10
104 77 6 6

Recharge GHBIn GHBOut Riverin RiverOut CHBIn CHB Out

Groundwater flow component

3UN 5.16 n1sUsziiumnuliuiuenlumenvesesdusenouiiuina

JUN 5.16 wanawani1suseiiuaaliduiuey (Conceptual model uncertainty) lu
WUUDI8IAUTENBUUIUIAIE (Groundwater  component) AiAuladlAR INENATT (5-28)
Wiusuds AICCMA waz mMLBMA wuan darlndiAssiu uazaA1ilaainis AICCMA de
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snindnteslunisesduszneu nsaseiuneldd analiuiuougsaainainilvasen
USLIUUOULEY (GHB outflow) Amdulszanmuiesas 65 ﬁauﬂ%mmﬁﬂmaaaﬂamaaw
aswawaze1lne (CHB  outflow) Ianulsiuususngauszana fevas 6 luvmed
peUsvnevsun fnruliudueu ddl dilnadhusinameuuss (GHB inflow) Amdudesas
53 thlvadusith River inflow) $osaw 30 Inarthannmzaaivastauazeilng (CHB
outflow) Fosay 6 571‘1/1@@@%}@5’1 (River outflow) $08a¢ 10 LaxN15LANTL (Recharge)
Jowag 7 audnu

5.4 a3Una

nsadanuusiassiuimadmiuussmalngfinuin nan1siasssindwanis
AnnnTal (Prediction)  ALHU §ausnaInmsfvunuuUsIandauuiAn (Conceptual
model) iganuuiiien Faonanelminnisiewdedduideadn (Statistical bias) wazawbl
wluay (Uncertainty) ﬁﬁulé’miﬂimﬁummlﬁLL‘tjuauLLUUf\i’waaaﬁﬂmmaﬁm%’ULLa'ammimj
Tunsinenil Imanwmauauumﬁ"}aaqL%QLLmﬁmﬁLmﬂﬁmﬁ’umugﬂLLUUﬂ'}iﬂwmasmaqm
FulszAvSnnsTurau (Hydraulic conductivity, K) waziieulaveuiun (Boundary condition)
suvavae 10 wUUs1aes antusiassnisivaluanniveadl (Steady state) delusunsu
MODFLOW  wiaunuyinn13usutieulazns19aaududuluudnass (Calibration  and
validation) A1uuANUNALLTY (Posterior probability) ¥899NkUUTIa8IRI835 AICCMA
war mMLBMA antuvhnisusediumpnnuinasduiildndendasusu (Ranking) Lilaiden
LLUUR‘]"]aau%QLLu';ﬁﬂﬁaﬁqm (Best conceptual model)

Han13531a03n15bnaluaniizaalinudn sugaliuiniaiuszdiulag3s Model
. a1 | % |3 1 Y a %’ 14 ]
averaging dAiniu 376,900 gnuiAnwnasieiy Usunailuaidn (Inflow) wuudiassuin
a Y v a [ 2/ ! H o
4n91NNTRNUIAIUUL (Recharge) Anlusosar 78 diutilvasen (Outflow) wuudNaes
auanAnUssInsaay 55 drassgnutnuazaasssngll (River package) HAN1IAIUINAIY
W9z lurieds AICCMA uag mMLBMA nwuidn wuudiaesiifidnaiaiasilugeaniiniuses
8% 67 war 54 AUEIAU LAkN kuuTaes Mlc Al wuuTIaeulauwnfniangadmiunes
wiabng lowA wuudiaes Mic Tufe wuuTIaeLTuwnAnNAUALTaN v TUALgUU L
avtudnluillowediu (Homogeneous) uazA1duusednsni1sdudiu (K) Tuediufianig
(Anisotropic) vaukesaIuidnz Tuan (Wonw1ussia) uazagiusen (w1mevsd) 1Ju
o a 3 a | VRN =
YoULANANISALUN (General head boundary) Ushiaemneuazniaauasvalaiiauile
vosussimualiduveulnfiiseautnmef (Constant head boundary) UStaautunis3eile
welginualindureuwniilifiurluaniu (No flow boundary) AasignzinIuazaAaedsngll
Avuaduveuiuausiin River boundary) wagdSunalvadndngssuuliaunainnisiiad
NAUUU (Recharge)
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nan1sUsziiuaulainiueu (Conceptual  model  uncertainty)  Tuwneuwes
0adUsENoULUIMA (Groundwater component) wuin AvalsiuuoUgeaAina N U
ihlaoenuiinameunss (GHB outflow) Andufesas 65 ﬁauﬂ%uwmﬁwlmaaaagﬁmaam
awauare1lng (CHB outflow) finruiliuiususanyUszunm Yovay 6 nansuszidudils
avioulfiiunnuddyveinisUssduuuusiasnduuipaliogrsdaian venaini
wuudiassiiniian (M1c) %QﬂﬂwlﬂiﬁéﬂumﬁwaaaLﬁaﬂisL:ﬁuﬁﬂamwﬁﬂmmaﬁm%’uLLa'q
malnegluundaly
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n1sUsEliuAnenwUIUInNakERIn Ingy

6.1 UNUI

MsiinduresUszns MsvereimaasTygiauardiauluiuiive syl
aufesnslddilunisgulnauilan inunsnssy uasgranunssiiuuniu luvmeiing
LﬂﬁauLLUaaaﬂwwqﬁaWﬂ'}ﬂ (Climate change) D19dsHavaNsLUAsULAssER Ut lF AUy
Tugfléinmisiiuti (Recharge) gtutinunaa msguihuimamnldunifulueiaviiliiin
msanasuesszRUlEAUld Sennanannng envdsmansenusiluBeTunuuandnmuam
¢ degrsmansgnuiiintuannisanasesseiuiilifiu (GUfl 6.1) Wy anwdouvis (Ory
well) enavtlsfimsganseuinadnadludnides « Wunadevinlidondealdineuniu
wazdnszduinanasmasaanagyiliiiuiatadanans thuldusglosdlald msgded
UIMAEUMNAANIN Jayusufumsn (Land subsidence) \AausuAunIaf o
Furesilufuiifidiutengaiuiulianas fufnisdadadimsu slfAansmndaves
fuduld Jaymnisgndntnda (Seawater intrusion) Wnunuiithisvinliaunmaesi
vinnaanad lesngnideuudediay Wududedu mmsdmuaiuinisdunissedy
dnaamiumaitngaudaimuduiuegneddunsuimsdanisthuimaiissdu

nsUssdufneniminuiniaie msussdiumdnenmwesuvaniuiaatueg iy
FeUTnaazamn i Mazamnsoiaud unldldlaglinenansenuseduindonnde
annsaldldesrnfuussansamldundesinle Weduuselovilunsnunuinuiwas
dhunanatiue leegredey ﬁm%"uLLéqmmimgﬁ?ulﬁﬁmsﬂisLﬁuﬁ’ﬂamwﬁwmmﬂugﬂmm
dns1gulaendy (Safe  yield) lag3smslduvudnaemsadinaianstiaudd (19U sy
ninensiuieng, 2549 uay e, 2552) athslsfinna dnenmihuieadiussdulddy
?ffuasjﬁuLLmﬁmLLavmm%mﬁumﬁﬂaaﬁ’mﬁqmsm@mizﬂuaumm wariidfay
qumaawaﬂiﬂumiﬂiwLuuﬂﬂamwuu ENmastsﬂmwu%mmamwmaaumLLmﬂm
Wissuuiien fiu wwusiaes Mic faduuuuhaesduumAniifianannsussduea
lsuduouluundl 5 axgnihuldlumsdssidudnenimhuinaveaussnelun)

TunsAnunil shnsssdudneaiminiaanisldsuuuunisldififiatuuae
Unabduiidsuutadueuian Tnsusiaisulueuaatuldanuuudiansiin
LﬂﬁauLLUaaqﬁmmﬁ (Climate change model) lagiluuifAnin 5’1qamaﬁmimﬁauwaﬂiﬂ
sdwangilsroUsnatniuiuinmavewswnelng Tnefnvidisudiounanissiasdy
sUTRsANAAY (Water balance) warszduti (Head) fiwnnssfunuidoulunisudesfing
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\39UNTEAN (Emission scenario) wafiliazgniluussliumdniguiasnsde (Safe yield)
dusuueanaluamsly

Land
Subsidence

Cone Of
Depression

o

Saltwate
Intrusion

Uil 6.1 nansEnUiAnTuInMsanasassziUtliRY (Source: U.S. Geological
Survey/College of Alameda Physical Geography)

6.2 NUNIULANENT

6.2.1 WULlHUANABINITUIVIANE LUBUNAR

nsUszifiuanudeantsliiiuiaialusuianaindasinisiagtediuiniaves
MeUTIINS wazn1aenvulugaed w.a.2541-2550 Felunmsanvesuszmalnenuin
wuliunsinngdethuinadindulusnnads 3.16% del wasiuwldumslddiuiaia
dudulusnsiade 5.59% dell Insfivetuiaatesniaentufifinisansanniian ediu
Tnganidulsuantethuimaildlunssuiunisuanningrannnssy uazniAsTnIastiy
luiinsianzveiiegulaauilaadundn Tnianizegnadinisagtethuimaiiionisudn
huszumythuildauyssanumesesdnsuimsausiesiu sulufsnisiangtethuima
euf g fouddluiiufinnauaauinfafu nsldduilegrainnssuiiuultiuléiuiana
wntu Tnsamznguuedlssnuuonaniiaugaamngsy vieunaiissundslianse
Tusnisld wasnisléduimadiasfiunumddglugaaivnssunisedniify uag
gnamnssuendey dsldtuinadutiideluniaudn nuieimindtunawiondlendiddy
voaUsza finnsnoaiidlausy wardaesmdusuaunnn dddihuimauundaimanly
msliuing Insewzegrebddudminiifnsliihuinageogud Fadudminiidnisauls
9 1Aswgiagaludusudu 9 vesdsemealne uazdudminiutuiiemdnvie qudnans
Tuudagplinafesduurliialddnfvdulueuandae wu fandansunmuviuasias
U3nmma 1Feslval aswan guin veuury uaruasTedun Wudu (suminensihuina,
2552)
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6.2.2 maUaguulasaningiisnne

Jymmsideuudasanimgiiennia (Climate change) dawaviliganiavesvedlan
= o § va 1 % = £ a S a DS =P
wWasuwlasilngviliiigregeFeuneiuiuiu Igavuninduas innsuiaudaniaiy
& 1% a a X < v a X =) 2 H [
Junsulugauas aruanyniiuTulugaiy Wudy n1siiaduvseanasuesUsunaieun
JzdenansgnusafanssulunIANEnINIIN 9Aa1mnTsy ATITaU TIulegIiavieniien
Tngnse lngtanizag1e8elugralinunegie nFen1igu1uas onadwariliunasdla
sonuuuliAu Tlidiieanesieninudainis ibimadwdnanasmuluse glduidulngiae
FuguUINIaTUNlENINTY nansEnuinIuNIffe seAvliuImaliaiuisafugnnie
aunald warUSuauiuimafineguldlussiuiuiiuinassauiuissguiilatesas 3e
guldliiae nisunseesday wagnalnnisifuiausssuwdnuasuwdadly dadu nns
vssimUgmanuiauaauindsudufiasdeadilatsann wazuualinnsiudsunuaswes
anmaiiennia wagkansEnusan1suIMsIaNMlRukazinlau (hsumineinsiiuinia
, 2552)

miﬁmsrmaﬂiwuafmmiLU?{auLLUaaamWQﬁmﬂ’mﬁﬁﬁiaw%’wEJ'miﬁ’]ﬁ’u il
MsFnwLnudluatefui Wy Ussinaelisn (Thompson et al, 2005) Uszineau (Piao
et al, 2010) Usewroaawnsidy (McFarlane et al, 2012; Ali et al, 2012) \HJudu Tags1e9u
994 Intergovernmental Panel on Climate Change (IPCC) fa3dunnasdoyandnvadlan
Tusesmsiwasundasgiionna Tastagtuduatiuil 5 IPCC ARS) dadunisldnmarsnns
Uaesfadeunsyanwuulng (New emission scenarios) 713805949 91 Representative
Concentration Pathways (RCP) @sfiaienanududuresinsiFounszaniduqaiFudiu win
Ussidluindimnududuvesimieunssanseiusingg aznsemusensiuasuudasgiiennia
warnsEUINNITREITeeglstne AmanemsUassfnsiieunszanuuulmii axldden
RCP udimusnemmdsuaudouseiusne luusseinmefiduiusiumnududuvesine
\3ounszan Usznoausie RCP2.6, RCPA.5, RC6, way RCP8.5 1y RCP8.5 doA1numangdn an
wdsuluussemaaziiiandy 8.5 addonsaunsanngagaamnssunazanndutuyes
fesounszanuinni 1370 drulududiu wdsl a.e. 2100

6.2.3 ansgulaaniy

fvnalagiluvesdin Snsnguiaende (Safe yield) Ao Uimanindsaunsoguunld
Mnussumaldlasldinissduiiaaiade sgslsiny Sgldemvessindagy
vasadelivainuans fuandluansned 6.1 daud1d Uiinashilesliguld (Permissible
Yield) Ao UTinahilansnsoguiualdmsldanmsfansanludesausslonifioldsuiy
anudesfiinturesdsdfinfleondeegluiuiidunas i lidu egrdlsing Snangu
Uaanne o ﬁuﬁim tiie19lsine? (Domenico and Schwartz, 1990) ffufe onauUsiuly
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1% (%
o o [

MuUTIUNTANYY (Recharge)  NduMuSAUUSINMNY na1Iladn dnsInTsintngTu
vinnalugrieugauganitviniou

A15197 6.1 LudAnareuvenIIguUaonsiy

Author Concepts and Definition of safe yield
Lee (1915) USunanhgagaganansagunildlaegaunfvazands lnefilagusiaain

Funs188ulaNINNITanaIUaIUSINUNIsANLAUA1T4

1923 Meinzer

gnsianunsaauesnu1antudmiunsldlufanssusiieg veuyud
Inglaiinnisanasegslifuinasndnsildviiiinaulddudimnig
WISEFPANANS

Stuart (1945)

an1asanliyin lUTInaLaT AN MNUIAAARAS

Conkling (1946)

melu 19 Snsrguinazdios 1) ldiiushsuininadessd (Average
annual recharge)

2) sestuisauluifneldaglunsguindusnld

3) seutlalshnseiuiidmaliAnnsudsuasnuaminaa

Todd (1959)

USinauh@anansaguaiidanuesuimaiiulsedmntinglinelmia
AN bieUsEaen (Undesirable result)

Bouwer (1978)

¥
Y

1) $msnguuasnsouni (Normal-safe yield) e 8ms1nsifuadsgiu
drurmadsliifinnsunsngey (ntrusion) vsnadnduneils

2) ms1guiaenfiBaiasugamans (Economic-safe yield) fio $asngui
Fuhumaausoanadldlaglidelifnsunseandeuswen

3) 8nsgulaenieiBangvung (Legal safe yield)ds é’mﬂguﬁ%qﬁwm
ﬁammiaauﬁflmmalﬁaamiajﬂmgwma

Sophocleous
(1997)

Uimmmwmmsaumﬂﬁfﬂuuaqmum lé’ﬂmlma"lmﬂmwaﬂsmulmm
mqmiqmawmaamat,maqu'} ﬂmmwm nsngafeuHuAuLar Uy
niluszordunazszeren

daiu dnsnguiasadulutimidufaiaiganiviifousieguiu (Chen,
2004) dwsukumnanisUssdiudnenimihuvinasardnsiauiaendenu aunsaasuladu

3 UININAN Ao MsUsElufnen niIuInalag 1) NNSAIUINANYAINANNNITAUAIVD
sEAUL 2) nsArwiudnenmliaefiansandsuadniiviiuinia Quaaii) wag 3) n1s
Uszludnennlaelhuuiiassiiuinia 9i nsuseliudneninlaeltwuuinasddiuinig

W dealdiuvegrsunsrasludagdu iWesmnaninvesniuinia Inisidsundasuanin
vo3UsHuRY Usurunisldiiwazdadedug Ay nisdneivadeiifeitesnanilun
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ATUALDIFYLUUINEDIUIUIANE Ay bn1sUs IuTANLLIUENTY wara unsaUsewiy
Ansnmlulsaztuinnelannztoulunigg lame

6.2.4 UNLMNYIVD9

Liu et al. (2006) U'ﬁzLﬁuamaafﬂmmaLLazé’quUQqquaamﬁa (Safe yield)
YoUBIUIAAINIE Kinmen Ussmnalsniulaglduwifnves Lee (1915) Useiliulagds Hill
method (Freeze and Cherry, 1979) iufie Li‘]umsmmmé’mﬁuéizijé’mﬂquﬁLﬁu
Juiuszezinen (Drawdown) lnefiansangndiliinszeztian (Drawdown=0) Hudnsay
aeantaondy wuih dahnindnsgulutagiudntes wandifudsnninisaldinfulu
UJaqUu

Henriksen et al. (2008) \auauuinalunsiansandnsiguiaensie (Safe yield)
dufunsuimsiamsthuiaialulssmamauaningiuiu 4 §3%a (Ensemble resource
indicators) Usgnouse 1) asgugegaini 35% vesdnsnifinth 2) Shsufminiintugegn
Wiy 35% YasdmsIRutETINYIR 3) tvianauiiu 10% uax 4) Base flow anas
5- 50% Ingimualiiinisifindnaguiviniu 50%, 80%, 100%, 120% uay 150% Y8380
guludagtiu 9ntdfufiarsandnsguiliintuluudasdaitn udndendnaguiidesiian
ihluluivnsdanisin

McFarlane et al. (2012) UizLﬁumaﬂizmmnaquﬁmmmﬂ?ﬁlauwaq
(Climate change) %25 2007-2030 fifietinAutaziiuimavesUssmaseansias ns
aansaiaaudesnisliilusunandueg funisvesiamadiuasugiauas naifiuges
U903 dayadinsieauaningieiniaves IPCC4 gnihanldlunisdnass lneivualid
mawdsuulasanmgienialuswianiuegifunsudesfnedounszan (Greenhouse gas
emission) wiufu 3 n3dl fo nediflanilgaungifindusintu 0.7, 10, wag 1303wy
Foa audidu wanisineinudt waainanaglandeulueuiandsualiuunuiiafiu
(Surface water vyield) LazIUIANg (Groundwater yield) anasuszunad 24% way 2%
ALEIRNY

nsuUsziiiudneniniiuinalaglduuuinassiiuinafiniunive s mnlng
ausaazulananigan 6.2
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R

AsUSEUANgA N

NANNSAN®EN

ASUNSNEINTUN
U@ (2546)

Reulansinass (amziudlssmalig)

syevihanliisininl wes niudsestuthuinma
Lail#finnswasuiianismsivaannnziaaivgides
malngfludigaiowiu 6 Alawns waz 2 Alawns
dmsutuiianlsiiu 30wns uazdnuUszuios 100 ws
AUAWY

n5e91884d (Scenarios)

Snslidifiuduannd 2545 wihiu 2, 3, 4, 6, 8, 10 Wh

mimmué’mw@wmﬁyﬁ
WasalugldliAu 320,
960, 1280 gnUIAALIATHD
fu dwiuduthelng g

LN WATADNE ANUAIRY

pUSSMU (2548)

Heoulunissans
sryzianlidiiu 2 weslugieian 5 U (2545-2550)

nsai1aad (Scenarios)

SAnslgunaefikagiuduany 2543 iU 2, 3, 5 Win
Tud 2550

eRudnsinisguin
Wuduginnin 3 wiives
A5l T wa. 2543 (50
auav.u./0) lutiwaan 5
U dewaliszduiiuinia

ANAININAIT 2 LUAT

ASUNSNYINTUN

UAa (2549)

Naulun1sInand

sruzunanlitiu 5 LWns LLazhjLﬁmmimi?ﬂﬁwad

v
°

< Vo 9 | =
u’]Lﬂll"ﬂ’]ﬂ‘wgLaa’]‘Uaﬂsﬂaqﬁﬁuuu’]W’]ﬂiﬂmaﬂ 209

Y1V (W.A. 2568)

Usununisidinvaonse
(Safe yield)

augnuIeAnunssied

WU 100

B30 (2552)

Rewlynsdans
sesuihuimalutuivelnguinadioonalng fo
anasliiiu 5uwas Turiaaan 20 JuagUSurunaslsa
Foslifinsdsuulaaiu 50 fadniu/ans

ns8i1a8d (Scenarios)

Anslauiaaniugiaan 20 U wagldunivdulay 5%

way 10% lugaenan 20 ¥

Usunaldindasndoaes
weIIAlngLvindu 36 anu
anuefiunsiedl uaglainu
mMsUasuslaslSununae
1iﬁﬁLLaﬂnﬁdﬂ’ls§ﬂgwm

s
UILAUN

U LasAy
(2555)

Naulun1sInand
szAviuIAalutulmanguinaniissmnlg foq
anasldiiy 2, 3, 4, 5 wes e 1Y

n5e91884 (Scenarios)

Ainmsldhvimaiiadu 0.1 wih vesdSunansguinlud
2554

Usunaldirdasndoues
weaalngindu 37, 87,
134, 168 AugnuIAnung
fol dmduszezinan 2, 3,
4, 5 AT AUAIRY
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6.3 n1sUsziudnanInlIUInIaLE A ey

miﬂsuﬁuﬁ’ﬂamwfqmmaLLéqumiﬁzgﬁww%’Uﬂwsﬁﬂwwﬁ Tnenslduuustansi
maluaniizasil (Steady state) Aafigaluumil 5 o wuudrass Mic thandaedluaning
wUsidsunaaan (Transient state) ¥innsufuiisunazasiadeusuustaes anduh
wuusaesiildluussiufnenmitumadmsuisanalnaseld

6.3.1 LLUUﬁﬁﬁB\?ﬂﬂﬂiﬂﬁiﬂﬁﬂﬂ’wLLiJiL‘ngEJuﬁl’mL’Ja’]
6.3.1.1 Conceptual model and model setup

LUUTIADUTILUIAAEINTULUUTNEDY  M1c UTznaunie UouLssnIuiAnziunn
(Flonw1ussiin) wasnzfusen (wnensd) Wureuwniiiinisiiudh General  head
boundary) U3naeinswasnzaauawanilsfimmnievewssiualidureun iz
¥aeit (Constant head boundary) Usnanefsdsilaiielgmualiduveuwniildiiiilma
1 (No  flow boundary) ARBIDATLN LAY ﬂam%’mﬁﬁmumLﬂuﬁuauwmmﬁw (River
package) | LLauUﬁJ’]ﬁuU’]‘lﬂaLﬂﬂL‘U’]ﬁiyUUlﬂmW’]ﬂﬂ’]iLG]@J‘u%ﬂﬂ@’mUu (Recharge) anwue
%uwuamumma Suhiduioretu (Homogeneous) sesfuuiana (Groundwater head)
filfannisdraedluanneasi (Steady state) azgnlfifuszduinidudu (nitial head) d1u
M3LANLAIBATINSANT (Recharge rate) aglutag 4-10% vesUTananiduodesed
2550 (8504, 2552)

6.3.1.2 Model calibration and validation

nsUsuiisuuuusiassluanzuundsununalaeléteyaseduiinnye
dunanisallut w.e.2550 911U 35 Us (8304, 2552) vinisusuiiieulutisfounnsiay de
§unAu 2550 drunisasaasuluuitassildlasmaiuuudassiléannsuiuiiiou
Tugas® n..2550 wndrapamsivaderdudoyaluraed w2551 v 2 919 asfiansanain
A1 Absolute residual mean (ARM) Wag Normalized root mean square (NRMS) (ESI,
2007) Bermuslsian ARM uaz NRMS dasdidnlsiiusosay 10 Wofiarsanandoyassdui
famaialuauy wud mesusnnsssrisssduiigeaniusiiandfaldussam 25 was
Fatfu dufuen ARM aeoaiialsiiAu 2,50 namsusuifisussduini 2 9a Fuandugud
6.2 uarAns19il 6.3 druanantivamansvestuiildannsuiudeusuandunsd
6.4 Fadsznaume Fava.mssenliinduniy () ald. nsfnfiusime (Specific storage,
Ss) ava.msAnivdmsutuilfusesu (Specific yield, Sy) mnunguuseandna (Effective
porosity) LL@SV’YJ’]MW?U%@?&NW (Total porosity) Auasu
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Calculated Head (m)
5

-

T

5
Ohserved Head (m)

(a)

aren

15

alcuated Head (m)
5

5
Observed Head (m)

(b)
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JUT 6.2 nansuTuiiguseauinflaann (@) drsuSuiiigu (Validation period) kag (b) 49
»379a0U (Validation period) kuu3Naa4

a v v 3 N
M19190 6.3 Na%qﬂﬂqiﬂi‘UWlEJ‘Ui:;’WUu’]‘U']ﬂ']aiuaﬂW’JgLLﬂiLUaEJu@']ﬂJL’Ja']

Model Absolute Residual Root Mean Normalized
Mean, ARM (m) Squared, RMS (m) | RMS, NRMS (%)
Model calibration 1.289 1.516 7.700
Model validation 1.541 1.843 8.41
a1519fl 6.4 AdudszansnnsTurhuiildannsusuiisunuusass

Model . K (m/s) Ss Sy Eff. Por. Tot.

layer i Kx=Ky Kz (1/m) Por.

1 Unconfined 50x10° | 5.0x10° | 1.0x10° | 0.03-0.30 | 0.05- 0.30-
semi-confined | - 2.0x10° | - 2.0x10" | -2.0x10° 0.25 0.42

24 malng 4.23x10° | 4.23x10° | 4.0x10° | 0.25 0.27 0.39

5 Auwmden 6.66x10° | 6.66x10° | 0.002 0.03 0.05 0.45

6-8 AL 8.45¢10° | 8.45x10" | 0.002 0.03 0.05 0.45

9 Auwmden 2.00x10° | 2.00x10° | 20x10° | 0.20 0.25 0.30

10-12 | peved 3.02x10° | 3.02x10" | 1.0x10" | 0.20 0.28 0.37
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A15199 6.5 9RsINSIRNUNAlRaINAsUS U B U USULUUIaD4

Zone Nuidns (Recharge zonation) Saniuih@eduessed)
1| L@ (Impermeable) 0
2 | Furulad (Low permeable) 75-120
3 | Furulauiunans (Moderate permeable) 135-160
4 | Fuuldisa (High permeable) 185-210

SnsnsiniildainnsusuidisudmiunuusiassluansuUsiuasunnunans
wandlunsadl 6.5 dawguil 6.3 uansiegamaIeudisussiuiuimalugasiuiie
LLaz‘U"Nm%]aEJULLUURT’]@ENE%M%JU%U&WW@IWQ PnUadLnanIsal 4 Us laun Us TQ-404
(9. 8991UAT) MW-2A (USIUTBULEY) MW-AA uay TM-497 (USLIUNa1eWe) uaay

6.3.1.3 sun@atuIna (Groundwater budget)

supathuimadmiuissmalugildannnisdasdduanzuusdasuniuna
(Transient state) U w.a. 2550 Fauandlunsnedt 6.6 IneU3ouifsvTunuhilnadiuey
iwaaaﬂLLUUﬁi’waaﬂugUmaqmiLﬂ?{auLLUaaU%mmmiﬁmﬁU (Storage change, AS) @13190
osunsaugatIAaresLsalgldd fusinashlradiuindy 3330 Sugnuiadiuns
#o¥ Tngldnannsifsiduuu (Recharge) Wiy 29.02 rugnuiaiiumseed waglua
WuSinmeuuss (GHB) whity 4.28 Erugnuiadiunsded drudiinailvaseniinfy
29.30 Frugnuiaiunssed lnglvaseninainnisguinluld Tnasenmawiiiuas Inag
NELAAIUANYAINAU 21.53, 2.2.32 Uag 5.45 a1ugnuiaiunsiel aud1du nanlagagy
1891 Tugaed w.e. 2550 wsamalnafivsunanhduiuiidud v luvsiasnfusn
Usana 4 rugnuiariians Saduuimnanhiieusafmuiuldldlneligagdeaunai

U 6.6 uansUFuailnad-senduimialug tuthaw wasduthaoned
Wisuifuludsggfeusugaru esuslddn lugasnefeutimnanihagtiosniitingguy
dosnlaifinmafiuiantidu uaeinafuiiddssuunndudauasidiunnnitludis
qaru eRarsanuenaudutih wuin duimalvgfaugailuszuuinnfiaasesasnie

(% (%
[ o 1

FUAW karAaVad auaIny Wi Turisgaauiiaunauniiiu 31.05, 8.19, wae 1.21 41
anurAfluasael dmfutuivmialng awn wazAeved awdiu uenanil Anaugauily

Y
'

=

5UN 6.6 Fanudn dmsAnd1ndIludugniAsanIsdudimialugvintduy diunns

&

WasuulaslSunadnifvaziisduluduhmelngunige lnewnnzlugdimihdou ieewn
Lifinsininandily dudsunanmslddmmuamiigu 21.53 dugnuiadiunsdel wie

a [

Anuesag 60, 30, uay 10 dmsututvialvg Aw uazAevad auaRu
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3 T
Calibration period < Validation period
2
TQ404/HY ( Calculated)
5 | o TO404/HY(Observed) —_—
Wl S
= | Pl s e -
£0 h/\_//
B
L 6] 0 O
= . o]
| (@] o o O o o 4
2
a) TQ-404
Jan-06  Mar-06  May-06  Jul-06  Sep-06  Nov-06  Jan-07  Mar-07  May-07  Jul-07  Sep-07  Nov-07
Time
2805
=2 Calibration period — Validation period
20
— MW-2A/HY(Calculated)
= © MW-2A/HY(Calculated)
= o}
5 15 o
E o Q e] e O o - o A=
10 4
b) MW-2A
Jan-06 Mar-06  May-06  Jul-06 Sep-06  Nov-06 Jan-07 Mar-07  May-07 Jul-07 Sep-07 Nov-07
Time
3
Calibration period - Validation period
2
— MW-4A/HY(Calculated)
) 1 O MW-4A/HY(Observed)
@
= | -t C s
0 —/_v“_/ ------------------------------- = ©
3 o 5 :
<
gy d @ o O o] o] o
1e:]
a5
©) MW-4A
Jan-06  Mar-06  May-06  Jul-06  Sep-06 Nov-06  Jan-07  Mar-07 May-07  Jul-07  Sep-07  Nov-07
Time
L5
< Calibration period < Vaulidation period
——IMATNHY(Caleulated)
iy Z TMATYHY(Ohserved) ;"
171 4
= ’
I3 ’
E. Lﬂ 7 I’
'E C-n....-___'a'
o
o
d) TM-479
Jan-04 Mar-(6  May-0a Tal-06 Sen- MNov-0t Tan07  Mar-07  May-07 Tul-07 Sep-07  Wov-07
Time

3UN 6.3 1WSguiiguszauiuimalugdiauiuifigularyamsisdeukuuIaesdmiutuin
malngy a) TQ-404, b) MW-2A, ) MW-4a, d) TM-479



Elevation, m (MSL)
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o dwuns W L edwuns

L meleduawa b veasuawen
uiles e

auMnd “9.U29nMN

a./alney Y amalvg
| | i [

g paeweslds 0:AaRIMBYlaY 0.AARIMBYLYY

Y Y
1Y

Futhvalvey (HY aquifer) Fuian (KT aquifer) Furmensd (KH aquifer)

Y

JUN 6.4 unuNTEAULsTuIUINaNaINN1IIIaes

S55000 &s0000 7 &75000

UTM_X (m)

UM 6.5 NNFRYIUAAITEAULTIPIVTUIAaALIUITARRL TunN - Ayueen

6.3.2 N153718NBUSTIUANEAINUIUINNE

wuusIaesiiniun1sasivgeviudundaluiade 6.3.1.2 duldlunisuseiiiu
ﬁi’ﬂamwﬁnmmaLLasé’mﬂqwaamﬁa (Safe yield) mﬂ%’a;ﬂamsmaﬁﬁmzﬁuﬁwmma
SYWINe WA, 2547-2551 wuin sesutndanniaiu (Ground surface) TeetadeUssunn 5
L4403 Turauefinumundui (Aquifer thlckness) Laa‘a‘mlmmﬂmsamﬁﬂm“luuw 3 WU
Hufivauusaarnariudsasiinuvuadsunnsaiu duie Ussana 20 wns dmduveu
Wod WazUszannd 30 LWAT d1USUNANNLEY AINANAY Iummzmagammaﬂmaa‘maﬂsaq
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(Screen)  Usuimaludiufinudl agdnainiifutesgauszuia 20 was (@nizieglu
s1uteyarenIUNINeINTUIUIAG) Ay ndeyaludaiuniaguindnewy awnsafmun
Reuly (Criteria) Tun1sdnaesianualansdl

M19197 6.6 AUARUIUIANAKEMA AN RUTIURBUANILIAN

Usuanislvadniade Usuanislvaseniade . s
T @ av.aA) @ av.u.A) L:JaEJ“LJLL‘Uaj
J3uwun15An
gosou | foeu 52U gosou | fowu Pl B (+AS)
Storage 33.64 0.18 33.82 14.09 23.73 37.82
Constant Head 0.27 0.09 0.36 4.36 1.45 5.81 -5.45
Wells - - - 16.60 493 21.53 -21.53
Recharge - 29.02 | 29.02 - - - 29.02
River Leakage 0.69 0.62 1.31 2.73 0.90 3.63 -2.32
General Head 5.85 1.95 7.80 2.67 0.85 3.52 4.28
Total 40.45 31.86 72.31 40.45 31.86 72.31 +4.00
Note: AS = Inflow — Outflow
PUMping _ Recharge
Pumping 29.02
A16.13 A 540 ﬁ
9.51 _ S=2744  |<a357 3.18 . 52027 |t
- HY aquifer BC - HY aquifer
S, =3.39 _>8.03 S, =19.17 _>204
* 2.49 12.16‘ ?0_43 6.45$
Gzl e S=595 |a—224 el i 5=073 |29
$=432 | o 5,324 =
A 045 7.76" 1.38 4016 1.79" 038
0.96 0.32
Pl 335 [ Seme T
0.34 0.11
— -

Note: S, =Storage out; S =Storage in; BC =Boundary outflow; BC =Boundary inflow;

HFqu between layer

UM 6.6 aunauuInatugtgaeu (4e) wazgar (131)



129

1) sysuthunmnadesanassiainianulaiiiy 15 wes wisseuliAnszeziinan
(Drawdown) geaminfiu 10 wins silfietioatullymouiaven (Dried well) was

2) lm'LﬁmmiLﬂ?iauwaaﬁﬂmqmﬂwaLﬁaﬂaaﬁuﬂmmmiqﬂzﬁgwmaaﬁuﬁmm
NELBFTUAA AT NZLA81I NY

£

= o o PN v o Y] ! N a
nsfnwilimuaguuuunisatanisalluswiaaiwlsiuiulade 2 diume Ysuu
nsldumTesnsau (Pumping usage) kazdnsINTsinin (Recharge rate) fisil

1. YSunaunsldumesnsnau (Pumping usage)

Avuaslwuunsivdsuilassnsnguinlusuianaiuwulldunisidulusuian
ganilu 4 3t (M5 6.7) Usenausme:

nsdlfl 1 (P1): fnslhuiaamindudaaud 2550 (x21.5 Erugnuiadiumseied)
AsTinaemAIsAn 30 U (2550-2579)

nsdifi 2 (P2): Simsldiinuinauifusnagul 2550 (21.5 Sugnuiadiunsead)
910 Yusn (2550-2559) ntuausilvinisldiuimaiuiulugag 10 Jsen (2560-
2569) Wiy 1.5 Winvesdnsgul 2550 wagluya10 Yaaving (2570-2579) auydltniinisly
thuinaisdurinty 3 wheesdnsigud 2550

nsdli 3 (P3): dmslihuinawihfusnaaud 2550 (21.5 Sugnuiadiunseed)
Tut2910 Tusn (2550-2559) MnduauyFlidinsldihumafistulugag 10 Tdeun (2560-
2569) Wiy 3.5 Winvasdnsngul 2550 wagluyae 10 Ugavne (2570-2579) auydltniinisly
thumadfisduviniy 7 whwesdrsgul 2550

nsdifi 4 (Pa): Simsldiinuinauifusnagull 2550 (21.5 Sugnuiadiunseed)
Tut2910 Tusn (2550-2559) nduauyFlidinsldihuimadistulugag 10 Tdeun (2560-
2569) Wity 4 Whwessnsgud 2550 warluti910 Taavhe (2570-2579) auydlsdinsldi
vadfisdusiniy 8 wihvesdagul 2550

2. 993NN (Recharge rate)

arualisuuuunadsundasrsnaiuiiluouanuUsiufuuTunaiduuls
gondu 2 n3dl (M5797 6.8) Usznoushe:

SR 1 RL): Vsnanhelulugag 10 Tusn (2550-2559) Anannd3anairuadese
Visalaasalugasd (s19it 6.9) Tneldrnaasansiuiu 5 danii¥aeu ldun @andluena
dwues Auies Aeved wazuvsew duluyae 20 Ywmi (2560- 2579) auy@liusunan
drluiiAntumiloufugael e 2550- 2559 wad smusliiiduedssieidousiaiaed
paonluY9 20 U

n3dift 2 (R2): Ussnaniruludae 10 Yusn (2550-2559) wiloutunsaldl 1 (R1) dau
Ussnamiduly 20 Yamii (w.a. 2560- 2579) Aualiuusdunudiidiuaaldann
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wuudnaesiiennialueunan (Climate change scenario) lngg1aBadeyaimnsigaulaniou
y03lofiad atuft 5 (IPPC AR5, 2013) @dlunsdly amgmﬁﬁmsﬂdaaﬁ”ﬂ%ﬁaumzf\]ﬂﬁizﬁu
winfu RCP8.5 (idle RCP Simnaidutndsanisawns) Sadussdugegnainsioauves IPPC
AR5 TagfinisuanuasuFunasudulutsdi 10-20 (2560-2569) wagt1alil 20-30 (2570-
2579) wagldAniruadsainsuan 3 @ond loun aandauudumalng rond uavannil
avian  Usinarludildanuuudiassanineinis MIROC5 (Model for Interdisciplinary
Research On Climate) fauanslun1seil 6.9

faty Wasuaulvnuanaieiy azlawuuInaesitdnsunisainnisal (Model
prediction) 91121 8 WUUYNABY UTeNoUAIY WUUINaes P1R1, P1R2, P2R1, P2R2, P3R1,
P3R2, P4R1, kay PAR2 Anuafu

A13°9% 6.7 Groundwater pumping scenarios

Case BNIIGU (MMA3/yr)
W.A. 2550-2559 W.A. 2560-2569 W.A. 2570-2579 VRS

P1 215 215 215 uss

P2 21.5 32 (1.5P1) 64 (3P1) SanguasTiamzuinaim

P3 215 75 (3.5P1) 150 (7P1) WAUIAUATUA LYY

P4 215 85 (4P1) 170 (8P1) Snsnguiidu 2 was 4 win

NS UINILIANAUIAUAT

mAvgiazlssugnamNTIX
duuinaduniioutunsd p3

A15197 6.8 Recharge scenarios

Case Recharge scenarios
W.A. 2550-2559 W.A. 2560-2569 W.A. 2570-2579
R1 Vsunasheluedesied Usinanieluieassnedeng w.el. 2550-2559
R2 Vsinasheluedesied Usinasheluiedeann ARS USinanheluiadsann ARS
(RCP 8.5) (RCP 8.5)

A15197 6.9 USinausludeflalunnssnanssewing w.a. 2550-2579

a a

U/ \iau wa. | A | S | we | na | R | ne | g | e | e | we | sa | 51t

'2550-2559 107 | 25 55 55 86 70 67 93 76 | 229 | 413 | 362 | 1,638

"2560-2569 19 2 20 24 132 | 83 | 101 | 108 | 147 | 228 | 239 | 234 | 1,337

"2570-2579 | 46 7 71 75 87 81 155 | 191 | 195 | 313 | 280 | 204 | 1,704

‘nnsuaaleniven
“1ALUUTIaeIEnMeINAMIROC 5 (IPPC AR5, 2013)
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6.3.2.1 MswWasuuUassesuinuinalugie w.e. 2550-2579

U7 6.7-6.10 Wisuiteussiuusstuihuimanasianenisinavestuiimelug i
nanwiull 30 ¥ (wa2579) neldidouluguuuunisldihuasusmamisiu wui vouis
ﬁuﬁﬁazéﬁ’uﬁwﬁmdﬁzﬁufmzLamuﬂawﬁmiﬁumsﬁuauLmMﬂﬁﬂﬂﬁumﬂuﬁmiwquﬁLﬁmﬁu
TnglanzusnaamavIaunsmalng uimeadiuaseal wenaind domudifings
Wasuulasfiemsnsivannmeiaavaswaiinmadewnalvajosnadived ey dednnsifia
Snanguieust 3.5 aull 8 i1 veednIIgul 2550 (nadl P3 waw PA) wandliiufienana
L‘fJu"LiJiﬁiumiLﬁmﬂﬁ?ﬂgwaqﬁﬂLﬁmmﬂé’é’mﬂquﬁ agslsfimy Msdsunlasseduiii
MnMITaestiunu Sanauanmetunuiiud dsanuseusneSungladu 3 Tew dud 1)
fufisnedamuas 2) ﬁuﬁiﬂé’mmaawawmﬁnmé’ﬂLﬂamqné’mawﬁua@wh N0
malng war 3) fufinarwssuSanunmauviauasmalng srudiuanaoun UUNg
UnNIALNEY Tuvas sy 9 U S NNOARDINDELU LaziuTivounssfinns Tunniu T
wumsanasesstiutegditudidn dufu Sudenldfunutedunanisalvesis 3 fuil
Tun1sesuienisiasundasssiuiiiniu Tnsusnesuigeennutuivalng AL kY
AOnad il

“Nunlnangiaavasvan

U7 6.11 wansnsasuassEiuuInausnaiuilndnvaaivawardniu
Futhmnalvg) (o MW-2A) quin (Uo MW-0B) uazaomsd (U MW-40) Fuita 3 Ve siang)
U3nnanUndn Ut uuesiu fuauines S1LA0UNNAT WIIIINNEIAATUAIYAINN1STA
Touszanad 5 Alatuns LLauaﬂiﬂawuwﬁuaUquﬂﬂiaa (Seawater effected boundary) (86
uazAny, 2551) WU Gnummmiwm:umsuJasmuﬂaﬂumwNwaamﬂamﬂumwumsmum
(Recharge) Hufie wwm%muqﬂuqmu wazanadlugaiou wazsziuiAey anamy
é’quwaznmﬁﬁuﬁu Iuﬁumsﬁ%’uﬁﬂ@jLﬁhLLamama‘hjwummﬂ?ﬁuuﬂaﬂuﬁﬂmﬁ
aamé’aaﬁ’uq@mamﬁauﬁ’u%uﬁmm‘[,mg wanslidiuesdaauin Usinahdwlngjves
%u’uﬁmmimgu%nmﬁuﬁiﬂé’mLamuawmmmﬂmiLauﬁwmﬂﬁmu dlofinnsanavesnis
Wasuulasanmgiioniesonisiudsuulasssduth nudn nelddeulunsudesiedou
nszanfiszduanududu RCP8.5 denaliiseiuinluanasedresdaaulunnnsdluasyndui
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6.3.2.2 S88i1an

sU#l 6.14 uansszezinan (Drawdown) AnTuszrinamssaedlurag wa. 2550-
2579 mﬂﬁaé’ﬂLﬂmmsaiﬁl,ﬁmwszamqaqm Usznaudae dudmalg (UeH-0042) %y’uﬁ']@j
W1 (UaTH-444) uagduthnonsd (UaTH-442) nuin seavihanses iulunudnsgud
i 538:51@@@&61%33&1@4 60, 40, way 25 w3 dwututhmalg AW uazAENad
AUEIRY

6.3.2.3 Myuszliudnguuaensie (Safe yield)

HA31NN13TI88INTIvans 8 nsdl dhanUsuliudnsnaudasndunielddeulai
mvualuinsnulufe

1) szeztandedliiiiu 10 W uaz
2) Wifinswisuudasiiananisivannnsaavasaigillomnaivg

aunsaasudnsaulasndeuennutuinlafni1an 6.10 e5unglaa

1. 3l P1: fnsguihasiivinfunisTdi® 2550 wihfu 21.5 dugnuiadiunsded
pRaAszEzIAT 30 T WUl sveztaniAntuliiAy 10 wes dmsutuimnelng AT LA
povsd nanafie TunsditannsaUssdiudnmgulaondvetnetien 21.5 Sugnuiadiunssed

2. nsdl P2 Sinmsguiiasiitadlutag 10 Tusn (2550-2559) wifunsliin® 2550
Wiy 215 Erugnuiadiunsded udufintulugag 10 Yslean (2560-2569) Wiy 1.5 i1
v9a8m1guT 2550 uarluvag 10 Ygavine  (2570-2579) awylvidinisTdiumaiiindy
Wiy 3 wheesdhsgul 2550 wuin srevihanfiatuliiAu 10 was dufududmialug
AW uazAevsd nande Tunsdidannsolsududnsguuaeadvedietion 64 dugnuier
wnssiel

3. n3dl P3: fmsguiiasiitaslugag 10 Yusn (2550-2559) winfunisléind 2550
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Sn51a07 2550 warluts 10 Taevine (2570-2579) ausAlvinslidhuinafiutusiigy 8
Wiesdnsngud 2550 wudt srezihaniatuAu 10 wes dmiuynsuit nanie Tunsdid
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A5197 6.10 M3Uszidiudnagulasns (Safe yield)

Pumping gnsauUaende (Augnuiaiiunssied)

condition Futhmplg Futhausi Futhaomnsd
P1 >21.50 >21.50 >21.50
P2 >64 >64 >64
P3 75 150 150
P4 85 170 170

6.3.2.4 N139AN15UIVINE

SninguiaondeiildainnisUssiivluiate 6.3.2.3 gminunldlunisuimsdanisin
vimaluiuiugwnelve) Tnemsuvsiuiliduamhuimagesaunsnszatevetiuina
wasufifauUszu Weanuazmnlunni lUldnumadiudauuazaueu (Hufien
wazaz, 2555) laglumsdnuilduauniiuimagesoendu 8 Tou a1safl 6.1 uans
Snsguresumiiuiniages asulédn Shmgulasadedmiuudsmalvg iy 205,720
gnurerluasdety (75 Sugnuiariuaseed) uazamnsaguinuimaifinldsn 146,745
anuAfunssiaty

nuaLIvInIageslun1sen 6.11 auisanenusziiuaniiznisiduivinia
ponluiunldinUasadeasnumiusizune fadl

1) fuiilddiasnde muneds #uiiilidfywinisanawwesszfutiiuaznis
Lﬂﬁsul,maqﬁﬂmqmﬂ%aLLUUﬁ‘i’I&Jﬁﬁ@ Usznausme

oy 2 §8nsrguiasaswinty 16,475 Sugnuiadiunsded uavausngui
vimadalFaniagiudnuszanm 5 wih aseunquituisuanula waringil duneAIu
Wes

oy 3 §8nsguuasasiewinty 44,330 Sugnuiafiunsed uavanusagui
vimaifisldandagtiudnussana 6 v aseusquituiidiuautunies s1nemuies
fuavindns Sneu1enan wag duaags snnevalug

~Twu 4 §8nsguiaensieintu 38,620 Augnuiafiunsred wazausagui
vmadilFanilagtudnussanm 5 wih aseumguiluiisuanIuEs eiuan sunemelng)
Fualaniiae wazAaeawaells Snonasivogls

wu 5 f8nsguiasasewinty 25,740 dugnuiadiunsded uazauisngui
vmadialdntagtiudnuszun 4 wh Aseunquitufishuatiung nems sunemalng
WAy AUAYATY SNNBARBIVBLLYY
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NNy miInages BRI BRI Saguil | dndu
vl Jaqliu Uaansi dalle | Adialer
(auy/ %) | Gua/ M) | Eua/ W) | (i)
Tgw 1% | a.33lA 6. 3n0u 9.57409 97U 4,815 7,225 2,410 15
pazla 7.UNT0 wag n.anmle
9. 84UAT
low2 | aeula uae a5nll 0.nuiled 3,295 16,475 13,180
9u 3 | mUTsee 9.muded #9199 8. 7,315 43,890 36,575 6
UNAN WA 7.aqe 0.10lvgy
lgud | 9.Aud avjwnien e.elvg) alan 9,395 46,970 37,576 5
19 uag n. AapweelYs
9.AaBINBY LU
lgu5 | a.dung a.nens a.nalvg 7,338 29,350 22,012 q
Wag A.YNaU .AaeeveelY
19U 6 F.ANDILLA m.ﬂaaqguimum 8,635 34,540 25,905 4
A.ADWIE DA lng) Laz ».0UmNs
8.UM9NEN
Tgu 6A% | [wAmAUIAUATAIA YY) 13,725 20,585 6,860 1.5
lgu 7% | a.aw1 2.Alvg) f.LINEY uaz ¢ 4,457 6,685 2,228 1.5
V1NE 8,098
39U 58,975 205,720 146,745

* uiiunzuns ** dadwressaguildalliidefisuiudnsguiiagiu

-Tou 6 ddns1audasadeindu 34,540 augnuiaiiuasAel Lazaunsaguun
uimafialliantagdudnuseunn 4 Wi ATEUARUNUNAUAARBILY ARBIZATLAT AOVNE
SUNDYAINEY LAZFIUATUIUNT B1LADUNNET

2) Hufseuns e fudis
nadsunlasiianienisinauuuideddy sufdymnisgndivenindy ersnivau
Usinamsguiumaluiiul Ussneudae

oy 1 §8nsrgudasadoiiify 18,056 Arugnuiadiunssed uazausnguih
vmaniuldniagtudnussanm 1.5 wh eseusquituisinedmuns (Duituiidansiasn
Insuagngiaaiuatwan uasdiszduusiuiuiaandediniissdudmeiauiunans 3a8
audssiiaziAnnisgnaantiduld Tasnmeduhauastuihnened

- Tou 6A fnsiguianndowiniy 20,585 drugnuiadunsel wazatunsngui

mmamelmmﬂﬂ%uuaﬂﬂsumm 1.5 11 ﬂ'ﬁ@‘UﬂﬁllWiW]L%G]LVIWU’]@UW?MW@IMQJ 9LND

AULEEINZANTYNIN1TANAIUDITEAULILAY
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melng) uiufifiinnseihan (Cone of depression) arsmununisldtiagisaiads
TnsiamzogsBanmslthanniagsialsusm

~Twu 7 f8nsguiasadeniity 17,660 Arugnuiafiunsied uazaimsaguin
vnadfislfandagiudnuszana 1.5 uh aseunguituisiuaguei sunevalvg fuaul
V01 LALAUAUIINET 8NDUIINEN 6?’5@@14%14%%&4114%5%%/ dngoe (a30uLATANY,
2551)
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6.4 d3Una

wuudaeniiuinia Mic  friunssurunisUssidiuaaliiiueudied? Model
averaging Tuuni 5 Qﬂﬁﬂmﬂ“fﬂumiﬂisLﬁuﬁﬂﬂﬂﬂwﬁ’mm’mﬂmLLéQ%’]ﬂIMiyjﬂﬁﬁﬂﬁﬁauhﬁ
fuaiioUssdiumsnsgulaonsty (Safe yield) lunisnwiissdulnenstmualid
mslfiuiutulueuan nansUssiiuaunsoasliindnmgulasndelunmsndmiuuss
valngjmsianlaify 3.5 W vesdasgull 2550 wiewiiu 75 dugnuiaiiunseied @
Duusinanisléhitulaldineg lddwansenuisludsiimnanazidanunmuesduii
alvin) it wazaoved nasasTeEIAY 30 T (WA, 2550-2579) dmunisdanistiuiaa
Tuiufussmelngidofionsanuenauwatiuiniages $1umm 8 Teu arursaudadumi
vintageseeniiuituiliirasafesiuru 5 Tou wazitufliusizunsiuiu 3 Tou 3
ansaguiuInaiisldantagtudnussanm 5 wh uay 1.5 wh suddu fafu dwy
fuififianuszunsdassneudoe Tou 1 @uisnedmuns) Tou 6A (Huflwamauia
unsalng) uar Tou 7 (ufiunzieaivaswan) msmuadlallfinsldiiniu 1.5 i
(Wmnasdiimualilumsiedl 6.11)
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dyUunan1sAnen

7.1 aguna

mAfeiinauenmsussifiuandnuneduiiuduideisadfsduazauliutiuon
YBILUUT1aDUTILUIANAI83T Model  averaging LﬁaLﬁaﬂquﬁwaau%mmﬁmﬁﬁﬁqm
Bllunsdszdiudnenmiumavssuswnnlng Wedsslemilunisdanisiiuinali
\Andszansnndeld naannsinwanansoagulaied

711 deyavquiarzuimagmitiengindeutuiuunduiiulfiiu 14 vda
mntulguvstuiveandu 3 gy auANaInnsolunsTuruvestuiiu iedasize
AuFuRuSI B uTivazadrsuuusiansduiulaedzadassauuudail (ndicator
geostatistical - method) Usgnaunae %uﬁfﬂé’m N9 BaTe MINEIRY Nan1sANE
WU %umamumm Correlation length ( (A) MW IuUsEaa 1,770-2,235 1WA du
Futunhfiesvana 1,188 w3 snsiiszerlununiiansatsveniinnumunvostullg
TaodiAUszunu 25-30 LWUAS dau%u’uﬁu’uﬁﬂﬁmwwmﬂiumm 23 LUAT TEAUAINFUNUGLTS
WuwuawumaﬂmmmLLauU’]uﬂa’m AU WATUUITIU ALEIFU mamﬂmsasw
qumaawwuwmw aﬂwmuﬂjumwimmmaamaaqnmwmaaqLﬁmLLmﬂm Tufie smm
Uszneugeduiin 3 du (malwg AW LazARNId) mgﬂ%uﬂumLmaﬂaauaqizmwwum
MANENTIASIERT ATt T3 R adRnas N TR ERALduT S Bt
puLufdlagisadfssdlnuin Aflddaulndidsaiu agulédn wwudaeudauuifnues
weameluvaiiauelne 23 wazane (2527) Hmnumnzadlumsilvldadsuvusiasni
vimala

7.1.2 mytszanasndudsyandnissedlvind@sing () 9ndeyaveuiaalngliis
dusAmmtuiuiiessuisnanszneesd K ludsadinun sasvesen K dwsuty
el auinazrendiiniuaenndesiunaainnsgunaaeuluaui Tnsaaua.ns
pouliFunuyszavsraiiadfsegiuwiniu 1.70x10 " was/Aud 1.40x10* was/Auni
wag 1.95x10° wins/Aundt dmfututimalug gl uagaonsd amdidu sULUUNS
nszanefanu1 Amnudivesan K yaduiiduvinfaansdamatanuasaruuuuiden
daumnuldifuiediontu (Heterogeneity) Suaa{?uﬁuéjmfﬂuLL’@'mmGLmyjmmma%mEJ"Léj
fae Anisotropy ratio wuin Sengsegiuiintu 11, 12, uag 10 dwudutmalg i
wazABYSd AudRy

7.1.3 myUszfiuanuldudusuvesnuuinasudsufndmsuns walualaeis
Model averaging #Wui1 Luudaeudeuunfnafinngnddinuinasidugandosaz 67 lawn
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wudaesiisulfsnunstuiuduiusarduinidudedotfusaraduyssaninda
i (K) Auagiuiianis vevussdnuiirnztunn waznguseniureuiundifinisfiui
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Abstract In previous studies, the groundwater flow mod-
els formulated for the Hat Yai Basin were conventional and
deterministic because the geologic heterogeneity of the
alluvial aguifer system in the basin had not yet been
assessed. This paper describes an effort to develop hydro-
facies models, such that the spatial variability of the aguifer
system can be represented in a systematic way. Variogram
parameters that characterize the alluvial aquifer hetero-
geneity were determined. Based on these wvariogram
parameters, an indicator-based geostatistical approach was
used to develop hydrofacies models using sequential indi-
cator simulation. The hydrofacies models indicate three
distinct aquifer units, namely Hat Yai, Khu Tao, and Kho
Hong aquifers, which is in good agreement with a con-
ceptual model, and incorporates spatial variability as
observed in field data from borehole logs. The hydrofacies
models can be used in groundwater modeling and
simulations.

Keywords Hat Yai Basin - Aquifer heterogeneity -
Geostatistics - Stochastic hydrofacies model - Hydrofacies
unit

Introduction

Groundwater is an important natural resource in the Hat
Yai Basin (HYB) of Songkhla province., in southern
Thailand. Because of limited surface water, groundwater is

[l Tanit Chalermyanont
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Prince of Songkla University, Hat Yai, Songkhla, Thailand
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in high demand by diverse sectors. such as households,
tourism, industries, and agriculture. As a result, the
excessive consumption of groundwater in Hat Yai city
(central pant of the HYB. Fig. 1) has led to serious prob-
lems, causing substantial decrease in the groundwater
levels and seawater intrusion problems (Chalermyanont
et al. 2009; Lukjan 2009; Lukjan et al. 2009a, b). Better
understanding of these problems in local and regional
scales can be achieved throngh numerical groundwater and
mass transport models. Practically, the development of a
numerical groundwater and mass transport model generally
requires borehole data for adequate descriptions of litho-
logical and hydraulic properties of subsurface materials
and their spatial distributions. These define the three-di-
mensional groundwater system. However, such data for the
HYB are currently sparse and inadequate, due to areas
without any boreholes. In addition. the heterogeneity of
subsurface materials in the HYB has not yet been assessed.

Geological heterogeneity of alluvial sediments can be
assessed and modeled wsing geostatistical tools such as
variogram models. Geostatistical methods can be applied 1o
predict geological geometry and/or hydraulic properties at
locations without data (Seifert and Jensen 1999: Renard
et al. 2000). Using a variogram model, stochastic simula-
tions produce a set of equiprobable images or alternative
numerical models (realizations) of the spatial distribution
of continuous or discrete variables, highlighting geological
units, lithofacies or rock type, hydraulic conductivity, and
porosity (Gego et al. 2001; Deutsch 2002: Quental et al.
2012; Modis and Sideri 2013).

Selection of a suitable geostatistical method is a key step
affecting patterns of the subsurface setting. needed for
groundwater and transport modeling (Falivene et al. 2007;
Serrano et al. 2014). Two popular geostatistical methods,
namely sequential indicator simulation (SISIM) and
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@ Springer




Environ Earth Sci (2017)76:316

196

Page 3 of 16 316

transition probability schemes (e.g., T-PROGS), have been
applied in a variety of depositional settings, for instance
with alluvial sediments (Fogg et al. 1998: Carle et al.
1998, 2006; Weissmann and Fogg 1999; Weissmann et al.
1999, 2002: Falivene et al. 2007; Trevisani and Fabbri
2010; dell’ Arciprete et al. 2012; Phelps et al. 2011; Modis
and Sideri 2013; Guastaldi et al. 2014; Serrano et al. 2014),
fluvial materials (Journel et al. 1998: Seifert and Jensen
1999, 2000), volcanic materials (Gego et al. 2001), deltaic
sediments (Cabello et al. 2007), and carbonate rocks
(Almeida 2010). More in-depth reviews and applications of
the alternative simulation techniques can be found in de
Marsily et al. (2005), Falivene et al. (2007), and Almeida
(2010).

This study had two objectives. The first objective was to
assess the heterogeneity of alluvial aquifers of the HYB
using a geostatistical approach. The expected results
include variogram parameters describing the spatial vari-
ability of select aquifer materials. The second objective
was to develop hydrofacies models based on the preceding
variogram study, such that suitably represent the alluvial
aquifers of the HYB and can be effectively used in
groundwater and mass transport modeling.

The study area
The Hat Yai Basin

The Hat Yai Basin (HYB) is a sedimentary basin in the
southern peninsula of Thailand (Fig. 1). It is located within
Songkhla province, approximately between longitudes
100°15'E and 100°30'E and latitudes 6°30'N and 7°15'N. The
HYB is about 60 km long and 20 km wide with an approxi-
mate area of 1200 km? at elevations ranging from 0 to 20 m
above mean sea level (Lohawijam 2005). In general,
groundwater in the HYB flows from the Buntad Mountain on
the west side and the Kho Hong Mountain on the east side to
the center of the basin, and eventually lows northward to the
Songkhla Lake. The U-Tapao River, the major source of
surface water in the HYB, meanders through the center of the
basin generally in the north-south direction (Fig. 1). The river
is approximately 50 m wide, 3.5 m deep and 90 km long.

Geological setting

Structurally, the geological setting of the study area is
described as a horst and graben (Fig. 2). The HYB is
located on Quaternary sediment filling the graben. The Kho
Hong and Buntad Mountains to the east and west are the
horst parts. This horst and graben structure is also con-
sidered a southern extension of the geological structure
formed by block faulting in the Gulf of Thailand (Sawata

et al. 1983). The HYB has Carboniferous and Triassic
sedimentary and metamorphic rocks forming the bedrock
of this basin. Carboniferous rocks consist of sandstone,
siltstone, shale, mudstone, chert. and argillite, whereas
Triassic rocks consist of sandstone, siltstone, mudstone,
conglomerate, massive limestone and chert. The granite is
late Triassic to early Jurassic, and late Cretaceous. The
Quaternary alluvium in the basin mainly consists of gravel,
sand, sandy clay or clayey sand (Sakulkeaw 1996).

Methods and results

In order to realistically represent the field conditions in the
HYB aquifer system, for better evaluation of groundwater
yield and seawater intrusion, the alluvial aquifer hetero-
geneity was assessed and 3-D stochastic hydrofacies
models were developed. Figure 3 illustrates how these
models were developed. First, a geological conceptual
model of the HYB was formulated based on available lit-
erature data and maps. Lithological descriptions of avail-
able borehole logs were interpreted and re-classified. For
the purpose of geostatistical simulation, these lithoclasses
were categorized into three permeability classes, namely
high, moderate, and low permeabilities, and these classes
are hereafter referred to as hydrofacies units. Indicator-
based geostatistical analysis was conducted on these
hydrofacies units in order to obtain hydrofacies proportion
statistics along with the corresponding variograms. Finally,
stochastic hydrofacies models were reconstructed using
sequential indicator simulation (SISIM) and a categorical
transformation algorithm (TRANSCAT). Variogram anal-
ysis, SISIM. and TRANSCAT are application modules in
the Stanford Geostatistical Modeling Software (SGeMS),
which is an open-source computer package for solving
problems involving spatially related variables. SGeMS
provides geostatistics practitioners with a user-friendly
interface, interactive 3-D wisualizations, and a wide
selection of algorithms. Details of the algorithms used by
SISIM are given in Remy et al. (2009).

Formulation of the geological conceptual model

The modeling of a groundwater system begins with
developing a geologic conceptual model (Troldborg et al.
2007; Quental et al. 2012). Formulation of this model is
crucial for the groundwater modeling that follows. The
model can be formulated based on available data such as
geological maps, borehole logs, and cross-sectional maps.
The geologic conceptual model for the HYB in this current
study was adapted from the work by Ramnarong et al.
(1984), and is shown schematically in Fig. 2. Ground
surface is conceptualized as the first confining layer
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underlain by three aquifers and two aquitards. The three
alluvial aquifers are Hat Yai, Khu Tao, and Kho Hong
aquifers. These aquifers lie approximately at depths of
20-50, 45-80 m and deeper than 100 m, respectively
(Ramnarong et al. 1984; Sakulkeaw 1996). Average
thicknesses are 30-50 m for the aquifer units and 10-30 m
for the confining layers (aquitards). The Hat Yai aquifer is
a semi-confined aquifer, while both the Khu Tao and the
Kho Hong aquifers are confined. This conceptual model by
Ramnarong et al. (1984) has been widely adopted in later
groundwater related work on the same geographic area,
such as groundwater modeling (DGR 2003, 2006), geo-
physical study (Lohawijarn 2005), seawater intrusion
modeling (Lukjan 2009). and groundwater management
(Riyapan 2012).

Data interpretation
Compilation of existing data

Available borehole logs together with measured field
hydraulic conductivity data from pumping tests were com-
piled, and the spatial statistical properties of the alluvial
aquifers were determined. The compilation mainly depended
on two sets of data. Firstly, the location and lithological
description of borehole logs were retrieved from the Thai
Department of Groundwater Resources (DGR) database,
which can be accessed online at www.dgr.or.th. A total of
315 borehole logs were initially collected. but after careful
validation only 210 were used (Fig. 1). Lithological
descriptions of the borehole logs obtained show that thick-
ness of the alluvium ranges from 13.5 to 276 m (with an
average of approx. 100 m), and the combined vertical depth
of these boreholes exceeds 13,140 m.

Secondly, hydraulic property data, including hydraulic
conductivity and transmissivity from 68 pumping tests
using both the single well and the observation well meth-
ods, were obtained from the DGR (2003). The hydraulic
conductivities were averaged from time-drawdown, Theis
analysis, and recovery test methods (Theis 1935; Cooper
and Jacob 1946). The average hydraulic conductivity ran-
ges from 1.52 x 107 to 1.00 x 10773, 8.11 x 107 to
1.36 x 1073, and 5.70 x 107" to 1.28 x 107 m/s in the
Hat Yai. Khu Tao, and Kho Hong aquifers, respectively.

Re-classification of lithoclass

The plurality of lithological descriptions used in borehole
logs makes it difficult to correlate them with the sedi-
mentary processes, as reported by Trevisani and Fabbri
(2010). In this study, both the Wentworth grain size clas-
sification (1922) and the Folk classification (1954) were
partly adopted to re-classify the sediment textures into 14

lithoclasses. This re-classification was applied to the
acquired 210 borehole logs, as shown in Table 1. However,
many researchers (e.g., Seifert and Jensen 1999; Deutsch
2002) suggest that only two or three lithoclasses should be
used in geostatistical modeling, so the 14 lithoclasses used
initially were further simplified into three permeability
classes, as shown in Table 2. As suggested by de Marsily
et al. (1998) and Michael and Voss (2009), three perme-
ability classes, namely high permeability class, moderate
permeability class, and low permeability class, were used.
Lithoclasses Nos. 1-9 were pooled into the high perme-
ability class having hydraulic conductivity greater than
1077 m/s. Lithoclasses Nos. 10-13 formed the moderate
permeability class having hydraulic conductivity between
107 and 107" m/s. Finally, lithoclass No. 14 (Clay) fell
into the low permeability class with hydraulic conductivity
less than 1077 m/s.

Operation of hvdrofacies units (HFU)

To generate a hydrofacies model, the hydrofacies units
(HFU) were defined by the permeability classes, as shown
in Table 2, so units 1, 2, and 3 correspond to high, mod-
erate, and low permeability, respectively. In addition, these
units were also used as the indicator variables in indicator-
based simulations. Data from the well TH-445 are used to
illustrate how the hydrofacies units were assigned to each
lithoclass (Fig. 4). The TH-445 is about 90 m deep and
located at the center of HYB (Fig. 1). It comprises two
aquifer units, the Hat Yai and the Khu Tao aquifers. At the
depth of about 50 m (i.e.. in the Hat Yai aquifer), for
example, the lithoclass is sand and gravel assigned to
hydrofacies unit 1 (HFU-1). A 3-D visualization of the
borehole distribution with assigned hydrofacies units is
shown in Fig. 5.

Spatial statistical analysis using indicator variables

Spatial statistical analysis was conducted to determine the
proportions and spatial correlation of hydrofacies units, using
data from totally 210 boreholes. In this study. each indicator
variable was used to represent the hydrofacies unit for a given
location within 1.5 m depth intervals. The coding of assigned
hydrofacies units 1, 2, and 3 to indicator variables (/) at any
given point in space (u,) was done by defining

o {] if hydrofacies k prevails at location u.

u,. k)= i 5
0 otherwise

k=1,2, and 3 (1)

As described by Seifert and Jensen (1999) and by

Quental et al. (2012), in order to determine the individual
hydrofacies statistics according to aquifers or aquitards, the
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Table 1 Generalized

lithoclasses based on boreholes descriptions. Modified from Wentworth (1922) and Folk ( 1954)

No. Lithoclass Rationale for classification

1 Gravel Used for cobble beds, boulder beds, pebble and where gravel was reported as having no fine-grained matrix or consisted of
gravel more than 80% of the total

2 Coarse sand  Used for sand sizes between 2.0 and 4.75 mm or sand more than 90%, includes coarse or very coarse sand, or where coarse
sand was reported

3 Medium sand Used for sand sizes between 0.425 and 2.0 mm or sand was more than 90%, includes medium sand, or where medium sand
was reported

4 Sand and Used for sand and gravel mixtures where proportion of sand and gravel or pebbles were 45-55% or sand and gravel was

gravel reported

5 Sandy gravel Used for sand and gravel mixtures where consisted of gravel or pebbles were 30-80% or more and proportions of sand:
silt 4 clay was more than 9:1

6 Gravelly sand Used for sand and gravel mixtures where consisted of sand was 30-80% or proportions of sand: silt + clay was more than
9:1, whereas gravel or pebbles were 2-30% or less than of the total

7 Fine sand Used for sand sizes between 0.075 and 0.425 mm or sand more than 90%, includes fine or very fine sand, or where fine
sand was reported

8 Clayey sand  Used for sand and clay mixtures where consisted of sand was more than 50%, clay/silt ratio = 2:1, clay + silt < 50%,
gravel < 2%, or where clayey mixed was reported

9 Silty sand Used for sand and silt mixtures where consisted of sand was more than 50%, silt/clay ratio = 2:1, clay + silt < 50%,
gravel < 2%, or where silty mixed was reported

10 Sandy silt Used for sand and silt mixtures where consisted of silt was more than 50%, silt/clay ratio > 2:1, clay + silt > 50%,
gravel < 2%, or where sandy mixed was reported

11 Silt Used for intervals where silt was specifically identified

12 Sandy clay Used for clay and sand mixtures where consisted of clay/silt ratio = 2:1, clay + silt > 50%, sand < 50%, gravel < 2%, or
where sandy mixed was reported

13 Silty clay Used for clay and sand mixtures where consisted of clay/silt ratio > 2:1, clay + silt < 50%, sand < 10%, gravel < 2%, or
where silty mixed was reported

14 Clay Used for intervals where clay was specifically identified

Table 2 Hydrofacies

assignment by lithoclass, based

on permeability range

HYB aquifer system was divided into six layers (Table 3)
in accordance with the geological conceptual model. The
aquifer system was simplified into a block model where
elevations and thicknesses are constant across the model

@ Springer

unit

No. Lithoclass® Range of K” (m/s) Permeability class Hydrofacies unit
1 Gravel >10~° High 1
2 Coarse sand

3 Medium sand

4 Sand and gravel

5 Sandy gravel

6 Gravelly sand

7 Fine sand

8 Clayey sand

9 Silty sand

10 Sandy silt 10-7-107° Moderate 2
11 Silt

12 Sandy clay

13 Silty clay

14 Clay <1077 Low k]

® Description of these lithoclasses is shown in Table 1
" de Marsily et al. (1998)

domain (i.e., a layer-cake model). The total thickness of the
system is 180 m with the top and bottom elevations +15
and —165 m (msl.), respectively. Layer | represents the top
confining unit with a thickness of 15 m. Layers 2, 4, and 6



Environ Earth Sci (2017)76:316

200

Page 7 of 16 316

Generalized i
. Lithology Lithoclass Hydrolacies Unit "
._‘\'\\\ NN \‘\\ Silty clay 2
= /,, 7
;/ /,- Adquitard
10— / 7/
// o, Clay 3
/ g
o 15
% e
///'/ 7
20/ f/ s
.~ - | Sand and gravel 1
Y Clay 3
: = Sandy gravel 1
77
s 30
% 40— /.z /,. Clay 3 |
g AL
E -
E Clayey sand 2 Hal Yai
@ s Fine gravel 1 Aguifer
@ W cay
2 L, g
B JuEs |45
-} .
B o
o 2| Sand and grave! 1
]
&
Silty cla i
Ity clay 2 - _)f_
Aguitard
Clay 3
F| 75
T =
B o Y
_att o . | Sand and gravel 1 Khu Tao
- . Aguifer
o,

Note

Hydrofacies Unit: 1= High permeable: 2= M 3= Low

Fig. 4 Assigning the lithological data for the well TH-445 into three
hydrofacies units

representing the Hat Yai, Khu Tao, and Kho Hong aquifers,
respectively, are 45 m thick. Layers 3 and 5 are the con-
fining units, each with a thickness of 15 m.

Hvdrofacies proportions

Hydrofacies proportions are significant parameters, par-
ticularly when an indicator-based method is used. The
proportion statistics are generally determined from all
available borehole logs (Seifert and Jensen 1999). In this
study, the total depth of the 210 borehole logs used was
13.140 m. Within this length, 11.37. 10.80, and 2.61%
were assigned to the confining units in layers 1. 3, and 5,
respectively. Similarly, 54.45, 16.89, and 3.88% of the

depth coverage were assigned to the actual aquifers in
layers 2, 4, and 6, respectively. Most of the borehole depth
represented the Hat Yai aquifer (i.e., 54.45%), which is the
main aquifer for groundwater extraction in the HYB.
Hydrofacies proportions (in terms of borehole depth) in
the HYB aquifer system are shown in Table 3. The high
portions of HFU-1 and HFU-2 in layer 2 (Hat Yai aquifer)
indicate clearly that the subsurface of layer 2 in the HYB
truly is an aquifer. in accordance with the conceptual
model. Similarly, the combined fraction of HFU-1 and
HFU-2 is 72% in the Khu Tao (layer 4) and 97% in the Kho
Hong (layer 6) aquifer. In contrast, in the confining units
(layers 3 and 5) high fraction of HFU-3 with low perme-
ability is found. The fraction of HFU-3 is 54% in layer 3
and 54% in layer 5. The top layer 1 is mixed with fractions
from all the hydrofacies units. This is probably due to
complex sediment heterogeneity in this layer, and Ram-
narong et al. (1984) state that the top layer constitutes a
semi-confined aquifer. They report that in edge areas of the
HYB the top soil layer is an unconfined aquifer, while in
other locations it is a confining unit. In addition, consid-
ering the whole study domain of the HYB, the fractions of
HFU-1, 2, and 3, were 48, 14, and 38%, respectively.

Indicator variogram models

To determine spatial correlations of the hydrofacies units,
experimental variograms of the indicator variables were
computed. An indicator variogram quantifies the spatial
variability by assessing effects of spatial shifts, such as from
I(u) to I{u + h) (Remy et al. 2009). The analysis of exper-
imental indicator variograms, providing the range. sill. and
anisotropy coefficients, reveals important spatial patterns that
characterize the distribution of hydrofacies, such as the
direction of higher continuity, the periodicity, and the trends
(Trevisani and Fabbri 2010). Furthermore. the variograms are
used to develop indicator models that can be then used in
sequential indicator simulations (Goovaerts 1997).

The semivariogram 7(h) of an indicator variable com-
pares pairs of data points separated by a vector h and is
defined by:

1 P& ;
1(b) = g {Z [r(u,) — 1(u, + h}]-} (2)

=1

where N(h) denotes the pair number, h denotes the lag
distance, u, is a given spatial location, and 7 is the indicator
variable (here indicating the hydrofacies). Note that only
semivariograms were determined in this current work, but
the term variogram is used throughout for conciseness.
Three experimental variograms for each of the three
hydrofacies units (HFU-1, HFU-2, and HFU-3) were cal-
culated from Eq. 2 for vertical and horizontal directions
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Table 3 Proportions of hydrofacies units in the HYB aquifer system

Hydrofacies unit Hydrofacies proportion (%)
(HFU
! Layer 1 Layer 2 (Hat Yai Layer 3 Layer 4 (Khu Tao Layer 5 Layer 6 (Kho Hong
(aquitard}) aquifer) {aquitard) aquifer) (aquitard) aquifer)
HFU-1 46 45 32 60 20 85
HFU-2 9 10 14 12 26 12
HFU-3 45 45 54 28 54 3
Percent of borehole  11.37 .45 10.8 16.89 2.0l 3.88
depth

using the SGeMS Software (Remy et al. 2009). Three e Gaussian model

alternative variogram models, namely exponential, spher-

ical. and Gaussian model. were fitted to the indicator i

variable data to assess the spatial characteristics of each 1h) =G+ [l — cxp( :1 ):| 0<h<3i (5)
hydrofacies unit. The variogram models were: #

where h is the lag distance (or shift) along a given
direction, and /. is the range (correlation length). For the
exponential and Gaussian models, / is the distance at
3(h) = Co+ G [l —exp (—_’%h)] 0<h<3i (3) which 95% of the sill is reached. and €, and C, are the

~ nugget and the model components, respectively (Goo-
vaerts 1997; Remy et al. 2009).

e Exponential model

e Spherical model
A variogram model that fits well the experimental var-

b ~ iogram is the key factor determining spatial correlations in

C,+C, {].5—_— 0.5 (—) } . h=il (4) each hydrofacies unit and can be used to develop hydro-
~ < ) facies models. The variogram model describes the shape fit

Co+ G, h>J to experimental variograms, and in turn determines the

y(h) =

i

@_ Springer
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spatial correlations in aquifer material, stemming from the
origin of formation or from sedimentation. Robertson
(2008) explains that the spherical model is a modified
quadratic function for which, at some distance (i.e.. the
correlation length), pairs of points no longer correlate, and
the variogram reaches an asymptote. The exponential
model is similar to the spherical in that it approaches the
sill gradually, but differs in the rate at which the sill is
approached. and also differs in the fact that the model
never actually converges to the sill. The Gaussian model is
similar to the exponential model but assumes a gradual rise
of the y-intercept.

Variogram results

For the HYB, the fitted variogram parameters and the
corresponding coefficients of determination (R*) are tabu-
lated in Table 4 for the three variogram models used. In the
horizontal direction, the R* values are slightly different for
each hydrofacies unit. The nugget, sill. and model

component values of all three models are similar at all
hydrofacies units, but the correlation lengths differ signif-
icantly. These differences in correlation length stem from
the definitions used in each model. Generally, it is seen in
Table 4 that the exponential variogram model gives the
greatest correlation lengths, while the spherical variogram
yields the smallest ones. In the vertical direction, the
exponential variogram model shows clearly the best fit for
all the hydrofacies units considered, with R values ranging
from 0.933 to 0.968. Similar to the horizontal direction, all
the variogram parameters are relatively similar across the
various types of variogram models.

Among the three alternative variogram models fitted, the
best fit to the indicator variable data was obtained with the
exponential model. The goodness of fit of the exponential
model in terms of the R* (Table 4) ranges from 0.76 to 0.86
in the horizontal direction, and from 0.93 to 0.97 in the
vertical direction. The other models gave poorer R* values,
so only the exponential model results are shown and dis-
cussed further. The horizontal experimental variograms

Table 4 Parametric models fit

) s : HFU Models R RSS Variogram parameter Spatial class
to indicator-based variograms in
the (a) horizontal and Co G Ai{m) Cs Co/Cs
(b) vertical directions
{a) Horizontal direction
HFU-1  Exponential 0.8592 0.0034 012 0.13 2235 025 4800 M
Gaussian 0.8380 00040 012 013 1665 025 4800 M
Spherical 0.8359 00041 012 013 1166 025 4800 M
HFU-2  Exponential 0.7647 00046 002 0.08 1770 010 2000 M
Gaussian 07414 00048 002 008 1315 010 2000 M
Spherical 07341 00049 002 008 915 010 2000 M
HFU-3  Exponential 0.8621 00190 010 0.14 1688 024 4167 M
Gaussian 0.8609 00189 010 014 1322 024 4167 M
Spherical 0.8597 00186 010 0.14 956 024 4167 M
HFU Models e RSS Variogram parameter Spatial class
C, C, 4,(m Cs CoCs
(b) Vertical direction
HFU-1  Exponential 09330 0.0091 0.01 0.153 25 0.163 6.13 8
Gaussian 0.8936 00113 0.01 0.155 125 0.165 606 8§
Spherical 0.8381 0.0127 0.02 0.145 17 0165 1212 5§
HFU-2  Exponential 09683 0.0006 0.003 0.08 30 0.083 36l S8
Spherical 0.8724 0.0026 0.01 0.07 21 0080 1250 8§
Gaussian 0.8632 0.0027 0001 0.08 23 0.081 123 8
HFU-3  Exponential 09552 0.0033 0001 0175 23 0.176 057 8§
Gaussian 09204 0.0057 0.02 0.16 23 0.180 1111 5§
Spherical 0.8926  0.0080 0.03 0.145 16 0175 17.14 5§

HFU. hydrofacies unit; R”, coefficient of determination; RSS, residual sum of squares; C,, nugget; C,,
maodel component according to Egs. 3-5; C,. sill: A, horizontal correlation length: 4,. vertical correlation
length; Unit of Cy/Cs. percent spatial class; S, strong spatial dependency (Co/Cs < 25%); M. moderate
spatial dependency (C/Cy = 25-753%); W, weak spatial dependency (C/C; = 75%)
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Fig. 6 Experimental data (dashed lines) and fitted models (solid
lines) for the variograms in. a horizontal and b vertical direction

and fitted variogram models are shown in Fig. 6a, and the
corresponding indicator variogram model parameters are
given in Table 4. The horizontal correlation lengths are
2235, 1770, and 1688 m for HFU-1, HFU-2, and HFU-3,
respectively. The computed sills are 0.25, 0.10, and 0.24
which are relatively close to the corresponding theoretical
sills given by p(1 — p). where p is the hydrofacies pro-
portion. The sill of HFU-2 is less than that of the other two
HFUs due to its smallest proportion. A lower proportion
leads to smaller variability and, in turn, results in a smaller
sill. Nugget effects (i.e.. C in Table 4) are observed for all
the horizontal experimental variograms. Nugget effects
may be caused by insufficient borehole data or geological
structures with correlation range shorter than the sampling
resolution. Additionally, spatial classes, defined by the
ratio of nugget to sill, are also shown in Table 4. The
computed spatial classes for all the HFUs are in the range
from 25 to 75%, indicating moderate spatial dependency.

@ Springer

The vertical variograms for the three hydrofacies units
are shown in Fig. 6b. The vertical correlation lengths of the
variogram models for HFU-1. 2, and 3 (Table 4) are 25, 30,
and 23 m, respectively. These vertical correlation lengths
relate to the thicknesses of the aquifers and the aquitards
and are matching well with thicknesses in the conceptual
model of the HYB. Additionally, in the vertical direction,
all the HFUs have strong spatial dependency according to
the assessed indicators.

Development of hydrofacies models

Development of a hydrofacies model consists of the fol-
lowing steps: (a) generation of equiprobable realizations of
the hydrofacies model for the HYB using sequential indi-
cator simulation, (b) post-processing of the simulated
hydrofacies model images to simplify the alluvial aquifer
system, and (c) validation of the hydrofacies models gen-
erated to ensure that the simulated results represent the
field conditions.

Stochastic hvdrofacies simulation using SISIM

Stochastic hydrofacies simulations were conducted using
sequential indicator simulations (SISIM) with the Stanford
geostatistical modeling software (SGeMS) by Remy et al.
(2009). SISIM is widely used because of its ease of
implementation, effective statistical control through vari-
ogram, and realistic results for the geological setting on
various local scales (Deutsch 1998; Deutsch and Journel
1992: Goovaerts 1996; Soares 1998; Almeida 2010). The
grid configuration used in this study had 50 x 110 x 60
cells (330,000 cells) in the x-. y-, and z-directions, with the
cell size of 500 x 500 x 3 m. This grid resolution was
chosen in order to ensure that the cells are smaller than the
correlation lengths in corresponding directions, as sug-
gested by Modis and Sideri (2013) and Troldborg (2004).
Hydrofacies models of the HYB were generated using
corresponding sets of indicator variogram parameters (i.e.,
nugget, sill, and correlation length) previously obtained
(Table 4). Thirty equiprobable realizations of the hydro-
facies models were generated, and a representative real-
ization was chosen for demonstration purposes.

Post-processing using TRANSCAT

The hydrofacies models obtained from SISIM always
present unrealistic small-scale variations, and, in some
cases, fail to meet the objectives of simulation, for example
by mismatch with the target proportions in each category
(Deutsch 1998; Soares 1998). Thus, there is a need to clean
the unrealistic small-scale variations in each realization
generated. Image post-processing to clean the realizations
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and to comply with the target proportions is a convenient
and sometimes necessary solution (Deutsch 1998). The
image cleaning has been tackled by a number of approa-
ches, such as by simulated annealing (Deutsch 1992:
Quental et al. 2012), quantile-transformation (Journel and
Xu 1994; Xu 1995), maximum a posteriori selection or
MAPS (Goovaerts 1996; Deutsch 1998), and correction for
local probabilities (Soares 1998). In this study, a categor-
ical transformation algorithm (TRANSCAT) was used. It
aims to clean the small-scale variations so that clear pic-
tures comparable to the conceptual model emerge. It also
aims to match the target proportions while preserving the
local statistics and patterns.

Hyvdrofacies simulation results

Representative 3-D hydrofacies models generated using
SISIM. and SISIM with TRANSCAT, are shown in Fig. 7.
It can be seen that from SISIM (Fig. 7a) the simulated
hydrofacies model has small-scale variations complicating
it. On the other hand, the generated hydrofacies model
from SISIM with TRANSCAT (Fig. 7b) shows a smoother
image with better connectivity of the aquifer/aquitard,
similar to the conceptual model of the HYB. Thus, only the
SISIM with TRANSCAT simulation results are discussed
further. A fence diagram (Fig. 7c) of this representative
hydrofacies model shows that the distribution of each HFU
corresponds well to the hydrogeological pattern in the
HYB. For example, the flood plain deposit aquifer at the
center of the basin consists mainly of HFU-1 and HFU-2,
and in the high terrace aquifer at the edges of the HYB on
the east and west sides, the HFU-1 is the main aquifer
material.

The West—East cross-sectional image of the hydrofacies
model. shown in Fig. 8. can be used to compare the sim-
ulation results with the borehole data and the conceptual
model. The sequence and depth of aquifers and aquitards
shown in this figure conform to those in the conceptual
model of the HYB (Fig. 2). As seen in Fig. &, the generated
hydrofacies model consists of three layers of aquifers
separated by aquitards. The top layer is the first aquitard
(i.e., HFU-3) underlain by the aquifer materials (i.e.. HFU-
1 and HFU-2). These aquifer materials are in the Hat Yai
aquifer. The aquifer materials underneath the next aqui-
tards are for Khu Tao and Kho Hong aquifers, respectively.

In a hydrofacies simulation, the simulated hydrofacies
proportions generally differ from the input proportions,
because of other conditions imposed, such as conditioning
the data and the variogram parameters. (dell’Arciprete
et al. 2012). Thus, it is important to screen the simulation
results. by checking whether the simulation results have
reproduced statistical parameters of the input proportions
(Deutsch 1998). In this study. for both the SISIM, and the

SISIM with TRANSCAT results, proportions of the sim-
ulated hydrofacies models (30 realizations) were computed
and compared with the input proportions. These hydrofa-
cies unit proportions (Table 5) clearly indicate that the
material proportions in the borehole data set of the HYB
were well preserved by the SISIM. and the SISIM with
TRANSCAT simulations of hydrofacies models. Regard-
ing the actual aquifer materials (i.e., HFU-1 and HFU-2
combined), their input fraction is 62%. which is reasonably
similar to those in the SISIM results (63.30%). and in the
SISIM with TRANSCAT results (61.87%). Likewise. for
the aquitard materials (HUF-3), the input fraction is 38%,
which is comparable to those in the SISIM results
(36.70%). and in the SISIM with TRANSCAT results
(38.13%).

Preservation of field variogram parameters is another
simulation performance issue. The exponential variogram
parameters used to generate the hydrofacies models are
shown in Table 4. For HFU-1, for example, the input sill is
0.25; the input nugget is 0.12; and the input correlation
length is 2235 m. The corresponding output variogram
parameters are sill 0.25, nugget 0.12, and correlation length
2350 m. The variogram parameters of the representative
hydrofacies model are found to be effectively similar to the
input ones. This is an indication that the field spatial dis-
tribution of each simulated hydrofacies was preserved.

Discussion

Aquifer heterogeneity is always the main problem in
groundwater modeling studies. Usually, it is handled by
manual simplification (as shown in a conceptual model),
which sometimes may lead to misunderstanding of the
natural characteristics of the aquifers in local or regional
scales, and can result in unrealistic model outputs. In this
work, in order to account for the heterogeneity, the sim-
plification/approximation process was enhanced by sys-
tematic 3-D spatial statistical analysis. Three-dimensional
stochastic hydrofacies models that realistically incorporate
the heterogeneity of alluvial aquifers were developed using
sequential indicator simulations. An advantage of this
approach is that the aquifer materials of areas without
borehole logs are systematically generated.

Material lithological descriptions obtained from bore-
hole logs are the main source of data for developing a 3-D
hydrofacies model. Aquifer materials and their properties
(e.g., hydraulic conductivities) are important parameters
for groundwater flow and contaminant transport modeling.
Because of the plurality of lithological descriptions, these
needed to be re-classified based on hydraulic conductivity.
For this reason, in this study. the Wentworth grain size
classification (Wentworth 1922) and the Folk classification
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Fig. 8 Cross-sectional images of the aquifer layers along west—east direction in the simulated hydrofacies model

Table 5 Proportions of
hydrofacies contributing to
aquifers and aquitards, in initial
data and in simulated models

Alluvial material

Input proportion (%)

Average simulated proportion (%)

SISIM SISIM with TRANSCAT
Aquifer (HFU-1 and 2) 62 63.30 61.87
Agquitard (HFU-3) 38 36.70 38.13

(Folk 1954) were partly adopted (i.e., generalized litho-
classes shown in Table 1 were used) to re-classify the
aquifer materials. These two classification methods are
preferred over the Unified Soil Classification System
(USCS) because the USCS does not allow for adequate
description of sorting, average grain size, and other depo-
sitional attributes that can affect hydraulic conductivity in
an aquifer (Fogg et al. 1998).

For the alluvial aquifers of the HYB, the material pro-
portion results obtained by conducting the indicator-based
geostatistical analysis show that the fractions of HFU-1
(high permeability), HFU-2 (moderate permeability), and
HFU-3 (low permeability) were 48, 14, and 38%. respec-
tively. The fractions of HFU-1 and HFU-2 combined
(62%) are considered aquifer material, while HFU-3 is
considered aquitard material. The aquifer material fractions
54, 72, and 97% (Table 3) were found for the Hat Yai
(layer 2). Khu Tao (layer 4). and Kho Hong (layer 6)
aquifers, respectively. This indicates that these three layers
are truly aquifer layers in accordance with the conceptual
model. In additions, among these three aquifers, the Hat
Yai aquifer is the main one for groundwater extraction.
Sixty percent of the groundwater used in HYB is extracted
from this aquifer, and therefore most of the boreholes by
depth (i.e., 54.34% of 13,140 m from 210 boreholes) rep-
resent the Hat Yai aquifer.

In the variogram analysis, three alternative variogram
models were tested and the exponential variogram was
found to provide the best fit to the alluvial aquifer of the

HYB, both vertically and horizontally. The horizontal
correlation lengths of the exponential variograms for
HFU-1, HFU-2, and HFU-3 were 2235, 1770, and 1688 m,
respectively. The corresponding vertical correlation lengths
for HFU-1, HFU-2, and HFU-3 were 25, 30, and 23 m,
respectively. The vertical correlation length can be pictured
as thickness of the aquifer, and had the values similar to
those in the conceptual model of Ramnarong et al. (1984).
For the alluvial sediment elsewhere, the exponential model
has similarly been the best model for describing spatial
correlations, according to several reports, such as Falivene
et al. (2007), Trevisani and Fabbri (2010), Phelps et al.
(2011), Simo et al. (2013), and Serrano et al. (2014). The
spherical model, on the other hand, was found to provide
the best fit to deltaic sediments (Cabello et al. 2007,
Ouellon et al. 2008).

The 3-D stochastic hydrofacies model incorporating
aquifer heterogeneity was developed as shown in Figs. 7b,
c. and 8. The model was found to be consistent with field
data, in terms of material proportions and spatial distribu-
tions (i.e.. variogram). For example. the actual fractions of
aquifer and aquitard materials from the borehole data were
62 and 38%. while those found in the model using SISIM
and TRANCAT simulation were 61.87 and 38.13%,
respectively. In addition, the hydrogeological pattern of the
model shows the sequence of the aquifer units (from top to
bottom) as the Hat Yai, Khu Tao. and Kho Hong aquifers,
which is in good agreement with the conceptual model.
The mutual consistency of the borehole data, the
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conceptual model and the hydrofacies model developed is a
good proof of the model as an appropriate representation of
the aquifer system.

With the hydrofacies model developed, properties in
areas without borehole data are extrapolated in a systematic
manner and the spatial distribution characteristics of
aquifer materials are preserved. At this point, the hydro-
facies model is ready for use in various applications related
to groundwater flow and mass transport studies. For
example, the determination of groundwater safe yield can
be based on such groundwater model. The groundwater
safe yield is defined as the amount of water that can be
withdrawn without producing undesired effects (Todd
1959). With several required inputs, such as groundwater
recharge, groundwater level, groundwater extraction,
groundwater boundary conditions, a numerical groundwa-
ter flow model can be set up using the 3-D hydrofacies
model representing the aquifer domains. The aquifer
domains are the media for porous flow, and flows in the
interconnected grid and the groundwater head at each grid
node can be computed. The average hydraulic conductivity
of each aquifer (described in “Compilation of existing
data”™ section) can be used initially to represent the
hydraulic properties of the aquifer. With groundwater level
monitoring data and groundwater flow calibration pro-
cesses, the groundwater safe yield can be determined. This
groundwater flow model supports also contaminant trans-
port modeling. For instance, if a contaminant enters the
aquifer domain, using the groundwater transport parame-
ters (e.g., dispersion and adsorption parameters), the con-
centration and traveling time of the contaminant to any
location (usually depicted as a concentration plume) can be
calculated. Detailed examples of applying hydrofacies
models are presented elsewhere, for example in Serrano
et al. (2014) and Guastaldi et al. (2014) for groundwater
flow, and in Weissmann et al. (2002), Troldborg (2004),
and Carle et al. (2006) for contaminant transport modeling.

Conclusions

In this study. the complex hydrogeology of the Hat Yai
Basin (HYB) was studied in order to develop an appro-
priate hydrofacies model that realistically represents the
alluvial aquifer system. Such models are necessary in
groundwater and mass transport modeling. Alluvial mate-
rials from borehole logs were categorized into 14 litho-
classes subsequently lumped into three hydrofacies units
according to the hydraulic conductivities. The hydrofacies
units were then analyzed using geostatistical approach; in
particular, the variogram parameters describing spatial
variability were obtained. These variogram parameters
were used to simulate hydrofacies models using sequential
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indicator simulation (SISIM), and the models were post-
processed using the categorical transformation algorithm
(TRANSCAT). A representative hydrofacies model had
three main aquifer layers, namely the Hat Yai, the Khu
Tao, and the Kho Hong aquifers, similar to the earlier
conceptual model by Ramnarong et al. (1984). Thus, the
simulated hydrofacies model of the Hat Yai basin effec-
tively took into account the observed spatial variability in
this systematic approach, without conflicting with an ear-
lier simpler model. The current improved quantitative
model is intended for use in subsequent groundwater flow
simulations.
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Abstract

This study evaluates two sources of conceptual model uncertainty of a groundwater flow model for the Hat Yai Basin (HYB).
Two hydrogeological interpretations and five boundary conditions are considered. Ten alternative conceptual models are
proposed and implemented in a 3D-mathematical model (MODFLOW). Model uncertainty is evaluated through the information
criteria based method. Study results show that the contribution of uncertainty in hydrogeological interpretation has more impact
on groundwater system than the boundary conditions. Additionally, these results strongly indicate the importance of conceptual
model uncertainty in groundwater modeling for sustainable groundwater management.
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1. Introduction

The Hat Yai basin (HYB) is a sedimentary basin located in the Southern penminsular of Thailand (Fig. 1).
Groundwater in the HYB is an important water resource. Because of limited surface water, groundwater demands
are high in every sector, such as household, tourism, industry, and agriculture. Over pumping of groundwater has led
to serious problems, such as substantial decrease in groundwater levels and seawater intrusion problems. In order to
assess groundwater potential, numerical model based on a single conceptual model is often produced in the HYB
(e.g.. [1-3]). However, consideration only one conceptual model may lead to statistical bias and uncertainty in model
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prediction. In last ten years, conceptuzl model uncertainty has received more attention in groundwater applications
(e.g.. [4-10]). Many studies point out that the impact of conceptual model uncertainty is more significant than
parameter uncertainty. Muli-mode! theory is a popular method in handling model uncertainties. A discrimination
crilerion {or mudel ranking) i1s developed based on postenior model probabilities or 4 model weight that directly uses
to evaluate model importance [10].The objective of this study is to generate the multiple conceptual models by
incorporating the uncertainty in hydrogeological interpretations and boundary conditions into groundwater flow
model of the [TYDB. The Akaike Information Criteria based Model Averaging (AICMA) method [11, 12] is used to
rank and sclect the plausible or best coneeptual model and cvaluate the impact on groundwater modcling and
groundwater management of the HYB.
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Fig 1. Map of the study area showing geological and hydrological data along with borehole locations and groundwater flow direction

2. Study area

The HYB is about 60-km long and 20-km wide with an approximate area of 1,200 km2 with elevations of 0 to 20
m above mean sea level [13]. Geological setting of the study area is thought to be a horst-and-graben (Fig.2). The
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HYB is the graben part whereas the Kho Hong and Buntad Mountains on the east and west, respectively, are the
horst parts. This horst and graben structure is also thought to be a southern extension of a geological structure
formed by block faulting in the Gulf of Thailand [14]. Quaternary alluvium in the basin mainly consists of gravel,
sand, sandy clay or claeyey sand [15].
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Fig. 2 . Hydrogeologic cross section (line A-A'in fig. 1) of the Hat Yai basin (Adapted from [16]).
3. Material and methods
3.1 Alternative conceptual models

The HYB are conceptualized into three main alluvial aquifers (Fig.2) namely; Hat Yai, Khu Tao, and Kho Hong
aquifers which lie approximately at depths of 20 to 50 m, 45 to 80 m and deeper than 100 m. respectively [15, 16].
In order to assess the model uncertainty, the 10 plausible alternative conceptual models based on two
hydrogeological interpretations and five boundary conditions, are proposed. Two hydrogeological models which
differ in the interpretation of hydraulic conductivity were used. They are homogenous hydraulic conductivity (H1)
and zoning of hydraulic conductivity (H2). Model H1 considered constant values of hydraulic conductivity, while
model H2 included zonation approach obtained from the available data (210 borehole logs). In this model,
lithological data were converted to hydraulic conductivity data by assigning an appropriated hydraulic conductivity
value [17] to each litholoclass and then these hydraulic conductivities were spatial interpolated in each aquifer layer
using the inverse distance weight (IDW) algorithm.

Songkhla lake and Gulf of Thailand located at northern part of the model were set as constant head boundaries.
Recharge boundaries were delineated accross the model domain based on the combination of soil type and land use
information obtained from Arun[1]. Head dependent flow (river boundary) was defined for the U-Tapoa river on
top layer. However, there was uncertainty about the type of lateral flow boundaries.To be able to obtain the impact
of leteral boundary uncertainty, five boundary conditions were modeled. For model B1, lateral flow was modeled as
no flow boundary. Model B2 was head dependent boundary (GHB) for eastern, western and, southern boundaries.
Model B3 was GHB boundary for only eastern and western boundaries. For model B4 and B3, the lateral flows were
considered as GHB for eastern and western, boundaries, respectively. Combination of the proposed uncertainties
from two hydrological interpretations and five lateral flow boundary conditions results in 10 groundwater models
(Table 1). Each model was evaluated by calibrating the models with the a set of groundwater head observation data
from 82 monitoring wells.

3.2 Numerical simulation procedure
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The groundwater flow model of the HYB was developed using MODFLOW-2000 [18]. Ten steady state models
were calibrated using a trial-and error method. Each model was discretized into 100 rows and 200 columns having
the cell size of 300 m by 350 m [1]. Based on the conceptual model, the model consisted of 12 layers with thickness
varying from 7.5m to 45m. Groundwater head from 82 monitoring wells during 2002 to 2006 were used in model
calibration process. Groundwater extraction was 24.65 Mm3/year. Model calibrations were evaluated by considering
in term of goodness-of-fit between observed and calculated head. For calibration propose, normalized root mean
squared (NRMS) was set to be less than 10% [19].

3.3 Model selection criteria

In order to select the best model, Poeter and Anderson [11] recommend the simple and effective approach based
on K-L information [20] criteria which can be used to evaluate the weight of alternative models. K-L value
represents the loss of information as compared to the real groundwater system. The K-L distance (I) between models
Mk and f is defined as

/)
M, ]= log(—2_ax (1)
117, 1= [ reologt s

where f (x) is the real distribution and p(Mk|D) is the distribution of model Mk given the set of calibrated
parameter D.

However, for groundwater models, K-L information cannot be computed since the real distribution f (e.g.,
hydraulic conductivity values, boundary conditions, and fluxes) is unknown. Thus, the relative K-L information can
be approximated using the Akaike Information Criteria (AIC) [7, 11]. In this study, the modified Akaike
Information Criteria-based Model Averaging (AICMA) method [12] was used to approximating the likelihood
function.

PDIM,) = exp(~3 AIC, ) @)

where AICk = AICck - AlCcmin , AlCcmin is the minimum AICc value of model Mk. The AICc value [11, 21]
has been proposed as:

. 2P (P, +1)

AlCc, =Nln(c?)+2P, +| ——~— (3)

Lo n(oc )+ ‘+(N—R-1]

where N is the number of observations, Pk is the number of parameter for model k, 52 is the estimated residual
variance. The estimator of 62 = WSSRk/N and, WSSRK is the weighted sum of squared residuals for model k.

Conceptual model’s posterior probability is obtained by combining conceptual model’s prior probability and
integrated likelihood value p(D|Mk) which indicates the performance on reproducing groundwater observations.
Additional, AlCc can be derived under a Bayes’ framework [11]. Thus, posterior model probabilities for model Mk
given the data D can be defined as:

p(DIM ) p(M )
P(M; ID] =T | : d
2 p(DM,)p(M,)
=
where p(Mk|D) is the posterior model probabilities (or model weighted) of the ten models; p(Mk) is prior
probabilities for model k with k=(1,..., 10) and equal prior probabilities (1/10 =0.10) is used in this study.
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In this study. to evaluate each alternative model and select the best model by consideration of: (1) model which
having high posterior model probabilities and. (2) an inverted evidence ratio value. It is convenient to take ratios of
the posterior model probabilities for models i and j are called evidence ratios and are calculated as [11]

Evidence ratio = p(M,|D), / p(M,|D), (5)

when i is the best model. Burnham and Anderson [22] suggest that when the evidence ratio of the best and second
best models is less than about 2 (equivalent to an inverted evidence ratio greater than about 50 percent), model
selection uncertainty is likely to be high. That is, given other sets of data, a different model in the group is likely to
be identified as “best™.

3.4 Assessing conceptual model uncertainty

The best model obtained from the model selection process in previous section was used to assess the impact of
proposed models on corresponding computed water balance of the HYB. Model validation was performed and
groundwater budget of aquifers was calculated. Then, the uncertainties in term of groundwater components used to
assess of the influence of the proposed models.

4. Result and Discussions
4.1 Model calibration

The results of model calibration are shown in Table 1.The NRMS of 10 groundwater models ranks from 8.019 to
9.734%, which are acceptable values (i.e., less than 10%). The good fittings of calculated and measured
groundwater level (not shown) indicate adequacy of using homogenous the hydraulic conductivity rather than the
zonation one. The calibrated values for the hydraulic conductivity vary between 1.75x105 to 0.001 m/s for aquifers
and 5x108 m/s for aquitards. Groundwater recharges range from 4.75 to 11.05% of annual average rainfall.

4.2Model ranking

Table 1 shows the AICc information criteria, ranks, and probabilities of 10 conceptual models. Consideration the
A values among 10 models indicates that model HIB1 is the very good model (Ai< 2), model HIB5 and H1B4 are
having less empirical support (4 Ai< 7), while seven remained model can be dismissed from future consideration
(Ai>10) [11].The inverted evidence ratios indicates that no other model is even half as probable as HIB1 model (all
other inverted evidence ratios are less than 50% [23]). All selection criteria results support model HIBI as the best
groundwater model for the HYB with probabilities of 77.50%. This evident firmly support the conceptual model that
the HYB are having homogenous layers of aquifers with no flow boundaries at the edge of basin. However, this
ranking procedure is discriminated based on information criteria technique only. The multi-model selection criteria
are required for further consistency check across model ranking.

4.3 Groundwater balance and assessing conceptual model uncertainty

Applying HIBI, HIBS and, HIB4 models, which chosen from the model selection processes, were used in
developing groundwater models. Observation head data in 2007 were used to evaluate model validation. Fig.3
displays the relationship between simulated and observed groundwater head for a groundwater model developed
using model HIBI. It shows an acceptable calibration with NRMS = 9.077% (R2 = 0.8106). Comparison between
simulated and observed head of model HIB1 shows in fig. 4. Flow direction and a little differ between calculated
and observed head are satisfied result of the selecton model. Using the simulated results of the MODFLOW to
describe groundwater balance of the HYB. comparison of three model shows in table 2. The result shows of
groundwater balance of the HYB has steadily received about 108.93 Mm3/year.While, groundwater balance of the
two model HIB5 and HIB4 are 164.75 Mm3/year and 239.18 Mm3/year, respectively. Using model HIBI to
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describe mass balance of the HYB, most of inflow into model come from recharge (95%). The remaining inflow is
from U-Tapoa river (4.6.5%) and Songkhla Lake (0.40%), respectively. Groundwater outflow from the model are
river, constant head boundary and , groundwater pumping of 45%, 33%, 22%, respectively. Hence, from this
difference of groundwater components, it shows the importance of using the best model from proposed conceptual
models in groundwater model application for best groundwater management.

Table 1. The AICc model criterion values, and resulting Avalues, posterior model probabilities, and inverted evidence ratios.

Alternative conceptual models

Total
HIBI H1B2 HIB3 HI1B4 HI1BS H2B1 H2B2 H2B3 H2B4 H2B5 i
NRMS % R8.716 8.019 R.BRE 8.182 9.237 9.515 9.626 9.663 9,734 9.297
AlCc 56.57 72.33 71.53 60.76 60.16 9549 116.36 109,30 106.34 101.11
WSSR, 21.71 85.35 BR.76 8l.01 81.02 81.02 85.09 84.23 86.79 Bl44
AlCe; 0.00 15.77 1496 4.19 3.59 38.92 59.79 52.713 49.77 44.55
P 21 24 23 22 22 30 33 32 31 31
pMy) (1/10) (110) (ey  (aoy o (1/110) - (1410) (1/10) (1/1oy  (110) - (1/10) 1.00
pOIM;) 1.000 0.0004 0.0006 0.1232 0.1658 0.000 0.000 0.000 0.000 0.000 1.29
pIMiID) % 77.50 ] 0 9.60 12.90 0 0 0 0 0 100
Rank 1 5 4 3 2 6 10 9 8 7
Inverted 100 0.04 0.06 12.32 16.58 3E-07 1E-11 IE-10 1E-09 2E-08
evidence ratio%
30
x
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Fig. 3. Scatter plot of simulate and observed groundwater head for the validation of model HIBI
Table 2. Summary of groundwater balance (Mm*/year) in steady state for year 2007.
H1BI H185 Hi1B4
Flow components Inflow Outflow Inflow Outflow Inflow Outflow
Recharge 103.00 - 109.30 - 103.28
River 5.03 48.32 9.15 77.19 9.12 175.28
Constant head 0.90 35.96 0.68 51.44 0.48 IR.54
Head dependent (GHB) - - 45.62 11.47 126.30
Pumping usage - 24.65 - 24065 - 24.65
Total 108.93 108.93 164.75 164.75 239.18 239.18
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5. Conclusion

This study assesses two sources uncertainty for groundwater tlow of the HYE through ten alternative models.
The highly probable models are :identified using informarion criteria-based method for the hydrogeological
interpretations and boundary conditions. All information criteria results support model HI1B1 as the best
groundwater model for the HYR. This indicates that between two hydrogeological interpretations, the sroundwater
model with homogenous hydraulic conductivity is more probable than the models with zonation hydraulic
conductivity field. While. probable lateral boundary conditions are no flow boundaries, rather than head dependent
boundaries. In addition, three selected models (HIB1, HIB3 and, H1B4) were used in assessment of groundwater
balance uncertainty. The simulation result shows that the groundwater budget varies significantly with boundary
conditivns used. Variations in groundwalter budget found in this study may allect groundwater management for the
HYB. However, further study is required to be able to cbtain the best conceptual model and best HYB groundwater
flow maodel that can he used for sustainable groundwater management.
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Abstract

A variogram plays an important role in geostatistical analysis
and is usually used to describe the spatial variability of the
geological information. An objective of this study is to describe
the spatial variations of aquifer/aquitard units in the Hat Yai
basin (HYB) based on borehole logs data. Total of 210
borehole logs were transformed and categorized as three
classes of hydrofacies, namely; high, moderate and, low
permeability class.
hydrofacies unit were investigated through indicator variogram

Then, spatial vanabilities of these
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models. Analytical results show that the exponential variogram
model provided best fit to all hydrofacies. The variograms
obtained show strong spatial dependency in vertical direction
and moderate spatial dependency in honizontal direction.

Keywords: Geostatistical, Hydrofacies, Indicator variogram,
Spatial variation, Hat Yai Basin
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nseduedeyailituimuduiusivsssrmaadiels Tagld
flartumardinenaniuntsaduisiwuduiuduasaiuud susiu
vauls Z 7Ewi1aen 2 99 lneazuansinmisAnuuanaiesyniig
Aanafifauludussssviudazn (Lag distance) Aauanalugy
- i mem e w Y oW f w o X -
7 2 InseraddfilduansauduiuduesiudsiBaiuine win

Boud (Semivariance, ) Annmleanaunish (1) [4].

; Nih} =l
yth)= —{Z[:(u“ )= z(u, + )] M
w=J
de  N(h) fa druudueanisidiaudiou, z(u,), As Ao
q
utls z Aiduwda w, z(u,th). fe Aweadauds z Aiduwlda uth,

une h fin szssmasewivaainiudeys (Lag distance).

Location vector (u+h

N

Lag vector (h)
K

Location vector (1)
g‘l]ﬁ 2 Lag distance
T v T .
dedneiGeud () WademuduiudivAwassyoeniaidl

#fimma h axldnsmiiGend wiinilaunsy (Semi-variogram) Aagui
3

c]
Sill

+

Nugeet, ¢,

Range, A Lag distance (h)

»l
>

|«
I

“51]1'1‘ 3 Varicgram model

aaédiznautraal.-nﬁ"n%iaunm'[ugﬁﬁ 3 1sznause

a) Sill Lﬂudmﬁﬁﬁ"ﬂﬁauﬁﬁuﬁugaqmm Gupsitlutitoyn
Sudusassrotuuay hifinudniusiudndely

b) Range Whusepsmeiimuslssu (Variance, Sill) 1.'r'm"u¥u
FIqAuaE I

- .‘ I
) Nugget WuarmuwUsusiidienlaunsubiviiugud
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2.3 wuudiaasslaunsuuvuand (Indicator variogram model)
Trathly Faudadaiud z aunsoudsaomidiu 2 via Aa fuls
Aaliln (Continuous variable) ity ArduUs L AVE NS TuEY AL
vy iy uasfuushinaiios (Category variable) 1ty wiinfu/
iy udu niﬂﬁagauﬂu'ﬁ"’uﬁumﬁmmﬁ'au“miamma (Lithology
log) faefmussusduuulidadias Tunsie witinyalayld
wuudassIalawnsuausaliis msulasAiduyskuy Category
Duwvudied (Indicator, 1) damanuduiugfigiuds u fuandly
aunan (2) LLa:nsn‘J{l’au“ﬁ'ﬁv'uﬁu (Hydrofacies) AuNTsA (1) aunsn

Weouglwiladauntsd (3)

1 if Ivdrafacie s k prevails at location u,
Hug k)= 8 .

0 otherwise
=1 K

(3)

Nih)
1 2
yh) = g {E[ﬁu_‘ k)= K, k+ M]’

: ,
dia [ fa dudswuudi (Indicator variable) vastutiu k.

3. F8msAnw

¥

dumaunITANETUTENDUMIE N153IUTILLAY ’uﬁﬂ:ﬁiau“a’u”u
fiu udvhnssuuntuivbal sindwinsimussuuniueey
il (Indicator variable) Wivin1siATIERALR LTS LAL AL
wUsUsrurssduiulaelduvusiansan3lawnsy (Indicator

.,
variogram model) fu
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_
vilniu 3 nauildilssgnuas (Transformed) way Amuadudiuds

u

wuuistl (Indicator variable) Fsay Wasuelushiadly
3.2 Defining of Hydrofacies Unit (HU)

'FJ'au“a'ﬁ‘:uﬁwad\.iammaa:t}m‘l’"luun'[m.i (Re-classified) wiia
Wios 3 vin uaslufiiasEonin "Hydrofacies Unit” Ssanunsavils
Tasduainnsiuaridulssavintssasliindusu {Hydraulic
conductivity, k) fanandnifuiniu Tnom k Afvuntussidiusin
ﬂ'wﬁ"'fl.uuazmnuawmﬁaun'ﬁquluamu (Pumping test) antuvia
n1afwun Hydrofacies Unit Tapfiansunaintdasuasen k Fail

Hydrofacies Unit 1 (HU-1) Aia Suufiién k wuinndn 1x10™
m/s (High permeable class);

Hydrofacies Unit 2 (HU-2) Aa afufifiin k sewie 1x10”" A
lxlﬂ'm m/s (Moderate permeable class) ka

Hydrofacies Unit 3 (HU-3) Aia Sufiufiidn k tioondt 1x10”

m/'s (Low permeable class) (Qﬂﬁ'ﬁai“] 1 ua:;ﬂﬁl a)

et 1 TeaeBueduiu waen1sin Hydrofacies Unit (HU)

3.1 gataya (Dataset)

» -

; # e
tayafiunlilunmsdnsidldsndeyaluneosuiuiuiuiu

L]

J

»

WRULEITUIUIATE NBAUTUIATE nsumineanssdl (Yagdu

i v
I.!J‘EEF'I..IL‘TJ'IJ TUVITHEINTUTUIAIE NTEVITIHNTWETINIGITUTIALGS

dwandoy lneiFuannisAndendefiauyinifian TuAossdod

e
TeasBuatuRumiinTirTeileslnesdivemasaaiuinye

ar

- b
aavhalsdwuveiiurirseilunisdinei 210 va sl daya

& =i

. .
Fusunlatdivarstinuin fatu Ininsdwunlnainiuifees

No Lithologic Kail Permeable Hydrofacies
categories {mys)* class (k, m/s** | Unit (HU)
1 Gravel 6.37 E-03
2 Coarse sand 1.60 E-03
Medium sand 1.30 E-03
Sand and
High
4 gravel 1.20 E-03 .
(>10) HU-1
5 Sandy eravel 550 E-04
6 Gravelly sand 348 E-04
7 Fine sand 2,60 E-0a
8 Clayey sand 1.60 E-05
9 Sitty sand 1.40 E-05
10 Conglomerate | 1.00 E-05
Maoderate
1 Silt 4.60 E-06 ; i
(10" to 107) | HU-2
12 Sandy clay 1.28 E-06
13 Silty clay 1.00 E-06
14 | Cay 475609 | Low(c10) | HU3

Wentworth grain size classification [5] Windatliafusios 14
A A
whAvTIY (15199 1)
—— gz Bl — » P
aglsfin nrslifeyatufunatsviafiouandnvusduiiu
.

waussumatuineeiliiinnugwn wasdudawiuly Seifert
and Jensen [6] uae Deutsch [7] wuvitihii wisUsslemilunisaina

5 5 = - mom - =
wuudassnisivatuimia msswuntisfuliude 2-3 viafve
g A e 2 i
gty lunsAnwildalasuuntiafulnilivdadios 3 vialaeuda
2
FuRusanauauamsolunisdule (Permeability classes) tasfu
dsgnavrie 1) Auaansnluntsiulgs (High permeable); 2)
AraTnsnlunistulaUIuna s (Moderate permeable); wag 3)

Amanusalun1Ituled (Low permeable) Awanslunised 1

*[B-9] *[10-11]

3.3 uvudhaaea13lalingy (Variogram Model)

= g s P 0 A O
nTiATERAENRuE wasAuwd U udiufivestuivly
wamRlwgianusnyilaleenisld Variogram model inisiiAsiew
p
wenmial Hydrofacies Unit Wa 3 wilm IaeB Indicator variogram na
- L . vow g Ao
aunsil (3) Nt Aessienudiiusidiiufiuasauudsysu

TRITURAUNIMUITIY bavkuaAsulUIunT SGeMS [12]



Lithoclaases rti? Hydrofacies Unit
Silty clay 1.28E-06 2
Clay 4.75E-09 3
Clay 4.75E09 3
| Smdy gavel 550804 1
g Clay 475E00 3
g Clayey sand 1.60B-05 2
| Fine gravel GITEOY i
Cly 475809 3
g Send and gravel 120803 1
E. Silty clay 128E-06 2
Clay 4.75E-09 3
Sand mnd grevel 1.208-03 1

3Uil 4 nsriwum Hydrofacies Unit (HU) (#hethatia TH-0445)
4. Wan AN
4.1 Fndwduiiu (Hydrofacies Praportion)

Hydrofacies proportion (Tudndiutas Hydrofacies Unit Tu
4 - w - vy ' -
fuiidnwlrouandugivesiseay iauaasliiuinluwd moalvegd
n1nsraneAlTatuRiundareinludndauvials
Hydrofacies proportion fin1ud1Ayeenwinlunisainawuudians
13536NeT (Geological model) WWABN13 Indicator simulation

4 ¥ oz ) ;
(Lilsinausluunautl) visll Hydrofacies proportion anunsowle
PR T & e n e
Trenssndoyaduiudld amsimseinuiudsnalygfidadgau
p
Fuiiu Usenoudie HU-1 itduiaeas 48, HU-2 wiiuiasas 14
way HU-3 wihiuSouay 38 auddy (Ui 5)
w 3 & o - - W w

ndrdutuivlugui 5 annmeBuialddn manszedives
i ‘ s : P
tuituluwsanelng) Jauas 48 Wunduvastuiiudiilawannsalu

. - ¥ .
msfuulags Tnsvdafulunduilusenaviie nsm nate nTAdy
w38 nswlunnaunsie warvsevuiumies Savay 38 Jungu

[ - o ¥ - - »
gastuiuRdauamsaluntsausulasn laun Auwis wasdes

. i O

ay 14 Wunduuestuiiufiiaiuaruisalunisduiuldviunans
Tiun Aunsipuy Aumilenvunsis senauniieuay Aumioadu

AENauUNTIE

&
uananu

60

50

30

Froportion, %

20 4

HU-1

HU-2  HU-3

gﬂﬁ 5 dnduiuiu (Hydrofacies proportion)
4.2 Variogram analysis

n1ia%’1d'l'l'a33aLinfumﬁﬂlﬁwuﬁ'maq'nﬁaunm (Variogram
model) asfaimsimuaguuuurmuduiuiuasyateya (Model
ﬁtting}Tﬁﬂﬁ"".t'm%xﬁaﬁruwmﬁﬂ R? fufie Afinlng 1 ﬁaiwﬁﬁqa
nsAnwIRdsd wwusasudndlnuuiea (Exponential model) gn
FonntslunsetusmdiiuduayauusunuresiuAuie

= . 2 . ) s = w
finrsunandl R Ieeflsddurasuvdaaadndlnuuioauanssalu

yh)=C, + C'J.|:J' - L'J(p[_ i ‘1:|
i)

dio b Ae szeemssewitsgefiniudeya, A (Corelation

aunas (4)

(a)

R oW - e
length)  ilussasnrsfituiudaududusfulaefioisuniids
variogram a8l 95% wasa1uuUTUTIugIER, C; Ao Nugget effect,
C, Ao Anuwssudmsuilsidndlmuudea [4, 12

w . . _—
AMUERUS warAauulsUsudiuiilaanuuudtaoaediag
TaunsudlananfinTsanaiuuulTIu (JUA 6) uavmiuwuaf (Ui 7)
amunInasuwinimeiiiisadas auduiud uagsyAuaaTy
) : :
wlsUsurasiuiiulanimisad 2 uas 3 audiau wsiieaifilalu

- - v
#1590 2uae 3 awnsouenasualassil

0.3

0.25

o

e
HU-2 (Red line with triangle)

0 5000 10000 15000
h (m}

’ = ) L
U 6 el MilounsuA LT3 (Horizontal semivariogram)
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0.25
HU-1 (Blue line with square)
0'2 B =3 o)
OD.:‘-‘“":\&E&SR:
—_— 0'15 B ﬁﬂ v " 5
= HU-3 (Green line with circle)
-
01 |}
T
005 | HU-2 (Red line with triangle)
0 L 1 L
0 20 a0 60 80
. ~ him)
U 7 wihnlaunsumisuuids (Vertical semivariogram)
Arei 2 TiElaunsum T uarsE AU LSS IUA Ty
HU | R & & | Am | c | oo | cas
HU-1 | ogo94 | oor 018 | 2070 025 | 200 | Ms
Hu2 | o83 | oot [o1w | 3010 011 | 9.09 Ss
Hu-3 | ogo14 | oo8 015 | 2125 023 | 3478 | Ms
e 3 MElounsum s iiineduasseRumILLUSUTIuA LA
HU | R g, ¢ | hm | o | o | das
HU1 | 09690 | o1 | 017 35 018 | 556 S5
Hu2 | o958z | coor | oos 33 008 | 123 Ss
HU-3 | 09607 | ooo1 | 017 25 01t | o057 Ss

Note: R = Coefficient of determination; G, = nugget; C, = sill; s = (G, Tk
(Co/Cy) x100%:; 7\.._ = horizontal correlation tength; JL., = vertical comelation
length

Spatial class: Ss = (Ratio <25%); Ms =
Moderate spatial dependency (Ratio 25-75%) Ws =

dependency (Ratio >75%).

Strong spatial dependency
Weak spatial

sy
1. ARmausITINu

AT IR ILUUTT U (Horizontal correlation) WUisE sty
Aufiauduiudiu (Correlation length) Wiy 2,070 wuss d sy
HU-1, 3,910wns dwiu HU-2 uaz 2,125 wrg dmdu HU-3 dwu
AT EAR AR A TRt uRLAINR WUt HU-
1 wundszann 35 wes HU-2 wundssana 33 weswae HU-3 wun
Uszann 25 was M"s'aa%u‘lu'l.ﬁ".i'rﬁh’uﬁuﬁ_'mf'i (HU-1uae HU-2) uas
ugmalunifinnuvuiUszann 33-35003 drudututh (HU-3) 4

ATTUWUTU TSN 251nT
- 4
2. 5eAuAuUsUs g

. ;

LUUEIa84775 LaUn sUM IR UL LIS TULAL LUIAILARY Nugget
effect agsewing 1% fa 8% dwmiuuursiuuas 0.1% fs 1% dmiu
wifs vsuenfisrnnuudsusiuastayadild sedvanuudssiuds

1 N 2 v
Hufvestuivaiuisofinsuinindadiuaiuudsusiu (nugget/

overall sill ratios) Trewualaidu 3 sedu [13-15] Ussnaudie sedu

AuduRus B una (Strong spatial dependence, <25%),
AR SR uAUunans (Moderate spatial dependence, 25-
7594) wasmuduTuE BeRudives (Weak spatial dependence,
>75%) AUEIAY HATINNTSANEINUTY Hududsefunuduiusds

& i = - w
WUWRLUIRY TSN 1I.II.I.‘I..I'IITIU'EIQ'|.'LH¥WLIU'1‘I..IH amn

5. ayuna

B v

Uﬂﬁ"ﬂm‘fﬂi:ﬂ‘nﬂma A1INIIRIUAD RGN (Geostatistical
method) WanandldiiufsnuduiusBaiuiitasauulsusiu
vasfuinlundamnalng Sminaanan ﬁm‘ga"n"‘uﬁumndammaqn
Fruunbmiaandu 3 wie fe %uﬁui’iﬂmsiulﬁqa (HU-1) Hudufia
nsulalunas (HU-2) wastuiufinnsauldh (HU-3) snihld
wwudiasnslaunsuniiesiziaudniusvafuiiuudaz e
anansnagulaseil

1 msni::nﬂﬁaﬂaaé’uﬁu’luuéamn’l.mjaw1snutiaa”md1mﬁu
HU-1 (n33@ 03578 nTiaduniie wasnsievudumidss usu)
Uszuindauay 48, HU-2 (Fumioadunsie aenounsiouay fu
wilerlusgnaunsie Wudu) Yssanmdosay 14 way HU3 (Au
wilen) Ussunnionay 38

2)

AudusNuR LT Ul s 2,000 4,000 WweT kavlseain

- . W K . b - -
TR TIERALEuR UG ENuTnud sraenaiduiull

- - - o e W a4
25 4 35 LR AULWIAL yananisyeenanuLAmauuEul
S g : ; 5
Frdsvanfaarruvurvestuy/duiudiduiu Yufa duliudud
G
(Aquifer) fauwurUszuin 35 weT War Fuiuly (Aquitard) 1
ATUVIUTUSELM 25 WnT
= .- I I
3) mATEsEAuATLLTUTIuTRsTuiunydn Tuitullssdu
PO u
aruduiusidiuiiduuais woyegluszdAudiunaniauuuiny
T — ) . ;
uananiwudn drdutuiiu (Hydrofacies proportion) fluasaniiu
g
wdsUsuduiiu nafe duiuiiiidadiuuinieedinuudsdsugs

U R L i ow
Tuveidnaiy fuiuilidedutdosfasdiamuwdalsiudduiu

fAnAnssulszmeA
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