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1 Introduction

1.1 Groundwater Flow Modeling

Numeri cal modeling has been widely used i
behavior in terms of groMatiwameti thbivyandr eo
i@ma t-dr emensional , sat ucraant ellle ¢y owiGmdmicmge u m

equa(Banhs,; 1998)

nJy 606 0 6 T %k £ O qUAMOAU OEI O AOCET T

00 M0 T o Yol  wEEAT O OOAT OEAT O OE[ O
subtfecinitial and boundary conditions:

(€3 Qoh "G Qodh 0V on0o Js N % Rp&

wher éden lanid2,ni s the gradioeinst hoypderraauloirc conduc
M6 i s hydrauldioc irseadce( Lvlo,l umetric flux per ul
0,anwWo is specific Eqgth@age (tih/dLy)d.nilud a&t head
|l ocaxt Qo i s a constant head (dpt at oxtaledi @tr i c
timg is the specific dischar gan(@Ll/sT)a atnitthev el
nor mad Ono t he ofléd owang, Bthrenewotr kanodft Rei nd

simulation of solute transport i n a porous

equations as:



. wew 0 L
nJlo —AwW U — %8 A

0L - o
O | | —— | sl (0) %8 A
75 | S &
subject to initial and boundary conditions:
6s 6h 6s oh 16 —A 6 ds 16 % Kp®

InNE ql4 Al O 6N006 i s stpreedii fsichaf gd,s the effggcgtive
6is the solutedgonsenhea’f)adet (MihiLch sol utes
(source) or extAriasctlreyder (odiymka)mi c a &l fsipdeifgn to n (
evaluated from velocity Exgndbldiassgler epveseas,
l ongitudinaldi apeér(slb)ansvespsmcd avel yel ocities
di fferent dire€gliiiontsheg xma gwe ltaoriCdet g0,ff hteheef f e c
mol ecul ar di ff#gi)on acsdetfife cii @dait) iGtLGL i tse rt sheer .
initial solute comcientthei epecnfitded scgstcemt:

boundldrykhdepresents t e mas s hfel Wxa(cM/yL b o un

I n pe acgriocundwat er modeling involves two
par ameter estimat(i @ar,r edasa cdsMalldled ®FH) i f i C
conceptuali zati otgh)e acpopnlcieepst utad dgerfoiumndwat er m
such as the governing equation describing t
out put s, i ni ti al and boundary conditions, ar

Site spédceidfgiec (ken ogw |, | oc adnagpg elcdag w/elsy drea gge q |



fl ow/ sol uameotrrmeaedimoa teydi el d a reli abl e .concep
On the other hand, pasamgygenges i cmpeaadanmiest e T ¢
t hroughout t he fdarscgebumewdatdeoormamadel i ng. TF
constnumemibadeelsi mal ati ng groundwat ehrasf | boewe nan
foutnad rely heavily on the accur agrye dnteisng nte

rea(etyg. ndBkelrgman, 2011a,; 'l man et al ., 201

Ovdarhe past eniugretr oduesc ededso,rts have been ded
conducK)i vaintdy s(pe&) fi whstbrage (wo i mportant
simulating groundwater fl ow, and Nin egaratli.qgulz
in a confined aquifer Kan®liagdipgdrofnarl meyd tthhreo egt
of aquifer tests (Usigg, tMaetocshvaendolatobnsl
2006i;shMma and Neuman, 2011; Mo e n cdhe p eln9d9i 7n; g Noer
the characterezegdcoandguinfeedr/evady@meufr @t edl/ unsatur
boundarys(eggdfiutlilonparti al pebwede radvi oheof mwlké
homogeneous assumption of hydraulic paramet e
ignores the ionumsatent obét ppoogas ¢fiircddiKamae r ag a
Sesti mat es eaohvredka .tthhoeu gthe stthe use of analytica
mat ches between observed drawdowns and type
may be depamdeémnmt . Wioelt.i nG2 e )et, r at ed t hat th
anal yses of aqui Kesttmatesytbhtedvbl asddwit!l

the | ocation of monit dyiisngnawell lys ,afwtleiclt e dt e
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heterogeneity) between pumping and monitorin

To reveal heterogeneity of hydr aulsi canpdar an

various field experi merKtanleavemameb| devel epe

instance, | abor apemrme gmiteargst,e&tl @axalnyeirs et a
1986nHy dr aPu b ¢Td o(IHP(Tg. g., Borden et alyi,el2dd21;
higlsoleusttiiomdt essntaakllme as ur eame nitnst er v al ranges

ceti meters to tens of centi mdatedr ;0 frleorvemd t & rh
distributi &al affsebhoeezoat @WMel ¢ &t cashiufgylanhds4 )s i
hol e tests can Ka&nSlessead ntaat eosb taai nv alro coauls wel |

scale estimates can then be (nt, erkproilgaitnegd) utsc

(7]

paKa@a®id stri butions throughout the model do

and solutfe.granspabdbamon et al .ao 2e0t0 781 .Sud2 cX3yy

Using nswnmalrerpol ati on approach-scal suésircmaen:

needed fully capture the heter ogemeeciftey dpg atette
1992)Furt Kehimmaa, etdeamonst2@®0 &)Y at KdnSftihel dsant e
strongly r elsicead eo e stthanag mal,| whi c h, however,

realistic conditions due to the rédetmnict élg da

et al ., 1994 i fogermpsil ruige a le .sfg o ranhubl bapes w{e d e | devel
byZhao and | IflomanHRTW 0R&Ltag anal yBus) hdromorteh,es
empl oyed geostatistical interpolation method



structure and the flow fiKaln@ldastai buteopngi el

To overcome these i1issues,romacmhmersi cwelr ei ndvweevre:
derKan®di stri butions for groundwater model ing
estimates of hydraulic parameters, head pres
governinglrerquht¢ti ®Gelli owi,ng he fundament al con
model ing approaches are provided.

12 Il nverse Modeling Approaches
The earliest numer i cal Il nvebsal amamn ovahtdd 5 6 p

derived trlanvmil ssieisviftryom( fl ow net EBédmrasetdt oan
Meyer ,.l 8a96RB)s study, head data were assumed

the relati vBwadsi scampowtteédo nt hodonbdg e -@edd dii mpdani

di fferenti al groundwater fl ow eMawmamncl9 Th)
shows S 0me significant drawbacks. First, t
measurements to model grid introduces smooth

di stribution ovem.tBecoinmyl! dthieors odama on t en

small changes in head dat aTevotuil datcasise si gni

Al ternatmowsel yecently devel oped inverse mod
met hod prNeepuonsaend, (bwh4 )h esti mates hydraulic p
objetuneeion of ¢al ebrateendealsrbet ween o0bs:s

dataad plausibility term to r e.dhud aohjzec thiywa afuu

-5-



can bei wrattctemmo:n f orm

O 0 10 % A

o i i*tA i i’ % A

"o 1T 1t A T 1 % Rp&HA

wher@represents the squared eliorroe sr esfenb b s d
regul arization ter mahdrr epparreasneentte so basae ravheadd eadna
vector s, T els photwisv erleya,sur ement errdoas@dof mo d
are the covariance matrices of measurement e
andi s the weighting factpecobobftomotdkhée Jghrepamet e
mi ni mizati on of othgtad hjeec rfieivredrifsrugh o2 i ggpcnod mat
observed andwhi mel mbedt danang t he Ssitnacbei |tihtey
relation betweéerrsydnduffiel daonbwmentwlae i oos i
| i near omdlddetedrsi zed using an approxi rmatei on n

objective functi or oirs prirrmimait ze d eistt @ mattii wel. y

The LevMabeuwaW)iet {Mar quaridatn, nmion6i3moe at hmn a
develtoopedoHvienemorslpy oibit emati vely minimizing |
di fferences between the shsafreemipamameti anul ead
Il n compari son -ltion etarsaqddiaraendn admoodoo feimess, t he o0 b

function by adding a regularization term tha



and avoids overffutrtiheg mdfr em@gatbhbdpaiombs nes t he
the Tayl or seri es ndetthhoed -d(etmaddoeaelnitaad gmati rtihxm ta
convergenceAlatnldo ,sgMa btiditehtoyd. s hows , some adyawct
functiitosn tofadonlipynatcod@&ntnesr i wicn t hlkei s may r es
physical |l y yudnrraeua sioch appbalreanhet er esti mates, esp

paramebgrazkedrge number of unknowns.

TheMimet hod i s empl-ioryceap @ md @ rhte prnaorderhet er e st
(Dohertfyor 200 8&) det erammiyndartaiud n co fp acsphtmieam e ro f s esto
minimizing the discr &p,®ESH| 0d mibrsievigzad saon z d ¢
crite®itohnas sumrodamd mogeneity of hy dyriaalddi icb@plar a
objective f ubhod6.Tbhe ®eananr abe awi ewe d carsi tae rrieognu
in the Tse&kmsoenogf iwhi® 6B8ht roduces ndApreferred p:
Apreferred parameter stateo into the calibra
matrAcen® are r eplwaocesdqubayr e, di agonal matric
assigonbdetwati ons and re@¢lowe rAekaetriean §e2t0 24l p
argueducthatn r eguhloar iiznactli vodne® rdmenhtyodomraud fi ¢ par a

esti mat emodel calibration, l i miting the numb

Carrera and Neumpawmposed@obmaxim8emb) i kel i hood
estimate groundwater model -lp&red mtoordd Lty i mi

includes not ondwt faleda porbiscerr viantfiocoshbsher oh hah



Kan® model parameters, such as interior rec
and interior -degebdenttargchende/ | eakage <coef
f oirn itrhveer se model . Pr i carmeitiredr sir ma ¢ f godnd eortfge d hle
pl ausi bi |ltid fceebcreictteirvieonf unkcgtlbapand s momdée hr paoan
estimates are obtained by minimizisgubahesob
met h@alrrera and Neumhamo(nls%t&6Gaat;edl A8Gabt) t he i
pl ausibility ¢tropaeei amewaoaulsk noif I nstabil it
performance of the proposed MLE met hod was
studCasrera and. NRemaht sl198B6wkd that the i nc

omodel p d&roa merhadretdo | mpr oved s uoni oofb ssegruvaartei oenr

It shoul d baeppnowette s hlae(dt havb olmet dod it s
i mpl emeint aR&®idh e ML E)tmeetahtordown par ameters as
guantitiesthaMenappn mgches for site heterog:
domain should &dessubdivideds)naond uniform hy
estimated for each zone. Al t hough geol ogi ca
geopdaysis)cwrameyhel p i n dtehersnthapegofzoingsenti fie
boundaries of geol ngomgbretlat unuintce)r tmaynt gti Mhe
geol ogi cal | oarty @& m & ebsot ui nmwlaasrei gevsa ITwatge e t b,ya Iwh o( 2 0 2
characterizedsaymwmehid¢ iupadIngwatoemrati on model s
investigations ffTheemsdirf $eskPowedotuhatsall zon

cali brated to fit we |l | t o K&melvoablsueersvy aftaro na dsa

-8-



geol ogi ciadd ufnriam voaarmre z on aRurotnh emmondoerlie ,t ot haen outskh
uni form hydraulic p-hagpmet beserggenestyhefioge
however, are of critical i mportance i n accu
tranBRpbevant results are obtained in this re
To circumvent wliese zoman geomwinmadged tiitwer se mc
appreosackeveltopedsti mate sspoatitaydrdaiuslitirci bpudn ar

groundwater model ing.

de Marsily pertopalsed( Xh&4)pil ot points me t
heterogeneity characteri zat(ilogns.t i Basi ngl lhyy,d
parameterssat apdl ¢2) pcipmdair almey e iranfieelnt gtonla@ dteisn 1
| ocat ammaéelt ogri d using a geostatistical me t h

form of(daeM®PMi |,y heatweav e r,, 1s9h80dws s ome dr awba

points were setlreacatde de rmmaonry, alwhyi Ilbe the | ocati ol
were | ater evaluated par ametwe sri gt Héeéadarnioanki smy
Franssen, 2001; Lavv2nusxecamdl, Pipckeons ,poldt €
regul arized, which might | ead to itnlsd arhdddlt y
was paramatgreaednbwmber of pil ot points.

In | ater studies, the origseabkr dlor moaoi f itda
reve e i mpact of arbitrary pilot point selec
t he | smsuteabolfe sol utions t o iRiavnea Rdaeo afder. o b(l 1e9n®st



included condi ti onan nistiimall apamametoergefniee lad ef
sequentially increased the number of pilot ¢

showed the highest sermrcdiiDiohiery yi 20 d®) celdj e

regul arization criterion of model parameters
possi bl e tthee miitsikgaotfe i nstability when esti me
number of pilotAlpooilne & . @ thecalr.pe(2a®wiea) pri or i n
mod el parameters in the optimization proce:¢

maxi mum oldi Kealaintfeovor k.

Despite that the PPM hasspa&tinalwi da&id iyatuisens
parameters in both (peoergpus G@erdt éds axzndraeca NMaerds
de Marsily, 200oln;e Roaadlt iectalalqg.ue s2t0ilob5n) r emai ns
model uisnetderpom!| ate hydraulic par ameter fiel
heterogendiutayngpaetdemoss$enoatdegd that the inter
spati al statistic covariance function (or \
heterogeneity informati oheofi hgPdorodluleitb eaplmp a(s
compared the PPMstd Zzio@mageohogypdel for char
aqui fer to predict groumdewatere$ubtwsandveal e
Tfield estimated through PPM | ed to -madvedter
zonation model yielded better prediction of
t hat instead ebfy oval yai ntgr asdi t i onal geostati s

kriging/ cokrigiahgnf,ormatoon sshoatdr al so be

-10



heterogeneity characterization using the PPNMN

O her than the PPM, g eostchtbiansvtel dimaleri mped ste
estimate spati al di stribution of hydraulic g
Kitani dips opd h@bg-EiineGerost atAppt o@@lbGA)i n whi ch,
hydraulic parameter fields are treated as r
covarsiBanicee | vy, the QLGA estimates spati al di
mi ni mi zdingcrtehpe;ancy between the simulated an
constraining the covariances of the estimate
oKitanid,i st el 99that i st i c al parameters describ

parameters were derived on the -Nawti eanofmet hed

Yeh et @arop@%8d6Ftati sti cSatc afipndsarcihma tnoarme
(SLE), tdiselavei momr s eTdirstbrl iebmst if or etgitagt maatl i
classical cokriging technique, {Tbe GSh& bhar a
the covaTdmhceprseodHirande a-thev §r icamcsasppTbaclISLE
treats the nad Hohl ahogquirtGatwmi a$ -@arsdeecdotnsdt at i o1
stochastic process. Given uncondi i &h&l smheaan
with cokriTeisntg noaft eisniatnidalhead data from aqui f
of Tflinellhde.i iahilty d&ddtiiemated then used to solve
st esadgte groundwater flow to obtainlisnenat at

rel ati ofaftlet Weieenl d i s updated iteratively ba

-1%



observed and simul at ed head dat a -asv avreil 4 n caes
matrices ofTamhle se ¢huihmeeedt Theefanhdament al cor

mai n mat hemati cal algorithms of the proposed

With the I mpl eYYeemtand oldiew ¢ ( Z6LGH@lI¢ Sutcicaels si v e
Li neEat i mat or YtSeS&dep tyHf roaTolmiog r &SgBhTy) . ( I n t heir
stesadygte head data from a set of pumpi ng t
i ncorporated and i nkiheertperreotgeedn esi e qyu ecnhtairaal cltye rfi.
SSLE starts e¢dhe wit tehketsvt & ieragplelse and t he head
one test. Once t he itnhvee réssel iemoaltecedvdp atahhamred e r
covaricamded, oned on head data from the first
next estimation based on a Theend hsue ta nodf Yreena d 2d

extenhedf or mul Btaend yRIlak Hiobog r ap hy i (nTkKdm&c h,

are jointly estimated using transient head r
Such a sequenti al approach al |l owd att rae firroune |
a HT survey, while maintaining the covarianc

ef fi cHoewneclyé. 1 man et | aust¢aoed)that a differen
i ncor port otheaddr se model woul d Kfeiadlhdkely cvangil nde
that the cl eanghbeés tansoa gsfewlirtaht itohhe sthoul d be i1

algorithm first, followed progressively by n

To overcomei drhg se tipsraduped, SR D WI9t) Snemaidsisn evaer

-12



Esti mator (Si mSLE), i n which, head response

are interpretedKami8nnuelttearnoegoeunseliyt yf ocrhar gcter i z
geostatistical inversions of all presented s
was modiPrioéd NyathoyuaancZhmt for temporally ve

fl ow rates.

1.3 Revi eHw dorfaul i ¢ TSanuodg reasp hy

Over the past two decades, hydr(a@adtitcl iteobmoagr

Di etricchYeh 9&@rbdand uuyt i210i00dd as an advanced si

for revealing spatial distribution of hydrau
response data at vari ous | ocati onsgarayiengcol
pumping/injection tests. Anal ogous to the ¢

( Neuman,, sluoc8h7 )head response data provide het e
parameters at different | ocationGYeletarednL e
20Q07)The coll ected data during HT surveys <ca
i nver se (ad.ggp.r,i thBhartsl i ngertetalal . 20DQ203 Brhkiutcdni
and Lee, 2014; Xiang et al ., 2009; Yeh et al
and Yeht,o 2n0a0Op6 )t he h e tuelriocg epnadfieahnyeetoefrash.ywd { @ d € 8)
that the datraongbl lembgdaphic surveys provid:ce
cali bration, yi el di ngKamd&sfei ed dsurwaitteh elsetsismau

compar i somaclkha rtarcd lbetiicaad s .on

-13



The robust performance of mdTOclharaboéehi patio

been evaluated thr¢¢Bghl hogeebusa!l num2o02al Yeh

Yeh, ,20005boBatgrgnd I 1|l man, 2011a, 2012; I I
et al ., 2007, Liu et ,al20/1220 02h,a 02 Qelt&a;adS H,a rerox
(Berg and Il I man, 2011b, 2013, 2015; Bohling
2009, 2012na2@i13alCasr®dd1l,; 1l man et al ., 20
2007; Zha et al ., 2015s,t u2d0ile6s;. Zhao and 111 ma

O her than sltaa®sigcg! Yetheantdyla €Bas.,g .2,00DhHu and
2 00T, i nf o wmaltearvoel c hangeswddoewni vteads vie@sosno db eae
proposeud itlda zeeed f or HT analysi s. For instanc
boundary conditionBobhlni nignveprsep asodd0@ 2 gt ead
analysis of tKaesieeogeHTEIi d gltad,Bfodhdh ¢ ngr iez atail on
vali dated the stdadcy dssapa yHT otntdruccugehd a@a n an
Kansas,, anhSdA t hey concluded that st eadeyl ds hapct
simil ar perifroartkipanngcfel liens ewshten co®@mat dd o hter ad
Brauchl er perto paols.e d(i2a0eét3r)awseddc hH Tt oa popbrtoddi n di f f
OFY) distributi on Houe tene eatl hte e(s2ddditpw eileleilbe a n d
steady shapteesHT naantad ysspeaKare®l Varit @b uaoveeshd o f
(20069 poHETd anal ysis of temporal moments of d
het erogkann® t whoth was | ater validatedithhroug

and Il I man (2009)
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Aset of comparison studies have shown that
t o tr agdckiotsitaarntalsti cal i nterpolation Keh¥Hods (i
het erogegreadatieersShidetgh | a. cont r olllllerdans aemtd balx. s
i || usttha ttende h e tKe t o golebdt eaotumse d 8 §HE howe d a bett
correspondence to peef eymedlieys i igmpargoauv éhde r p raendi
i ndependent pumping tests in compawsicskbre to
estisma(tceor e sampl e -haon el yseesbtpsegnd amé B@gy e and
' 1l man ex2®hldae)d the cbhbmpaans ent oxtiTuUHRKK A8 T 0)
heterogeneity dhdmant etiompiar @@ OLR ¢ Kdarefl alrsma n
derived from kr iKgisng mat esemameamemput ed t hr ot
solute tranBseprogr ta.n dB el stihdmeasn,c t( 2r0ilb5ed a hi ghly
site of glaciofl uvi al deposits using seven
performed considerably better than ottler At
model , transition probability/ Markov Chain
stochastic i nver skam®hdele)r ogfe ncea aliiersg awidt lpr e

pumping tests.

Despite the robust per f orbsawnrcfea coef hHTt edro ge
estimated spati al di stri but i otnhr(oourg ht ogneoogsrt aan
i nver si omagf sHTf Irdéamssau fi fsesru e ,0 fe sspreaccatal neys sat | o
observation dat s eame ql€dadrkdignfg fear ailnv,er2013;

Ahmed et aalt.r t(b8fhtedd) hness I ssue to the inhere

-15



means I mplied in most gepost@t, sKictahi dinyver &
1996 )The est iKean®k d momgoatms mi ght be adequate
di putions from independent pumping tests not
recovery of a finer scale resolution tomogr ¢

i mproved predictions of solute and contamina

To overcomeud hef smoot hness, structur al [
incorporated fly mawgeFstu hds @dR®ineeg, eapplli.ed 20
the traeelinversion of hydraulic head respons
structur al hteat wmrwas whedht obagsueadd eHT hien vpeirl soi
mappi ngKdsipsattriiablut i on. Using th&i pPoensetd sl gl
charact ere geluthEBagm mo gr afmse ladt® s e ghene Ger many, t
predict solOmt @ her amnshpar thand, Zhaough al safi
examined the value of i ntegrating geol ogica
g e o |-boagsye d Kifniietlidal f or SSHT anal yseasn adcewr aftoe
geol ogi cal mod e | as a prior Ktsdmongrinenm wa snsb e f
reveal ingl aiyketnet Erogea&hty. abat elrlilnncaorr pO2 @1 @’
g e o |-boagsye d structur al i nformati on for KSSHT

di stribution at thheSiN@R{SHc aCtaenh ussn Rtelsee alrci ver

campus in Waterl oo, @amnada.s tnifnoacdnad iafbfie raennatl ys
was incorporated by wusing measc oanndd tdsawtaardi aomc
speci ficf@gaetolbrmgs cfadr geost(aZthias teitc aall .i,n v2elrls7e)

-16



Al ternatively, addi triedmuald achat e&aedtes otgleate i d &
respect to head measurements were reddagesttedce
delinebhéeitenogéneity detailis ef &hdmado08)npaen
fl owmet er measurements and hydraavVercaheddhedda
dat aKhfeotrer ogenei tyZltdhaetctabtiefH@tediagdtngh fwiuxh he
pressur esKttoomongarpant hhen -édi memg D@ & Ic afcATosroe de tr o c
al . ex@ E6)dweodr KE hoaf et @alo. ch20b4)Karnisze i bpaiioal
synt hetdiiametns i@ appor(o3us medi Wrh.a oMastd rlddematnl y
2022WdWyocatasdttuhatP Ainpr efoir Ir @ s pKodni dsit nrgi( bkdrta iaqoerad
al.,ca0k8)be integrated with head data for h

characterization using the approach of HT.

Anot her practicalvisssegoi f Wwhatitihledn t dppmreo anl
be applied to characterize hydsladltos & afg &r, a mets
of HT studies wegecalper (floirmetdedatt e madrns of sqi
a fewessthayve been cascald (©sevefroarl Isagrugaer e
characterization through HT analysis of head
tegtesidg.l,man et al ., 20009; Kuhl man TBhi salmay 21
attributed to the reasons that (l)obeaiginnagg
sufficient hydr auwlpiiccarldypandgd icatld ,araend s o m
scale sites, (2scbhe gopshdwated madgé for

involve great uncertainties regarding mo d e |
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condition,atunk&hbwntinfici al sources, etc. ),
i ntensiahegtwhgnparameteri zed geostatistical n

heterogeneity of hydraulic parameters in gre

Instead of thel lteatdiidan omtarlatdeagya wowed for HT
have been proposescahed he¢eiéeéiragdnéior y(leahgg.e,act
Mao e201a8;. ,Wang et al ., 2017;. Y®pe &Ytef hadeatl, | 4,0
(20P8pvided an opinion of -ssang watwuati orsd,
earthquake, barometric variations, sstcoarlne eve
subsurface characteri zafviedlhe obUnla dkveavrett ¢ d d i mu

Kuhl man epgumdi.ng 2t0e0s8t)s , natur al sti mul i cat

)

groundwater r esphasiers. olvheay tpheei nethed roeut t hat

di fferent scales induced by natur al stimul.i
anal ogous to that of HT surveys, and the mo
charact grailzesd imauttlu can be interpreted for hy

Foll owingtYéahset helrgohp023@@9 )r i vearp hyt aage at onn

approachsdalre bashsur f ace hetwehriocghe nweaist yl acthearr a

—+

hrough a field experiment conduCWaeng i et Zalo
201Mao et Qqloi nhp2@i1Pyeted datasets obtained f
one itnaadal pumping t-esal ¢ oh ethalaagStaste i dz iedced eqor |

coal mi ning site | ocated Yienhd eert tahlcen tNeosr Gt ehd ) xhhi

-18



natur atbastidmuwTi surveys shoul ar-gbeeal & fswtbhwsrua f
characterizati on; however, significant chall

|l ocations and strengths of natwural stimuld.

To avoid the uncertainty associated with n
inweal |l fiela&aharbabt eweited artificial stimulii
known | ocations andalna&tresa)y i vae&n dlae asteitIsi £ @d a
characterizatiYem, aagd deucdtOd®Ermwmy ds are typi
can be readily obttaiamesthbofit@mi agntoamiumuahtc i p e
wel |l fields, but they are rarely laidopderda rmetre
Mo s t r Zdhaentdty, ad xpl (020 e%p ntdnat paynpt em f or S |

heterogeneity characterization at the AFP44

Al t hough numerous studies have shown that
heterogeneity character iomant ifor rfeasulhtes, itmpe rc
HT approach in aspects of applyscgl etsibesgh
integrating additi-neaadlKdtaRasmae gr 4 mes dyd ted igllr sha tc

Thus, this thesis focuses on answering the f

1. How useful will/l prior geoKamddaslt riifud ri noants
joiastiiymar efd g R

2. Can existenm mongci pal wel | THITe caonrad sy sh e 4
characKam@hzeitnegr ogeneistciad € a&ti tae ?l ar ge

3. Can chroolses f |l owmet er measurements be intec

i mprove the charkditsetrriAzbautiioonn of spati al

-19



2 Research Topics and Objectives

This thesis contains tIlcroem | eteedbesvher adbpi c
obteor thiiss tthoesiisypwegtfiogataemctehef HKTa nign char
het er besvnaeriyti ng scales through the iIincéuseon

model i ng

The fi(Studypalisihtcteeffect of prioKag®8ol ogic
heterogeneity characterization through THT a
topi c saxhemifneeasi bi l ity -obfr MHMuaihalepepaioswearl Ifloo
| arsgeKlam@het erogeneity characterization. Two
one synthRttudydlale)lee fi ISd vaFpkildatsiton opi ¢ (
i nvest hgatiseef ul nehsosl eo ff |foiwenedt ecrr onsesasspuarKeinmaelnt s

di stratbuailinghly heterogeneous glaciofluvi al

In this chapter, specific objectives of eac
are presented and discussed indidviaswmsaddy i n
and confcrl@maclnshiheapt er 8omeovedesmendati ons

HT studiesf basmpl ehed he®t udi es in this thesis

-20



StudGedl| oatta t THT Anal ysi s: Laborator

To answer the question of what l evel of mo
Il 'l man etompar é@0BHH) model s of varying par ame
of | abor atdart yd | shdmadnb oext ahcl (&gl )sot ropic an
effective paramet-basmddebseat ( @8h Kenmd eetalcahg ¥ ha y
and (3) a gdeeols twittihs tai c3glaenodl | Al Vambdbl e wer e

t wo datasets of different pumpisrge wa ntdh arho ntiht

geol-boagsyed zonation model with perfect knowl ec
as the highly parameterized geostatistical m
data utilized for médelt healmobratitdrei was omedu

that dkhatémsogpdneity were | ostc wWwhem twhaes memdh

geostatistical i nverse modelKaigst rlinb upta rotnisc ut
geostatistical inversions of head datk were
values, but distimet tleagyevebedndaries were

In a diffZhaaot et tianlwe s(t2i0glabt)ed t he i mpact of

i nf or matyiionng oafc SsgaHdcwsaomg t he | ablolrlamamyetsaa

(20.1T0Oh)ey f ound t hat utilizing an accurate ¢
geostatistical inversi KondiwasibemedDinaimal esperi
when hydraulic head data were sparsely distr

These two st ukide st hweorueg hp eSrSfHolr anal yses of
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whet her their conclusions tKaaSfIsreatjeoitrot ITHTe |1
remai ns Tumwksn,o wnhe main objectives ofl Itlhmasn st |
et alto(k@Gé5)ransient case to compare HT inv
(2) to ext&fad tehhe dwoorekvadfu@)t e the utility of

THT analysis through the anal ybkebmah éeabalkat

Since then imperefsdinngad i oontroll ed sandbox wit
geol ogi cal structures, this study wil/ be he
model can be used for future field HT studie

St udy HITI Anal y4$ie$ moMukeoldg Reelcor 8tsudyynt

Zha et &ixpl pro0t)ntdh e pympemcaloe hargeogen

hydraulic parameters characterization at the
study, hydraulic head changes during four
resumption, changedsiiom pwpmrepiang/ons, and signi

wereextracted from the existing head records

inverse modeling. However, It should be not
mi ghtqubd e di fferent from wellfield t o an
pumping/injection regime. W thout presenting
events, the well hydrographs in a munihei pal

continuous o pearpgptliyonwedfl swamiegrh variable fl ow

-2 2



head records within selected periods are aff
same site, resulting 1 n osni gonfi fhiecaadn tr edciofrfdisc udl
initial conditions for groBodwetepltrmpdabidBng.
tempor al sampling strategy for HT analysis
guestions remapoi mtss tohaovihnli @& hb @ a¢eatm ahcetaedd rfercos

and utilized for subsurface heterogeneity ch

I n this study, a series of numerical exper
Mannheim East sisepwbeymbnetbdpabcwaedrin the
City of Kitchener, Ont &peoij,f iCaalalgwt hmmthisa p3 1
aqui fer/aquitard system was devel oped and <c¢ch
wi t h di fferentr eaomdndwabeds f fow and sol ut
Fundamentally, such a synthetics(9tiwedy wnotdlre
identification and head measurement) yields

characteri mati ingnelromignugmpeixng/ i-heeelt i oacands wa

The main objectives of this synthetic stud
municipal well data for subsuTfHTac e 2h) e teevrad guean
per f oea mafnct hree di fferent mo d e | i-bnags eadp pzr conaacthi e
and geostati FJHT canhalmpsed gyistf lmr muni ci pal we | |
investigate the effect of dat aKamrJteoroigam nfsor

from the different mbdeWwar denemenl cdht sdmuhan

-2 3



pumping tests not wusedodureiarcg imeddlr acealri b ati

municipal well field.
Study THT Analysti4&rnf Mumingi pal We | |
Application

Thi s st udSyt udiafdingledl | nVeseaughltaosynwbetic

showed tthatm Imumg ci pal we l | r €To radrsa | cyosui | sd fhboe
characterization. The comparison results rev
model with prior geological information was

data at munici palccawledtl ersdagerseiftor cdKaangiect er i z
tomograms t hat could provide much i mproved
variations, but al so solute transpéeratsedompae

zonation model s.

Howeveri,ongsu ersetmaiTmTomanahgtshesr of field recor
based method would Vyiel dscadcurhdtee rdegleinred a tyi

hydraul i c par amet er s) fdiueel dt oo btstee vataicos dawa

measenémgr2rjoresst i mated/ i dentified initial an
model ing may involve greascaheernaemnse-epgrnrolels
term observation dat a, andl e(v3)li ovhasriimn dlu ¢ & d c
unknown/unidentifiable natural/artificial st

-2 4



Il n pgrheevi oust wer &f fect of wuncertain initial
accounted for and mi ni mi zed by i ncorporat.
i nf or matioon hgr iobrser vat i-wom, das as ¥ gg e snmoalbte.| b ys200
However, the effect of uncertaim bohedary peod

on inverse modeling were not addressed.

In this study, t he od&Kunsuartf atchee hMat nennhqeg énmy ew & t
wel |l field was characteri-zedmt hr edige a idftidar alslayl
geol ogicalirmddegl cwaxsstfructed based on the avs:
and initially cHKhn8valkees wibmheaohfogeml ogi cal
geol-boagsyed zonwatslohen motdielli zed Kasali neltliad filgy e s s
parameterized geostatistical mod el cal i brat
strategies were proposed to minimize the eff
inverse modeling for Kéolitho nmaogdse |fsr.o nT hbeo 4 ehs ttihnea
based zonation and geostatistical model s wert
wa tleerv e | records and dedicated pumping test
efforts. Further morcat itohne rceaadisldtissme dome andalv
uncertainties associated with model conceptu
the groundwater model . Overall, thisscsatlwedy
heterogeneiaul es ipar ampdt er s t Hreoung hf i 4¢ da walt ye

records from municipal wellfield operations.

-25



Stulddyl nt egr €t chepamF eodwmet er Measurements

Head Data for BSelladABNBCIRISE i s

I n this study, borehole fl owmeter measurem
i ntegrnatdedanal ysis to i mprove hetetrhdépendity
Campus Research Site ( NCRS) , whi ch has be

glaciofl uvi al deposi ts (Ml exgamderre witlood met ¢2
sugghedeen widely used in porous medi & to re
at well(éogatiMmlsz aentd aln. ,f rlax8Uu)r e media to i

well s as well as (teh.egi.r, sPpaaitlilaelt ,c o2nOnOeOc;t iV N sl i :

Despieehnbfgutl owmet er has been deofel folpew t
rataemsdd have a hafghttlhe pmegssoeaci Mpepwuéseanad |
edctromagnehe accuracy of measured flow | og
condition as wel IKead iimad eisn tcerup rde tsd triomrg | fyo rb €
geometry. Boomana setta ndglien wi 039 &) reetp oarlt.e d( 1t91%9 )i n
of sangagkawmebund well screemnf, gvrho wrd watud rd tc
the meter through vertical flow in the surr
magni tude of bypass fl ow, piu.reeisrsg /tihnajne clt0i oln/
suggested when perfoganad/gpddkevtnelf ®rr elwaildaie § e
al . ,. 10®9t)he Parlaer sh@wrdplosed2® ha)i u-peicbth zawe i bn

without any high per meabl e psauxcrissseyar ound wel |

-2 6



Att hNeCR S, fl owmeter tests weceeeerr wWelmedwms
pack around each screen interval. The coll ec
been subjected to analysis i nwhingh prrenvd eoruesd
useful ness of sKiheeht ed atgee nfed rt ya cccluaruabttee e Az at ¢
the first objective of this study et heo ex:
NCRS through preli milnafrlyowanladysi snadf compdrni

investigated |ithology at borehole | ocations

Several conventional methods have been dev
in porous meKvVvar itaot ieosntsi nelat ea functidmiafy ve
(Kabal a, 199989 ;MoMal z2tamd .Youlng, .19Ha3we vReerh,f ei
shobédnoted that al/l proposed cotnhiadiret iaaqruad If eir
is composed of a series of hwitcriantiitftyihe dawadh ¢ I
groundwaitetro f(o@w away from) borehole horizon

Il i mi t t hkev aelsutei smattoe dp r oKpheert leyr ocgheBnresi pf yeoet inzaeB . |

1989)Further mor e, any violation of t he hori:
estimati onKadif sthoirbztoindml i n( Bohnea nvae retti caall. ,di1lr%
al . ,. 18993 recphHitsitnineartperdet ati on met hods ar e
fl owmeter measw®Kesmenmat ésosr reliabl

Fienen etnal yzedO0Ohpwmeter data using Baye

pri or knowl adge Kghbddeptah well | ocati on, t hey

-2 7



vertical flow at certain depth a<Xvalluiesedror:
unit depth from the bottom to ar awa sdetphtehn aldh
t o esHKdinsattrei buti on al ong wel | screen using t
Kestimates, the wutilization of geostatistica

regardi nKvas uiemlat ettt eglpo.i nt208)nverted fl owme

head dkKhet groocogeneity characterizationK I n tFh
di stribution at each well | ocatricom fall owmge tter
measurements, which was then incorporated as

steadgte drawdown data f-Dompkdimpt migh uteisd .l t

(20d8mmonsttmat edhe i ncorporation of flowmet el
averaged hydraulic properties estimated wusin
wells, yielding i mpKhetear vggeneictay ateswelult i loo

uncertainty.

These studies showed that fl owmeter data ¢
met B(oed. g., geost Keissti maalesmotewepveor to our
has been performed t o chatrharcotuegrhi zdei rsedchtdsl wr fianc
fl owmet er measur ement s. A signndeurcteido nfeldu xp rdeavti ao
medi a had been e wvaelduvantdeadn tt oi ndkarremeetrmoagre nab o y
comparison to fédad eespivhsée0adatg measured v
durinmwgneféop survey were analogous to da@ahe <co

hydraulic test. Thus, the secondi toub)felcdwmeet

-2 8



measurements using numer i icafgl onmondeetle, r -saanadd etsht eet

head daeapgeoss amyernmadardodi f or subsurface heteroa

To further investigate the valeeodf heladwmat a
prior geological i nformati onpweex. al so perfo

For this study, we first described the st ucd
as wel | as the col |setcatteed hfel aodw ndeattear aatnyds hsst esaic

ofl owmeter data was then provided ttos eelxeacni ne
proper data points for inverse modeling. Su
combinations of three datameypes measaol e guie o 4

steadgte head dat a) were pBEdietmedutiborchar e

Characterization results from al/|l cases wer
validation, foll owedsbygtdibsassusPromaandyconhbl
to investigate the feasibility of Il ntegrati

characterization using the approach of HT.
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3 Study I: Comparative Study of Transient Hydraulic
Tomography with Varying Parameterizations and

Zonations: Laboratory Sandbox Investigation

31 Experimental Setup
3ll1Sandibescr i pCalolneDatnald

I n this sdiumdeynsianaiwo synt hetic heterogene
| aboratowpsbandbbaei inyed sesimogilel s of various
zonations. The |l engt h, height, and width of
respectivel gamdhet siamdbloxee constant head b
setting twoseowvotiast aheadcthe end and ponding

three boundaries (fr-bhow baeokhdaandsbottom) a

To create a realidtilomame®@dpruaddendiRtDydE Eatntt ere
through the cyclic deposition of sediments U
mi mi ctkhihenger fomgtui alg f ISpwicalf ieagdyiform f | ow
speci fic sand tgpe awgrieeeo hd sagyrer degasiet i ol
heterogeneities wi-$dalhe elae thoediafyfeanreaamtid eld aayregresr
a sediment transport process, 18 | ayéersg of v
31. Such a synthetic heterogeneous aquifer w

investigate the &effect of geol ogi cal infor

-30



completisgtilbe oépobhe | ayers, 48 ports were
six columns withFiegl)ghtEpoh tporetactha { sfeweldli y me t
penetrates the aquifer width. These ports ca

well as monitoring head | evels with a pressu

Z (cm)

Fi.g:Photograph ofesgoustevpgaoi het esbgwing the
(bl ue) numberlsl,| meond i &.ti eRdd da ftiz0d 109 s ii mgti alalt ed -
in the aquifer.

The synthetic aquifer was then characteri z
extracted fsr onme rteh essueb jpeacrtted t o grain size ar
esti makKwallwesa.l | n -laadldea tgwmpi g ntgd £t s wer e pei
obtaiscameael leKain®hat™se whi ch i s the particle d
of the weight Kaslésniematas welthasdi fferent
Tablle When multiple ports arematvraiid ammé &@and oo f

estimates are provided.
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TablleSa3ind

heterogen®ous

Gsypaen&esti mat es
aquifer

f

or each

K (cm/s) Single- _
dso Core Permeameter Single-Hole
Layer | Sand (mm) Shepherd K® (cmis) Hole KP S (15)
(1989) (cm/s)
1 20/30 | 0.75 1.03x 101 3.20x 102 5.32x 102 | 2.12 x 1¢
2 4030 0.35 2.99x 102 5.29x% 102 5.67x 102 | 2.60 x10*
3 F-85 0.15 7.28x 103 7.14x 102 5.70x 10%2 | 5.00 x 1¢*
4 20/40 | 0.58 6.68x 102 5.68x 102 5.10x 102 | 2.22 x 1¢
5 mix 0.46 N/A N/A N/A N/A
6 mix 0.46 N/A 8.16x 10?2 5.00x 102 | 4.00 x 1¢*
7 #12 0.52 5.70x 102 1.27 x 1¢ 7.35x 102 | 4.20 x 1¢
8 F32 0.5 5.33x 10?2 1.34x 101 450 x 1 | 1.75 x 1¢f
9 20/40| 0.58 6.68x 102 8.69x 102 4.60 x 1 | 2.15 x 1¢
10 F-65 0.2 1.20x 10?2 1.13x 101t 8.25x 1 | 1.14 x 1¢°
11 #12 0.52 5.70x 102 1.37x 101t 2.05x 10 | 2.15x 1¢¢
12 16/30 0.87 1.32x 101t 3.40x 102 495 x 1 | 6.32 x 1¢
13 20/30 0.75 1.03x 101 2.60x 10! 1.05x1¢" | 9.80 x 1¢
14 f-75 0.17 9.22x 103 9.79x 10?2 5.70 x 1 | 9.80 x 1¢
15 20/40 0.58 6.68x 102 8.58x 10?2 7.50 x 1% | 2.00 x 1€
16 mix 0.46 N/A 4.16x 102 2.68 x 1¢ | 7.11 x 1¢
17 F-85 0.15 7.29% 103 4.51x 102 447 x 1 | 1.14 x 1¢
18 20/30 0.75 1.03x 101 1.45x 101 1.16 x 1¢* | 3.38 x 1@
2Data lflrlaman et al (2010)
I'f multiple ports are in he same |
TweAtowr -horesspumping tests were
constpomping rates ranging from 2.50 t
along columns 2 (ports 2, 8, 14, 20,
and 47), as wel | at eight3%,dd4Q, oamad
each pumping test al | pressur e
and head | evel s i al |l ports were moni
condition. Duringdrachi gumpadngr ¢ ®epadns s

-32
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unt i | the aquifer reached a steady state co
stabilization of all/l pressure head measur eme

of f to afifdlolw fecovdrey of hydraulic heads.

312Data Used for Modeling

For the presetnt@&ndsiaenmtl ylseasd dathal ebtpaimpe d g
tewewmei |l i zed for inverse moneerla snegr vaendd ftore wae
purpdbesdistribution of eight tests selected
mi ddl ept powdchtafontshe synRmhiedn ct@aediatfaeapgoi mts f
dr awdown records, the pwasssemauentaefd droirf tusiimg
di scuddddnamy et Rdr.t {r0mMorNne, headweeaard didefdr o
from the anal yswerfbanaudeaea tblhee seex cckastsa vely no
peristaltic pump and (slklilnmaerd fetctasl. . ,Pridvd D;usX|
shown that inclusion of data from the pumpe
hydraulic parameter ddetidmataesprlessoareehetaad g
pomwtest den f i t-owi solrxdéehf ipfotl hy(nlLoinu aet, cadmvde f2i0\W0€ ) d
points that represent the early,wéem&éeérmededt
from each curve. For ports where the pressu
pol yndmivael ,dawearegpbratsed manually to represe
pressure heads. Wwe rexdtralc,t e2l353 rdant & agdi mptusnp i r

Two cases, depending on the number of pumpi

wercedasen for this study to assess the perfor

-33



pumping tests (ports 2, 5, 14, 17, 32, 35, 4
wemne i | i zed for model calibratiompj nght ket shé,j
8, 11, 13, 15, 16, 18, 20wemdi, | 2B6ed2Bor 3mod8E
For Case 2, only four pumping tests (ports 2

the second and tbhem fhétheiwel boowdmenpsofzetdhdeéc

model cal skt alcot epdo.r tWe f or Case 2 to represen
with multiple screens at various depths, an
wel |l s amdy spgodespmi t ed for site investigation.
independent wpuéenpil ngetdedtos model validation i

32 Groundwater Flow Modeling Appro
321 Numeri cal Model Setup

The synthetadcsameaeitiifzed i nto 741 el ements &
di mensions of 4.1 cm I 4.1 cm I 10.2 cm for
considered. A finer mesh(wasmahsetbattedeidne:
did not show significant changes i micdmmaryi s

with prev(iBarsg sgrudilelsl man, 2011a; Bvhliofhpurs eadt

this discretizwastoinl,i 2déd shemoarse grid

For groundwatetheél s wherddathidtag,i es of t he sa
constant head, while the bottom, f +folnotw. al nnd
this study, Ehd.&mrth nés iseonltv efdtDobwfy | ai t3e el ement
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VSAFTS8eh et wdli.ch 1393 ) mpl emented in the geost
(details are provided in | ater s eacptpiroonasc)h.e sT,c
this forwartd Imazdecad to genesopbat @ umeadagldt sceat ssebsil

described in .following sections

322Ef fecti ve Par amet er Mo d e |

The synthetic aquifer was first character
estemahe KdmRFPpvcatliuvees by coupling tVhSeA Fir8@idhn d wa t
et al wjtho9B®)er paramete( Debermivei daodbéphpde PEBB.
t he ochansies ot ropi c hydraulic par dmdtmams etecadus
showed Ilittle difference Bnfbhethset dmboran

aquifer.

The effectmwdelp apraeneisded sutzieorno on aqui fer he

it may stil!/l be able to describe the overall
pumping tests are included for the ca i brat:
anlvalues can be used as the initial guesses
of more sophisticated (i .e., highly paramet e

For each <case, al |l pumping test d avtea wer
parameters. In total, 1,880 data points were
for Case 2. The forward model was theK auton

an@8by simultaneously mat ¢ Ril ng &ddun&s chaptua p onit not
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PEST are 0.06 “¢tmims aedpeéclilvell9, which are t
krilermdiifi el ds based on thhoel ee sptu nmpaBteagy tfersadns! d il r
2011al)n PEST, the mini mum andl8aaxi mOmKbd sn d

and®l1Bfand 1. 0. /cm for

323Geol-bgged Zonation Modeling Approac

The synthetic aquifer was t-basedhaoaateonz:

I n this approachwadihwi dedtihrette® ch safqgfud fent arva

geol ogi cal i nformation. watksreadhh dz d me ,b et hheo mmo«
wel | as i sotropi Kandwase sat iummai tfeodr ma nsde t a sosfi g n e
hydraulic properties. Toofsgend ogiheali mpato

groundwater fl ow wmadeldi egp,naftowm gealed gy wi t h
resolution (GOOD, POOR1, P 0-0.R32),w e acrodn sR QI@R 3e,d ,

foll owingzZhhe wobr k&l of (2016)

These geological model s were constructed
through the inclusion of borehole informat.
comparison to directly mapping ttre glkitnBat i fi
Appendihxe Biperfecto geoBemggcahd moldiehlalnnmg 2 0tk a
al . )Y 20pledl)etri on of borehole | ogs i s more con:
from f iAemodngdathae. four geo(lFigg.ovads. Zteo)th st s uc GO QA

on the accurate stratigraphy i nfor madteiaodn al
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scenfaon ot he construct.i oforo f(PEYQ@R] o3g e2cha)ht mo d e «
random errors to tmad nltay er ntighil alkyrees ss ewhuielne e
case of poor recovery of cor eo dsea mpPlCeOsR 2d W rFii ngg
was constructed based on the GOOD (Fig. 3. 2«
materials. This simplified geological mod el
the scenario with simpgliigfriagpchyde Darti pwtiitohn woefl
boundari es. For POOR3 (Fig. 3.2d), we provid

construction, yielding the poorest descripti

1
L ST DU ST Db
30 40 50 60 70 80 90 100 110 120 130 140 150 160
X (cm)

10 1

L L L L T L L L L L T T T Lot
10 20 30 40 50 60 70 60 90 100 110 120 130 140 150 160 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160
x (cm) % (cm)

Fi.g22Geol ogi cal Model s of va(ray)i nO@Dx;c u(rba)c yP G
POOR2; (d) POOR3.

The four geol ogi cal model s were then disc
constr uchta sgeedo lzoognyat i on model s for aquifer <ch
the effective par drastear znoddli onalthodee migavi\E 8 T

coupled with VSAFT3 by simultaneous|l yKmatchi

-3 7



andvalues obtained from the effective model
parameters for model cKaldiSkreatei cret whi be the
in the effective parameter model . l-ma ¢ e0d al ,
zonation models GOOD, POOR1, and POOR3, whil

the POOR2 model

324Geostatistieadi ngnAepseabbd

Al geostatistical Il nversions were conduct
Estimator (Si mSXiH)netdeavlie ITd(p20dOi9Ymyw er si on appr
efficient way to include all/l data points f
hydraulic parameter estimati on. Il n compari so
(SSLE) devVéllTope@Ydmrirasnd ,LiSu mSZEOP)Y ovi des mor
to the inverse problem, ( Xiesudtengadadd) f280 &I
Si mSLE avoids the computation of varying fi
di fferent seq(ulelnlcressn wattThh eS.SILUEA O @ g nt al conce
t he mat hemati calmpdeesternitpetdi oSiL Eofartehediiscusse

Appendi x A, respectively.

Based on the dK&mnhRfriemmlcess fimr ignddadtadt i sti ca
were investigated. KRinBfl§t el demwgeneaasdi hbti a
which is consisten{ewgth Beegi aund HTI| smaandi 89§

Liu et .all.n t2h0i0s2)cHapv@ohthaei dd efctomet he homo
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provided in the next section were used as ir
domai n. SecKadff tdleds nuseidddlori gpeorssiacnstof

treated to be heterogeneous -bBadedbtrzanaedohr o

For all caseXan®(@%n 0% &r iveenrcee si noift i al |y set
correlation secalB@mpywelI@. ZetmaAd®and oKab®t h
based on the statikKan®fail elpad o pEirool mee seisatdilndart ieg
Tables Beamd avh@dkA)lahhese valfwasmadhbaeeberegl i
effects on the results due to the availabil:]

surg¢¥egh and.Liu, 2000)

33 Results and Discussi on

331Ef fecti ve Par ameter Mo d e |

Treating the entire synthetic aquifer as
ef fekandmeeresti mated through the inclusion of
inversions. For Case 1, in which datwerfer om e
utilized for caKamSaast i wenl,| tease telfdierc tWéée conf
esti m&t #d572N 21.01% s ®ebd 325N 41.039 cim.1For Cas
2, theKahXwictth ve5% confwiedkesr®c & 8i°N t 41088 Iids 1 0
an®= 7.2 11.1UIm.10The 95% cowércebonokatertdewiah
based on t he i mpl i ed l'inearity assumption
i mprovement .
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The esti makaen®f e ofme ¢ hievé wo cases are cl ose
confedenter vEasSifroar ebaosteh after reducing the
for i nverse modeling. This resul't i mplies t

|l ocations may stil]l be required t®. obtain re

PreviBarsd yand | dlemamm{2etdlaheeecesfoettihe pw
aquifer by taking thehoKeenBlesti améaFe¢mba 0438
any= 6. %/ dmLO These values, however, were fou
from independent pumping tests, suggesting t
estimates may not be I é&pmaserttragalo.lee d2fG %l es
conclusion bas&d hanh theyekesécmaved for the
particul ar, t heyKefsotuinnma ttehda tb yt hsei neuflfteacnte ovues | y
tests provided i mprovealdi brresstuildms amd twalmsd atfi
t he wlolrlkmarr einawWhoc@aD163%ti mat eshdlee gt.e s tc orrees

were utilized t Kvaeauhertahe adwei fedrf.ect i ve

Consequentl|l Kanfiles t € ma¢ etsi wdbt ained in this
analyzing multiple pumping tests are consi di
compari son Beor g haorsde Ifirloaeas ¢#e0dk@me util i zed a
guesses of hy dr aeud li-bcg gpeadr aznmoent eetrisonf oandg geost

di scussed bel ow.
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332Geol-bgged Zonation Model s

Four di f f edbraesretd gzeoonlastg poenl imordetlesd f oFi.gach d
33ani.g4dshow t heKaes®t onmd @grdams from different
Cases lesamact2i,verl y. tlEasaeni b arbe vdenad ccf etsh at t he
| ocati ons oKzomiegsh vaanrdy Iforom one zonation mod
number ofweéereaad!| Wdheéecd for model cali brateon.
cali brated with fixed zones of parameters. W
estimation of parameter values of each zone
pesible. These results imply that attention
for aqui fer heterogeneity characterizati on,
features could | ead to unr eadalei sctoingp ap arsame tod
from Casé&s33danandd 2 wheameé hz2omsatwiacal mbdalt ed r e
that the identi Keoatsonaofebi gheandi Wéwme ent

included for mo d e | calibration.

The esSitmantoggd ams do not show distinct st
smpl i fied zonatkio@sfamedd &4f) ,PAOCGR2e a(l i ng t hat t he
Sin this synthetic aqui ferK. i sMomielodvearr ,&nt heo g
values decrease from tomeattioom tno dtel es .b dStutcchm af
ofSwas ex plBaeirmge dtammldg | (It2l0altl a) he upper sands we
compared to the deeper sand &esdsi smmelddt hovelghn

smal |l , di f f erSetnocneosg rianmse sctainmastteid | be observe

41



Ss (fem)

10E-03

B.6E-04

4.3E-04

28E-D4

1.9E-04

1.2E-04

B8AE-05

5.3E-05

Ss (fem)

10E-03

B.BE-04

4.3E-04

28E-04

1.9E-04

1.2E-04

Ss (fem)

10E-03

B.BE-04

4.3E-04

28E-04

S5 (fem)
1.0E-03
iEEEm
Fi.g3:Kan&%t omograms esti mad ead fz ®@ma tgieood Emydel s

t omogr ams: (a) GOOD; (c) BOORDb;gr@ens: POQOR2 ;G O(
POOR1; (f) POORZ2; ( h) POOR3.

z(cm)

B0
40
20

20 &0 a0 120 150
¥ (cm)

K (cin/s) &0
5 OE 01
32E01
20E01
13E 01
7eE02 g ¥
50E02
3202
20E02
1302
7eED:
50E-03

) Ed] 60 120 150

30 B0 120 150 el
% (cm)

Kicmis) 90
5.0E-01
32E-01
20601
1301
78E02 4
50E-02
32602
20E-02
1.3e-02
7eED:
50E-03

il 60 120 150

% (cm) o«

z(cm)

% {cm) o

I I L L
30 &0 120

z{cm)

60
E 40
N

2

I
130

% {cm) o

1.5E-05
1.0E-0%
3.5E-05
23E-05
1 5E-05
1.0E-0%
8AE-05
5.3E-05
3.5E-05
23E-05
1 5E-05
1 0E-05
1 8E-04
1.2E-04
81E-05
5.3E-05
3.5E-05
23E.05
1 5E-05
1 0E-05

z fcm}

RN | K(emfs) B0
50E01
32E01
2001
1 3E 01
7E02 g
50E02
32602
20602
1302
TOEO3 0
50E-03

0 30 60 I 20 150

El
% (cm)

-4 2



Ss (fem)

10E-03

B.6E-04

4.3E-04

28E-D4

1.9E-04

1.2E-04

B8AE-05

5.3E-05

Ss (fem)

10E-03

B.BE-04

4.3E-04

28E-04

1.9E-04

1.2E-04

Ss (fem)

10E-03

B.BE-04

4.3E-04

28E-04

S5 (fem)
1.0E-03
iEEEm
Fi.gdKan&%t omograms esti madead fz ®oma tgieor2. Kmgydel s

t omogr ams: (a) GOOD; (c) BOORDb;gr@ens: POQOR2 ;G O(
POOR1; (f) POORZ2; ( h) POOR3.

z(cm)

r K (cin/s) &0
' 0E 01
32601
20E01
1.3E-01
7eE02 g ¥
50ED2
3303
20E02
13602
70
S0ED3

20 &0 a0 120 150
¥ (cm)

(cm/s) &0
5 OE 01
32E01
20E01
13E 01
7eE02 g ¥
50E02
3202
20E02
1302
7eED:
50E-03
EG) 60 120 150

% (cm) o«

f)
B0
40
20
30 &0 120 150

% (cm) o«

h)
60
40
a0
a0 ] 0 120 150

El
% (cm)

z(cm)

z{cm)

1.5E-05
1.0E-0%
3.5E-05
23E-05
1 5E-05
1.0E-0%
8AE-05
5.3E-05
3.5E-05
23E-05
1 5E-05
1 0E-05
1 8E-04
1.2E-04
81E-05
5.3E-05
3.5E-05
23E.05
1 5E-05
1 0E-05

z fcm}

43



Wit hin each zon&an@wams tfiomant escktt ofdescrib

propekit@eshows theKeasltuenat ad wel l as their
confidence 1 ntadriwal smofdred m & |&lr. zsolmt ohw sc at shees ,s awn
but SEeti mates. Kim&@8vabkbuesmabsdwel | as their 9

are primvitcheed Suppl ement aalylltMaBelrt aB tSlkeet GOOD
POORAQOR2, and POCORSr enwaa®lls.t hat whebnasceadl i br

zoant i on model s with eigkKespumpteg bhasesnéaCas

interval s, suggesting the high confidence o0
head data is reduced, noti ceablKe $immad reesa saerse
observed in some zones; in particular, Zone
for the POOR3 model . The main reason for th

these zones when observati dam pldr t(sCaasree 2r)educ

It I's interes%esmgi mat ensotfer drh attbhaes ledda | zi dbrr aattie
model s result i n naFr.g6ey, cenxfciegpe ncfeori ntheer vcad
simplifi-erasge@oztogygti on model (POOR2) is cali
green Rkr&as oNith given str ucSteusrtalmafteeast ufroers ,d
zones are close to each oth&estTimias$ eiss f alosno d
zonation sreodredssul tTshesuggeSftort htati ¢ hey reitsh & tmiad |

|l i kely to be affected by structural errors.
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333Geostati stical |l nver se Model with H

Wi t hppruavi di ng additional prior information
using Sie®lLEhsthamogekKamni@ifsi ealndg.i all nLoiSom8L E,
bet ween the simulated and obser B2dAmpedaxid i s ¢
Bshows hepmwortmheevol ves with the i tXeiraantg oent naulr
(20,09We estehleecitnver si onLonersm latds | Weee, t Beabil i

meant whaerni gtkthltece hween t wo s uicsmalsli eere “fichfenr a3 ilo

Fi.gZ7shows t heKae&tt iomatged ms as wel Il Kasndt he ¢
l®variance maps Fi.®ds hawsse tilh,e wvshaimlee, butK f or Ceé
tomograms indicate the exact | aywerdebl o unnedaatreide
based on the phot odgri.a@8mh. oSucthh es tdreaptoisgirtasp h(i sce

included fo&tomegreams mheeduse Shfe tshpias i ayntvk

aquifer does not reveal di stinct structur al
approach, the geostatistical i nversion of T
finite el ement, resul ttiimgaio@es el ambtesl y TEmo
simultaneous inversion of transient head dat

ports (Case K)omodhiciad@sa t irmavteead s consi derabl e
heterogeneity. Th&zestismashed Isigmiadmndanowagr
|l ayers of the synthetic aquifer in terms of
obseamwapwerues i | i zed for t he geostati stKi cal i

t omogkia@ea) ( shows a similarKpanes,r nbwtf Wi tgh a@r
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det ai | i n heterogeneity, particul arlweroen bot

remofverd model. cali bration

Al t hough t®ef etshii gnagd enmiheht ilceaguvddrirablse w
t K, the | oss of detail in heter®tgemedgidams a(n s

37canki.g8f or Cases 1 and 2, respectively). Th

that a | arge number of pumping tests with d
mo s t heterogeneity features, which (&.gn, |
Cardi ff et al ., 20 1ITH;i sl Isltmadny esth oavls. ,t hzaQ 1 5 )h e
hydraulic head data through transient analys

of monitoring poitnhtes sttor uacctcuurraalt efl eya tduerpei sc ta n d

b)

K (cmés)
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Fi.g7-KanQt omograms and their corresponding var
i nikan®f i el ks ombg) alkvar(ibg nHtexsmo rcd®yardinances.
Bl ack | iIKhesmoigmatmhe epresent the accurate stra
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Fi.98 Kanlt omograms and their col2wietslpomdmogenrveao
i nikan®f i el Ksombg) alkvaribg nHtexsmo rcd®yardinances.
Bl ack | iKhesmoigmatmhe epresent the accurate stra

The corrlesepndddiamngances computed byi 8t wmSLE
of parameter estimates, with | arger variance
smalkKlanldavari avecogbst ai ned around pumping ports
| arger when moving away fremltB@rpamtce.s lam eg
t han tlHagrseev eocafl i ng that it &s Gomepardiddivcailita
from Cases 1 and 2, ai eh sgenrivie dchkabnotd®vbaoctrha a s e s i
whemcl|l 6éweg head data for geostatistical i n
accukKan® omogr ams wi || be obtained in areas

comparison to areas where head dat anaree olfac

the availability of head data for aquifer F
model s.
The geostatistical inverse modeling of tra
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to reveal gr eat det ai |l s tofe aeguiifrmeart elde tnearj cog e

capture the precise shapes of stratigraphic

providing the | ayer informatikKkthompogrmoamg or ¢ aw
smooth transiyteirontso ftrhoem noenxet ,| aand t he | ayer
especially when the amount of head data is |
results in terms of preserving stratigraphi
addiatli oinnf or mati on IS needed when <conductin

heterogeneity char adgteeorliozgaitciaoln .i nWeo rnneaxtti ount id

geostatistical inverse modeling.

334Geostatistical | nver srei tMoadlegR Kevad eh SH
The incorporation of geological i nfwoarsmat i o

achieved by cobasedcthiengrggehegus iinitial [

cal i bZlaa o ot agplp.l i(e2d0 t6h)i s met hod for the SSHI

study, p&vamkeaestwere assigned to gekfiiogl ¢=al

Di ffer &mtaof reamalt.hi (s2 Gallt Bhpdey e sk a mettoendo gr a ms
from the calbagead edomeaetoilmmgymodel s as 1initia
cali brated geol ogi cal i nformation avoids the
To provi de agatitan | ed t heesetfif ect of geol oc
heterogeneity characterization, four types o

resolution (GOOD, POOWR4dL @ POOREr abhed POORBOt h
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FI.g9KanS%t omograms egeomaneéedstroml model s wi't
Kan®f i eflodrs 1Ckatscemogr ams: (a) GOOD; (c) BOOR1;
tomograms: (b) GOOD; (d) BO@QRX; | MesPOOGRZa) (
accurate stratification of the synthetic aqu

Fi.39i I lustrateksanilbemegtriamat é 0rB2Galémad mé 5 e e
I n parkAiig@aalnalds howKah®8t omogr ams, respectively,
geol ogical i nformation is incorporated into

t hat represetnrtattiffed caad ¢ wmatod s he syntKetic &
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t omoglrnrant.ompari sorKatn&t omegeams mawt ed homogenec
Fi.®87) , t he i ncorporation of good prior st
heterogeneity features HKnadmobagy am;Shloonvweya eaimss

are similar to each ot he

The esKam@ittemdogr amsancwhienaogur ate geol ogi cal
initial g U e sFsi.égSc-a r.@ hTshheo welst taistoagtreadns ar e s i mi |
of the patterns oKz oensetsi,mawtheid eh itghhe asnhda pleosw a n ¢
zones are slightly different among each ot he
Stomograms whehorgmatl iogn caf varying weeeol ut
incorporated into inverse modeling. I n parti
(POOR2akBncl uded as an i ni &z ahweegreusetsisma tuende xgeerca

mi dd| e olfattihoen Fsdi &dma.i n (

FI.gl Bhows t hKaemSItomagedms f Br g2Cfadksn 02 ms9g e e
when four types o fwegieotlroogd ucad ti oi snef poar vmeatt s Boynmo d
Through the incorporation of the GOOD geol og

Kt omogHiagmg)( reveal s modeet ehoeh gearmoegtelnee iocnye obt ai

homogeneous i ni (Fii.&8%) papamteiteul &1 ley dat t he fr
observation ports are | acking. EvenKzwintehs | i m
still show significant agreeme st owmiotghh amo sito ek

not dhewihmaantge i n comparison to thei@ée. witho
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tomograms: (b) GOOD; (d) BO@QRX; | MesPOOGRZa) (
acceratratification of the synthetic aquifer

I n contrast to Caslkt dmogersaunhst si,n t@Gaes e s2 i a@a
among each other when various geol ogi cal i nf
i n esiSitmatogd ams are also visible &nonhes mas of
wel | as their shapes. This suggests that wh

hydraulic head data will domi nka retdarheeg i aamaer s
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rather than reflect the prior geol ogical I n-

information on inverse modeling become more
avail able for calibrkKkan®thcogmTlaensaacer axy mohe
sections through the investigation of their

pumping tests.

3.35Mo d e | Cali bration and Validati on

The calibration and validati ove ffreersssité $sseds s
gualitatively by plotting the scatterplots
provides visual i nformation of the spati al
Then, guantitativewapal bat nengpguby nqqotd bédle eenaor
errbiymedn squadd,e aenrd ocose f(fi ci &hdetowe edne t seirmii Ina

and observed drawdown values using:

0 éE s S O 1o
" p . . o~
0 y W O 108
gB w 0w
Y O iRod
p N ‘ p 1
whenis the total nutméd endiod a tde sa wid lwsevan ddal ta a nur

repr etskeinhul ated and observed,draavddoeapr eaé nt s
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averaged simulated and dbsmeovemdi beadl dat at ed
the discrepancy between simul abedbrand eabldsertt
magni fy | arge discrepancies and allow one to

RPRshows the correspoatedcandebtwsenvetdedsamdbyv

The calibration scatterpl ots Apgpendinxd nB/ e st
i |1 ustFriagBam®i agé.f oB Cas eFilgha ma@hidgbfaceE Case 2. A
modedt aflilt samd ttehes corr es ponrdminrgaRYiocrfafl (ueise mtr
provided. These scatterplots reveal t hat t he
of estimated parameters are considered in th
the best resul t.t hTehihsi gnhal kye sp asreannseet esriinzceed g e 0O ¢

the adj] Kanh®esnti mdtes in each el ement to fit

For Case 1, the validation scatterplots th
di fferent model s against the observed dr awd
il ustFri@dl @aaMi@®l 2 I n each scatterplot, the 1
the coefficienR) odr edeprealvmitdidgmtm. aminn hiedlnl o f
shows tdmparibnyg ct he three different model i ng
performs the best i n predicting drawdowns f
GOOD gewmdwowgygd zonation model, while the utild]i
yidess bi ased predictions of drawdowns with re

the SSHT Iddamalnt «tof@h . tl@&0abher hand, it is
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zonation models based onhi omagyicerdtel ggbt bygi
results in comparison to the effective homo
more parameter sets are estimated for zonat.i
POOR3), which i n mpwrn aemmeh adi peag atmed eir i zat i
model i ng.
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ExaminafFi.h2revveal s thatkanBd oemsgr mamsed r om
geostatistical i nverse model Fiwgltdh &9©O0DngeD
par ameter fields yield minor i mprovements i
domain compared to the case wiHRKihglHomo@re nteloa ¢

ot her hand, the incorporation of i1 naccurate
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the prediction results. Thi s neafkleesct s emosree bae

hydraulic head information rather than prior
are available for Iinv&as®t onnadgel amg,pamfdormes
predicting independent pumping test dat a.

For Casdeé he validation séeaffiam@li.grLs ahe il
effective homogeneous mo d e | still perf or ms
i ndependent pumping tests. However,-baseds s
zonati opr anwidckds prediction results that ar e
inverse model wi tkha nlfd medg eiseo dhiisniftiinali ng su
number of head data is | imited, the wtfiliza
stratification yields results that are compse
which is in | ine witlHhH Iltmaen cegdnuwahHaos o 20ylbgoal ¢ e
state head dat a. Hd wewu e rt,h ei tGDhBeuwl edn bineg yn mtne
utilized in this study is constructed based
identification of stratifications, which 1is
vali dataesoceéesatlkeds wibtals eadt zemadge minognpodel s ( PC

POOR3) are not as good as the result provide

After reducing head dsaoctmae fdoirf fienrveenrcsees mond evle
are evifdben geostatistical i nverse model s wit

fields, Risglgthdvwmm oiugh the incorporation of G(
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of bias and scatkiegldarien awlBioclh bsiempledf i @d ge
(POOR2) is incorporated. On the other hand,
information are introdbheedsklaunnBlapgdgpoadenls paloiv
worse prediFctgl baanriegds dli 6 s POOR1 and POOR3, r e
comparison to the case with homogeneous init
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geostatistical model s incorporated with fou
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Thleanldnorms of calibration and Val |Pamd@.i on |
Tabl3BoB. Casesr éspEictsikvavleyodeai ned by averagi
from different pumping tests for each model
associated with individAplpema@ammibmgeT dBelS¢ sB ar e

for QGansddg ab |9eTaBo lleéf o CRere 2ot h cases, t he hi ¢
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eostatistical mo d el performs consistently &

he approach is more consistently yredndabl e
redicting drawdowns i n comparison-baeedhe
onation modeling approaches. However, t he I
uf fer fr om-parea metseairei 2od t-poovseerd nignrivoard sk nasm il Inl
ase, a |l arge number of dataset (e.g., trans:t
or the geostatistical Il nversion model to e

aramé¢tSehs8 niagle.r, .0 1e5%) incorporating geol ogi
eostatisticaliamoddet msabhi brfhound,to be compa

ignificant differences farre vaad g edravtd o nf are s@d «

Comparirsesruldfs from Cases 1 and 2 reveal s
ncreasingl gqguimpeértagenébt ywhcehmrfaewenr i g@amp iom
nd observati onHodweetvaerar ec| awa&i laa btileen.t a botna i snh ont
aua ate geological data, since the incorporat
mpacts the accuracy of parameter esti mates

ndependent pumping tests.
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Tabl2z&Suinmar ya nodfn ar ms of c al

bration and

Calibration Validation
L1 L» L1 Lo

Effective Parameter Model 0.250 0.124 0.223 0.096
GOOD 0.102 0.027 0.118 0.038
Zonation Model POOR2 0.130 0.052 0.151 0.064
POOR3 0.135 0.046 0.159 0.061

Geostatistical Model with
Homogeneous Initialk and Ss 0.046 0.005 0.091 0.026

Fields
GOOD 0.050 0.006 0.087 0.023
Geostatistical Model | pooRr1 0.051 0.005 0.096 0.030
with Heterogeneous

Initial K and S, Fields | POOR2 0.050 0.005 0.090 0.024
POORS3 0.050 0.005 0.091 0.025

Tabl3& uimmar ya nodfn ar ms of c al

bration and

Calibration Validation
L1 L» L1 Lo

Effective Parameter Model 0.317 0.167 0.220 0.095
GOOD 0.079 0.016 0.139 0.059
Geologybased POOR1 0.096 0.020 0.168 0.077
Zonation Model POOR2 0.179 0.090 0.156 0.077
POOR3 0.159 0.043 0.175 0.067

Geostatistical Model with
Homogeneous Initialk and Ss 0.042 0.004 0.149 0.061

Fields
GOOD 0.048 0.006 0.128 0.057
Geostatistical Model | pooRr1 0.050 0.006 0.159 0.080
with Heterogeneous

Initial K and S Fields POOR2 0.048 0.005 0.129 0.060
POOR3 0.047 0.005 0.149 0.067
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336Predictability of Transient Drawdowt

To further i nvestigate the performance of
pumping tests, simulated dreapwddwredc largvag :1sat a
Figl@aagkdi gl BlLustrate the si mulKatn&d odnoagw e osn
from different models when conductin@l7a pump
an3l8 illustratéoth€asamé, Results for all o
validati on Aappee npedri®oxv gBdfeildog6.i6nBl n each subpl ot, t
data are expressed as green dots, while the

are plotted with different colors and types.

FiglsBows t haneatmbar aof head data is wused

uti |l i zkhan®tmomdgrams from the geostatistical
parameter fields is able to predict drawdowr
model with GOOD geol ogi cal i nformation. The
ot gero |I-boagsyed zonati on models in predicting dr
from one port to another. Upon incorporatin

geostatisttigab Bhadelrates Khan8t omegreasmd mae e

simil areé ygclamotrdgetrhe predictions are excell ent
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When thloge hnumbmpi 0§ tevwadatsi awmeperdtsfeoerd | nver s e
modelFiingd SsBows that the geostatistiKaa®d model
fields fails to capture drawdowns at some po
of the aquifer (e.g.

, ports 13, 18, 25, 30,

data at these ports &aektremogreadms afnali It hteo ersa:

-6 7



of heterogeneity ihi §7hersik.gd@ar ebhn, cant sbaswwn by
accurate stKahlItfomadgrnams,addheci ated with geo
better predictions of Fdrgawd3oWhi surees| atagate
when the number of head data is | imited for
stratification is quite 1| mporsttaincta, | ammodd eilts cta
more details in heterogeneity and provide mo
of geol ogi cal information into hydraulic tot

better results whanaaecawvwatkeabekel ogical dat

34 On the Value of Transient Analy

Dat a
One remaining question is whether one shou
instead of steady state inversions for HT ¢

| aboratory conditions are f askKt amahgridal viemabne e r

et al ., 2007,, 2r0@&8Bc hi2mMgl Ost e2a0dly5 ) st at e condi t
pumping tests, assuming it is possible to r
conditions meyst asmaelertantshe nt i nversions, on

conducted with pumping tests of shorter dura
be mitigat &€ast Bgnaowasals ho(whO 1ltlha't t K obt ai

estimates, the si mKlam@aeeusecasseasyon of bot

To investigate t hi sweirses uweelryftoomomeddddi t ngn &5 H
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the same pumping and Dbbard va) i wtni ldiemed tfiers TI
from t heerntdséd@ compared to those fromKTHT pr
tomograms from SSHT wisSvh| &egé6¢ et mLOf memns bh
hol e weewdesd to conduct forward simulations
Simul asubmhslrp(3rreveal that the drawdown predi c
botrtahs,ssiggesting that i n order to achieve acc

transient inversions are necessary.
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4 Study II: Three-dimensional Hydraulic Tomography
Analysis of Longterm Municipal Wellfield Operations:

Validation with Synthetic Flow and Solute Transport

41 Experi mental Setup

The Mannheim East wellfield is |l ocated wi:t
which is classified as a kame deposit with
(Karrow, Tbh93 ) mi-aq uihfeermudgui t ard systcamkeof t
geol ogical model was constru€t gld WMhenetnhsii © nssy

of ther0@@I| m, 5000 »x»y, aaddr2ddt ino n <N, respect

seven geologi cal | ayers were i deneprfdseedn thienng
aqguitard and aquifer, respectivel y. These |
hydrogeol ogi cal mod el of t hBeajWatamd o8,h iMoo taa
whereas some | ayers with thin thickmnwegses wi
not considered. I n elka m@Afgieeolldosg i wearl e | gaeyneerr, a trea
Gaussian di KamadSHlunneil @rss woft hl known i nformati on

and correlation | engtbRohbisnngt take sp@&&8® Bpal ¢
| Kandswenrr e obtained based on the predominant

the variances and correlation | engths were ¢
spaKaa®di stributions in natural geonsbgticahait

AtrKkaa&fields for t he synt hFeitgi3cafasetiugdly, 4ar e
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respedcltaibviedl yC Appesnudmnxar@C zes the statistical
gener atTioometter evalwuate the results, the e

three zones (ZONEONE ZONEaf2edaon the density
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FiglThie syntdatkiec gleayegi cal mo d e | domai n al
pumping and monitoring weVilieswcapdesnhdob) of | |k
simulation domain, respectively, ¢) shows sp

To mimic the hydraulic cosadpplegnwelthiel dh
wel | configuration as t hlei &&anindirei tmhd&asy nitwkeed t
the wellfield, a wel |l site with Aquifer St o
inject and store treated surface water durin

water during hinght odteada,ndl 3p epunopdisng/li nj ecti on
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the wapply aquifer-l eAER) mandtd®8i wgt el | s scr
were included in the model. The spatial di s
i I I usitriFiadgle d 0t her than the existisngpiwel we] |
(AWSWS) 1were included for the purpose of mod

t est dat a.

The synthetic model was discretized into 2
nodes, asi glhoWmei mesh wawelrle$h eomeddo aarrsoeurn dwh e r
moving towards boundaries. The four | ateral

boundaries of 340 m, whil e the -ftlogpw.a nTdr amgsti t
groundwater fl ow was t henf csoynnstihdeetriecd hfeoard tdh
governing equatbEe®nahna@ze |l pr ohidedtasy, the tr
was solved wusing the forward giAQuwlaatiyon 204@
generate synthetic head data for analyses. I
al | 13uwptgr wells during Fheg2)ydvaenrses eixt2@r2e

Wat er Resources Analysis System (WRASH+) ( Re

dat abase and included in the forward model
moni toring wel/l | ocations dRirdg2ng€fohet yeaana
presented in this study.
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during the yamar 20df3 Z0bm the WRAS+ database.

The purpose of including pumping/injection
mi mic the pumping history of the system pri
uncertain initiardimrgnadfi tomyner wwdt itdre detgda.n | n
dat a, dedicated pumpi ng-stueptl ydavted I-58)r qwewsald i
generated as independent pumping test data ¢

constant tpumgi ¥8gd ®PadDwans assigned to each addi

data in al/l 28 monitoringFiwdlTlie wearmp i snigmu ladt
obtained based on the recorded dail Vheumpe:t
utilization of these independent pumping te

hydraul i cKapn&®j ameekds (i n gui di ng -stuhpep Icyo nvset|rlusc
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42 Data Utilized for |l nver se Model

l nst ead of Il ncluding -dbYy snmatlt aakl head a
observation data at thewébeginachgdohndaaohi tla
cal i briatdGbndayds) and 36dl iddag/tsi)an B 1e8f0Gf wedt iogat
selection on inverse modeling, f iwee edaetca seedt s
for mod el calibration inFih& $Swnthhetthieci rs tpur
summait imaéde Al | sdaattidssteytpsr e mi-ser mhaped atnigon r e
avail able at the site, while the scenario of

records)idsesreadti conbBis study. According to Y

and sufficient information (e.g., poorly <cha
temporal and spati-atalespenseoda hwao)utlido crhebnadaegr
the inver peosperdgblyamlidliing hydraul i c paramet er

As mentioned previously, the interpretatio
uncertain initial condiduieontso ftohhe go @mutnidiwwad e
muni ci pgalupplay ewel | s. The effect of uncerta

model ing has bé&eneti nale.sBtaistpadt ®9dh bhhtyhei r resul t
up mewahsoddo pftoerd t he pr ets@nmiendi minad ysskees ef f ect
conditions. Il n particul ar, pumpi ng/ iwrejrect i ol
uti lfiozednodel asipdi nncorporated f or -umo diwihmec al i L

determined by incorporating different | engtt
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simul ations with knkoawnt) hydebhdbi c8aar ameiud it @
at moni t or iwegtehleonc ac o mmar ed guantitatiheely t
compari s,onas esthidofms elvre al that the discrepanc)
observed head data decrfeaspees i 0idg ninfcirceaanstelsy a
magnitude after i ncomrgoarads nlg8 p udmpy sn g riingre ctti
As a result, pumping/injection rateweeeords

extracted and incorporated for model cal i br a

43 Groundwater Fl ow Modeling Appro
4.3.1 Ca sle: Effective Parameter Model

The synthguidembdlgui tard system was first
i sotropic medium tKanleal masebyheoepfiengi vbhe
model (AGBGantwi,t ROt1®E paramet efDelern tha,ain2hil 5)o
referred to as the O6effective parameter d moc
resolution on subsurface heterogeneity; howe
behavior of groundwater f |esa iimmattehea eSyf setcet m.v
values could be used as the initial esti mate
more sophisticated groundwater f |KewmSmwadel s.
estimated by si mulllt acheetoau sd oyi mtasKa hBimegpubhi i nab
PEST are 0.99 mf/dmy raemsipelct8i8vell y10 which are

means of t hkea ne&gif ti ierl edsint MTine ®PEST, the | ower an
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I daOnd 1PmidaK, famd*And 2/0m ROr

432Case 2: -b@GescldogZyonati on Model

The response fr oamg uihfee rs/yangwhadetthaerod wsgylestti etno ¢ a
the gbabed zonatwhinc moidelnormal |l y|l adwombdel i a
at | arge scales (e.g., regional or lwasi n sc
characterized as a homogeneoukanIwaest omat enhe
and assigned t o pdrecspceritbiee si.t sT hhey derfafuelcitc of t |
geol ogi cal model s on inverse modeling has b
exper i(m@dhmtps eTo 3voi d the uncertainty associ e
assumed tdhattr dathiegrmygphi ¢ contacts are perfect

In a similar fashion to t hwasaflfieotaitveed niosd enl
coupled with HGS by simultaneously matching
geometri ckam&dimeo moft he Wiemeaebi fedl ds initial g
parameters for model calibration. Additional

effective m&Eaeal&gaxrssast ifalr geolaagiocnag | hnoondeev

unrealistic values of hydraulic parameters
data was available, a phépomenoBengtaddi hl pm
et al ., 2017;. ZArsaoa ertesalll.t, Kah@E6 dhled erbgeeeoa
stratigr apllwieaca@ipnlfioerdmaatsi oinni t i al guesses, wit

the same as those for efkfeeeniKamIvamwdéd me mat enho

for subsurface heter ogeneiytbya scehda rzaoontae ri iozna tmoadr
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433Case 3: Geostatistical Model s

As a third case, the head respomeéet pr éhec
with highly parametersuksdungfencsde alietsern caq@e n eniotd
Al | geostati werceocanlduicn wea@r suisoinnsg t he Simultan
Estimator (Si mXlR)ng dkdwaealdo pnegd iOOYWed f or t hi s
for variable pumping/injection records with

save on memory requirements to handéeestber. | a

Based on the dKdrdSkfrieen cdess, itnwoi ngietoisatweetriest i c ¢
investigated. For CklkarIf3eenedsce mdgéneomsdehi ta
representing the scenaoinbyofl oaKhbSwaalaweas hy
obtained from the effecweirvaei Ipiazeadnea®r i motdiea
assigned to the entire domawaisn cFoorrp cCraastee d3 bf, o |
calibration. rGe @ntsa ti insetdilrddshheeiareveeo g € aleadbrucs 1 ni
Sfields same as those wutilized for geol ogi ca
of KaAndS (6%, s2sywerieniltgieatli to be 4.0 and 2.0, r
correl atwiessre ts ¢kaol eb0,=m400 /ar S|nmd KanS® b oDuhe
to the fact that the geosKah@f3fstelcas prae amem
unknown fddired,i etl de sitruput parameters for geos
those utilKazn&d i eddshntPemedat ooboher hand, the v
statistical properties have foumdsufof ihaiventn e

data are available for gedyYeht asntdi.daTuh,ii ss2\0es0
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becatunsee error covaKiaadfarmenatpdated odurdinng ea

gradually assimilating (Zhar matiadon,f20m79bse

44 Results and Discussion

I n this study, f -E Wee ricatt earspert est e(dD awiatshe t fs o LAr
(Cases 1, 2, 3a andg&bed weedearhnmasr ifze0dn aand @ x
I n parKain®@ubhlaves esti matedwédromsdi Ebmpanedmbd
fields to illustrate the accuracy ofwehese e
assessed qualitatively and quantitatively by
head wvariati omosdeanderervoarlsu,atriensgpecti veways The
performed by computing ,t  meame slm)u,alamode ud @e fefr(ir
of det erRfpi rbeettiwveeren( si mul at ed agkgso.ktsFimed he

Sect.i®.n5 3

Il n the following sections, calibration and
first presented to evalwuate the peysfcadmanc:e
heterogeneities and predictingegulousnrdavad ®@ci d
ot her dataskE) sanfd®apacetded in Appenthjlx C. Th
ankh of the wvalidation results obtained fr ol

insight intosdlhecteifdrecan oifndantae model i ng.
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441 Mo d el Cal i bration

Through the interpretation of Datas&t A, t
anfesti mates as wel |l as tK=2i9. 95 %N c0 &E4 dmhda
2.56*N 21.08%/ m. 10ompared to the calculated geor

(0.99 m/ day*/anHdaoil, 88 elsple@ti vKlanRobt hienedf o

the municipal we l | data are mopearamptessnbé:
|l ayers, where most monitoring wells are scre
observation ports in upper and | ower geol ogi
hydraulic par ametagusi/fhequi t hedesybst emmul t i

Fig3i ld.ustr at ekst otnmhoeg rabmsa ifmebdans e He 4 Caaasted N
and geostatistical model s (Cases 3a and 3b)
Kfield ead oamctlhued bottom rightFiagdi dduestenerse

same, but f &t ombgraeamsi mated

As shdowm3aa mdi g4a 4t.he ®anSvnaa tueeds zforncama tbné
(Case 2) are found to roughly describe the a
in comparison HRiog3danrdi fgtdf WkgaOonSf | eled pectively).
shoul d baet ngecldogtihc al mode lwe rcemr i tbimiag esly i h dt
stratigraphic i nformaKaon®v alnude swe(ltl h ee sg @ amad terc
randamSf i el ds i n each geologicagr batcer) ai Ho w

in the geological model constructed with spa
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K (miday)
2.86E402

K (m/day)
2.96E4+02
6.18E+01 B.16E+01
1.28E+01 1.2BE+01
a 2.67E+00 2.67E400
5.55E-01 5.55E-01
1.18E-01 1.16E-01
240E-02

240E-02
5.00E-03

5.00E-03

K (m/day) K (miday)
2.96E+02 2.06E402
6.16E+01 6.16E+01
1.28E+01 1.28E401

c 2.67E+00 2.67E400
5.55E-01 5.55E-01
148E-01 146E-01
2.40E-02 240E-02
50003

5.00E-03

Fi g3Edt.i Matoendgr ams fr omtthhhroamegg hmd el imaxeepr et
A as wel | Kafsi etlhde fat)r uCeads e 2, b) K€asd d3a, nce:
contour map, small bl ack circles represent t
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Fi g4 EdAt. i Bdtoendgrams from three model cases th
A as wel |l Kifsi etlhde fat)r uCcasse 2, b) SCdsd d3a,l nc)e:
contour map, small bl ack circlesreempsesent t

To further evaluate these eKan®hagteismattese a
wel | as their 95% confFiidgé#h A piemtde Re£lus t ar & e
that the narroweskKectoinhhatdesicaer e neclepppilayesd gifin f
(AF2), where all pumping/injection and moni
confideKKestofmat ke bh ¢tbdnsr aatyerwhen we examir
|l ayers, th&esonmadesceecfreases resulting in

fact t hat fewer observation data aKwalaueasi .| at

-8 1



This ne wint H it hdeerd ovreadl usrioom t he stubdwgt debeni
using a zonation model for subsurface charac

zones are required to yield reliaklse esti mat

I n comp&essomates, Sthleuestamatfeadund to hav
interval s, suggesting high&restunmateaintThi as
attributed to the f anetreetthrad c tdesdr Ipaynedd kisire f wa t ih¢
parameters estimation in this study.meT-hweatuetri
| evel variations right after the change of
i mportance f orSeoshttigm8ntien getr.ealTihaeb IReOUL 8) pr et at i «
in a denser fashion (e.g., hourlySobKlewewern
due toptuheticomally intensive amatdutbeofi mebat
current comput aguomad seesmamrice sef niortc li ncil ugl e

this study.

The obKan@teodmograms from t he iglelogd tahtiagse d c a
43b-canfdi gdb-c,4 .respecti veHiyg3b A&t heh ogweno sitrat i st i c a
hydraulic head data only (Case 3a) is able
concentrated with sufficieKtomegdamdamrad ulHtosv«
|l oss of heterogeneity diftiaell &. i Al tclobanpahlr i s®@me
are delineated, the overall smooth patterns

featur es. D iKftfoemroegnrt &itf,a mtomy et shne est i mated fr om

-8 2



show any distinct het erragdhend@ht g detsailsagast

the selectedehezdl|l ddbtratfi oBe sawmidmateisansd.cti ve f

Af ter i ncorporating the geological i nform
significant i mprovement in reveal iIKrmgh&hetero
t omogr ams. lena t peasitdkebteatialr o @ gyaeevietayl ed wi-t hi n t

supply aquifer (AF2), reKiuhttimigsilhaydr t@abe

that of the Atrueo field. For wupper dnd | ow
observed due to the lack of hydraulic inform
Kt omogram can be further enhanced i f more mo

records at different Staoynreogrsanmbe ampdbsemeat
Ktomogr am; howeverShestldargohge nped tttiersnsarcef mor e

i ncorporation of (agse oslhoognpdcplaa .i nf or mati on

The esKaem@vatlues from geostati stweatedlemmodel
evaluated by analyzing the uncertainty assoc
the Atrueodo values. For unckandsivimtry aam®leynaips,
pl otstheodvin( @ ,C wi t h | arger variances indicati:H
For both <casesKvarrdlaatciewse layr es maltlailnred i n t he
domain, where wedl 6orrbydobpaokentrhead data, w
when moving away from Sweer inveen cess. arne gceonnepr uatl e

than tiKoseugfdesning the hSegshteirmautnecse ritna icnotnyp aol
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Kesti.maTlkiss may again be attributed to the

mo d el cali brati on, as discussed above.

The esKamdvaeldwedséden compared to the ftruec
scatterplots of corres KandSvhag wesss wimasgsfdC ver s
This comparlissarhartev he geostatistical i nvers
still able to ¥Yaa3as triematta sv eilny trhed iaarbdae wi t h
data (ZONE 1), while | arge discreBsan2iaensndo8.
After incorporating the stratigraphic inforr
boKhn@esti mates in all three zones. These re
can be used to charact drhi ZHeT. s Hosvwervfeac e sh emtcer
data are typically concentrated in the pump
critical i mportance for geostatistical inver
yield rel i ahyl der aewltiicmap eersa nneftZdra. ek aaalldueor( 2901t1 6
et al hav20kh)own that the inclusion of 1inacc

del eterious i mpacts on parameter esti mates.

The perf ormance of ifsfowmtahsksrd § 2@ d ntgu anloidted ts
guantitatively by pl atttiomg rtelsel | Bicght tadsn s etvn
scatterplot, data points corresponding to th
col or s. A hanedit snoatel data points is provi
coefficient ®B)f, das ewenli Inasanidoncoari(ntsu. | al xeadmign.at i o

45reveal s that the calibration results impro

-8 4



are accounted for in inverse modeling (from
parameterized geostatisticaKan@Beddli maltlecsws nf
el ement to fit t heprdigeeral odf tafFr i ntormatabnn

mo d e | (Case 3b) yields the best Fiigbd) o4f. si mul

8 8 )
- a) Al - b) /7
6 6 7
m zone 1 [’ A 4
B zone 2 / i
4r- m zone3 7 4r
Yy #'./
- ..
__2p 2k
E = 0.934x + 0.070 - = 0.949x + 0.007
: O_ y_ . x - O_ y_ . X .
% i ws R2=0.935 ! R2=0.976
i , , £
gt - L1=0.248 20 S L1=0.156
s | " L2=0.129 » L2 = 0.051
S 7, 5
S 2 0 2z 4 6 8 M 2 0 2z 4 6 8
Q
s ° 8
=
[ C - d
E 6} ) 6 )
n
4} 4l
oL 2L
ok y=0988x+0.027 | I y = 0.992x + 0.005
R?=0.993 R? = 1.000
-2r L1=0.083 -2r L1 =0.022
L2 =0.013 L2 = 0.001
G W

Observed Drawdown (m)

FighCalibration scatterplots (Dataset A) of
four model cases. a) Case 1, b) Case 2, c¢) C
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442 Mo d e |l Val i dati on

Mo del vali dat waper honrmed ismudwo scenari os
mu niipca | wel | data duringwearheei Isiez®cdf dhral Mmo ¢ & la
SpecificallKan8hemopweamepedi ed t o continuous
variations using the samepl webhdcoasi ¢ hrad n d of
model calibration. For Scenario 2, the indep
watseupply wel I55) (nAWSWss eld i n wehred iclail 2 éd aft @ o n|

validation. The validatiasnesscaststcecaipdtoad wift h

| | us tFn ayfeerncdi ignn # or Scenarios 1 and 2, respe:d

Exami naRiiggne/éal s that whebhatheemuhbhitiped
validation (Scenario 1), the performances of
calibration results. I n particul ar, Case 3.

drawdown variationsl dwed tbhye Ganste r3ea ,d owraiilne, G:

prediction results in terms of bias and sce
drawdown variations at monitoring | ocations
i nformati on ef ogenagiatlymy e e s thletted i n rel ati v

simulated and observed head Karni8a toinoongsr.a mist
obtained from the geostatistical mboywleawi t h
| oss of het efiogBeanrmd tg4bf dkeatn&@lirless p(ecti vel y); hoy
could stildl be applied to yield adequate pr e

Thi s i s because the data utilized for val i d

-8 6



configuration dsfohemddebhseabi btatier, thus

bi ased for the assessment of the performance

8 , 8
i a) y’ ! b) A
6l 6 ,
H zone 1
B zone 2 i
4 m zone3 = 4F
- 2_- 2k
E | ,
g ol y = 0.956x + 0.140 ok y = 0.940x + 0.037
o 4 - R? = 0.950 i / R® = 0.981
T -2t ) 21 4
2 | 4 L1 = 0.245 Ly L1=0.174
W L2=0.112 W L2 = 0.050
g'44”"-2””0”'2”4 6 8 Y T 0 2 4 6 B
Q
® 8 8
: - |
E 4 ©) s d)
n
4+ 4k
2k ok
ok y = 0.989x + 0.009 ok y = 0.980x + 0.040
i Rz =0.988 i Rz = 0.999
21 2k
L1=0.118 L1 = 0.040
i L2 = 0.027 i L2 = 0.003
-4 1 1 1 1 1 4 & 1 L

ST 0 2 4 6 8 M 0 7 4 6 s
Observed Drawdown (m)

Fi g6:Vad .i dsactaitarer pl ot s (Dataset AMunofcigpiarhu lwaetl ¢
(Scendmirofbur model cases. a) Case 1, b) Cas
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To ensure a more credible validation of tt

dataat not used Iisshawhlediclaé z &d att o o(ninMeldnkdonr Yeatl i ¢

20L0)Wwhich is il lustratedishowSc drher ival 2 diant itoh

2 r 2 r
i a) / g i b) /
/ /
15 = zone 1 / 15k P
m zone?2 (s v
m zone 3 |
L .J,-" L
i . i
E osh 0.5¢
= Y = 0.913x + 0.052 i y = 0.874x + 0.005
§ of R =0.879 o R? =0.949
Y L1 =0.080 ) L1 =0.060
s | . 12=0013 ”  12=0007
a %95 0 05 1 15 2 %5 05 1 15
°
5 2 2
E [ C) . - d)
E 0 oL
& 15} i 15}
I ’ I
1 — ..'I‘f 1 —
| |
- . -
0.5F d,.l" 0.5F
" = 0.823x + 0.073 y = 0.974x + 0.035
ol R? = 0.898 of 2=0.985
Py L1 = 0.076 4 L1 =0.036
4 . . L2=0012 7 . L2=0.002
0550 05 1 15 2 %3 05 1 15

Fig7Vval i dsad atotner pl ot s

Observed Drawdown (m)

(Dat aset

pumping test fdoart af urc emadedalo 2gses. a)
Case 3b.

Case 1 stildl perfor ms wor st in
tests. However, It S surprising to
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cmparison to Case 3a, especially forThmonito
comparison result reveals that the stratigra

Ssubsurface heterogeneity <charact awnviaz dtaibore Wl

inverse modeling, which is againn ChapiAgne Bwi
incorporating geological information, Case 3
correlation and smal | esd dinscroebpsaenrcvye db edt rwaev
comparison to other model cases. The validat

Kanl3t omograms obtained from the geostatistic:
only be used-l evepredrchatwaherin the existin
the constructsiugpm !l ogf wedw swatterl ocoaft itohnes enshteirnec

| KandSarne s mal |

The calibration and validation results pre
is of criticalsciampeo rstiatnec ec hfaorra cltaerrgiezati on usi
cal i brat edodgeelol yigelcchd mel ati vel yy eavcdeé gqwatra apr

induced by both the existing (Suemparyi wel) san

remar kabl e i mprovement s i n prediction resul
i nfatrimn was incorporated into geostatistica
the stratigraphic information adopted here i

Foll owing the c¢ozihcdousdto manlijdh e(vd @@y byompl et ed
3, close attention should be paid in constr.:!

actualpanmumiedil data for site characterizati ol
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443 Ef f ect of Data Selection on I nverse

To investigate the effect of data sé&il ectior
L, ®&ydof the validation rewetémphitem ahd pho
Fi g4 wiCt h al | val uleash IZ3umimge needl i nwheweraoi ff el
included for model cal i bration, péderf arhieedt i v
wor st I n predicting groundwater flow, whi |
information @(PeadeorBde) eadtway@n the other hand
geol ogi cal model (Case 2) and ther mawbisomat { €8

davyarfirradm one dataset to another.

When more observation poinwsrn@&ictl udledndger
calibration (from Datase&tanMttoonoDatbaamsetf r@)m, C
shewdwi stinct ti mmr cwenmeémuously predicting mun

showii D4nd Ci n t er mslLy,bf eRbwdaplusteesd. Such i mpr ove

obser vtende fporredi cti on of independent pumping
C4amb); however, slightwgrsdetlteobpaededtwbenres
the geol ogicall tmoidseli rctad i dgtaitngpont o find that
Case 2, in which, weoodsteaivimdd dattti @easecBdd Si
simulation duration for model calibration.
simulation durations, pumpi-sngpplny ewdlilosnn pmdp

an area beyond the ppreodwdti ioomn dartea, nr enowli ttion

the hetertogresientyg gfeater area without any
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interpreting municipal well data with | ong s

model s usi hgadhydnbhyl (€ase 3@mQsddc ilnwkeerlsye sporl

yielding inaccurate estimation of hydraulic

Dat aset D is sel ect edadat ahsaevte A ,h eb usta mei tshi |
magni tude of head ‘harni dthieowsa.l i Reag ulotns rresweé d Is
Dwemde stinctly worse in comparison to those &

i mplying that thel peel oWdar watihohargkeowhtebe |

t he muwelcli pdadt a for site heterogeneity char a

Dat aset E shares the same simulation durat

watleervel variations are utilized for model c:
yi elsd eyd)y wolr se validation results for all mo d
analysis presented in this study atms mto e

pumping/injedteiveln ardcowdser I nstead of usi ng
variations only, continuous data points shot

trends-lefvewatvearri ati ons i n monitoring wells.

Overtahd , effects of data selectif @ehi fofneriemve
model ing dppooglkbdimanifsovnal i daftn aanhclarseessuh ¢ s
geostatistical imofdoerl mantiitiohs ogieibadbseanti ZEba)p r et cont
recowidtsh Heavwpe i ati ons for heterogeneity ch

appr oarceherdecerdebd g data synthesis and intellig
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45 Sol ute Transport Prediction

One remaining questikKWandtso nwohgertahmesr ftrhoem etshtei

well data can be applied to predict solute t
of model validation of HT results with a cc¢
calibration. To daveisonglhvenpeddlf sr mss uby aim

solute transporHKandsiommp gtr rmenseesrtfideessutl e dsmp ar ed t
scenari o simul Kbe®f uslidog theevialrwatboeKatnhde per
Sesti matcisctiinngprseol ute transport. KRowr& this

tomograms from four model casewenmdirlougéddt he

4511l ute Transport Simulati on

To simulate solute transport,, a point sour
added into the synthetic system, | ocaxed in
y, aeaedual to 2,750 m, 2,750 mce awmals 1labsimgnac
constant Cl concentration of 1,000 mg/ L anc
di spersivities of the system were assumed t
transverse, and verti cayl. tTrhaen spvoerrossel tdyi rweacst iac
t hroughout t he Buenut atitdre dermhaitn.veky tshneoot |
heterogeneity of porosity was not considered
To mimic the miugirdeaetri orneadf cmwlndmé i ons, regi o

accounted for in the solute transport simul a

-9 2



from the northwest to southeast with a hydra
watseuppluwympi ng was al so accounted for by assi
watseupply well based on its corresponding r
conventi onai s pedrveican omquati on was adopted i
smul ation, folBowhegttaedwbBp&koof{( edaBlFy, it ac
di spersivities at both horizont al and vert.

expre<£gesdahnddsicon Se.cii on 1

I n this investigation, wasdiumwl atreadn swiotrht HKvG
the fAtrueoKam3f ieesltdsmatTehde t otvadsesti nul atei o3r0 0d
The performance of the differemwtitmmeddelascsaesess
by comparing simulation results in terms of

| ocations, breakthromgmeoautsves and their ten

4529 mul ati on Resul t s

Fig8i l4dustrates the contour maps of the CI

al ong tsheectdroms-SNoou tt hheneessttsat etbed ti mes: Year
50 (source removal), Year 100 (peak concent
simul ated CI pl umes Kasflfoice lad ® darwe tdl ¢ dei md lrw

for the purgpmrs.e ToHe counpearr ibound of®% these pl u

ExaminartiigBmedaodal s t hat Case 3b provides th

Cl pl umes quite similar to the observed one
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stratigraphi o eirmsfeo moateilo mgf,orCaisre 1 and Case

of ClI, especially at the early and | ate ti me
stratigraphic information, Case 2 yields th
investigated model cases. This may be attri

paramBap®)s i(n the source | ayer (AF1l), where
for model calibration. The siogil adaledmc&cdelpl ius
to be distinctly enlarged with the presence
the removal of source (Years 100 and 300). T
i mpacted by the Wleiterpafecan@ tteyawd( hlyeraccur at
ofKan@val ues, as wel |l as their spatial di str|

prediction of solute migration in subsurface

YEAR_50 YEAR_100 YEAR_300

I (CIT0)

@l

=
s s
Bodrock Bedrock
AT AT1
AFt AR
W ez
sz F2
(b) AT3 AT3
AF3 AFS
Bedro Bears
art ar
. ama N
k2 arz
(c) AT3 at3

(d) |

(e}« -

Fi g8&Sidmul ated CI plumes at four different ti
At rkiaen®f i el ds. a) Case 1, b) CaseKanSfadlel dass e
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The simulation r ebsyulplsotatriengt htehne asscsaetstseerdp |
observed CIl conscuepnptirya tainodn smoanti twoartienrg wel | s (s
the spatial distribution of eFrogx sExami eamso
ofi g9r eveal s that prediction results for all/l

stage to peak d¢om@eht datpi)o Aawiatrhr iavlall dat a poir

the 45A |l ine. This makes senseapitmuce dmawrhe nh
pl ume extends to a | arger area, and the h
homogeneous model with effective hydraulic p
the removal of the source, Iltihe pmpment ioefs hc
transport is enhanced again, resulting in bi
al |l mod el cases Fatgqt HeThade ntesmel tss agevdal t
hydraul i ¢ Kpaanr8 memoeurlsd (st rongly i mpact the r

subsurface and should be accurately characte

[=}
[=}
[=}
=}

| a) b) c) d)

,\, 4

[=] o
—

»

er

a

*

= in

&
8
@
T
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201 -20p
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Case 2
Case3 s sk v 20k .
Case 4 v L] °

I
<
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0 | N 20, L 25 . ‘ , .
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Observed Cl Concentration log(C/C0)

Simulated Cl Concentration log(C/C0)
4
»

&
=]

Fig:Sclatterplots of simulated and observed C
cases attfagers:tiame Year 5 (early time); b) Ye
concentration arrival); d) Year 300 (Il ate ti
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453Breakt hrough Curves

Fi glLO l4lad tsr t he breakt hrough curves of CIl ¢
points (M8b, M5a, and M4 | ocated in ZONEs 1,
wel |l as Kah$f ineglrd&ie.0 The breakthrough curves o0

points araesiighius Appteeadli x C

25057 (a) M8b (ZONE 1)

1E-05

BE-06 [

Case 3b

Cl Concentration (C/C0)

—1_ - |
50 100 150 200 250 300
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BB (c) M4 (ZONE 3)

SE3 |

on (C/CQ)
b
w
T
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Cl Concentrati
]
T

150 200 250 300
Time (year)

Fi gl0S4 mul ated and observed breakthrough cu

sampling |l ocations (one for each subdivided
I n each plot, the Atrued breakthrough curv
simulasefirom different model cases are il lus

showrmi gphg 4 Klmem8t omograms obtained felomwitthle ¢
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geol ogi cal i nformation (Case 3b) can be wutil
transport, yielding the simulated breakthrou
with the Atrueod omnbased ottt a gtC,asteh &€ ) gealedg
prediction results, with much higher peak coc
ti me tail in comparison to the Atrueo breakHt

points | ocated within ZONE 1.

| NnOME 2, where hydraulic head data are | ac
slightly biased prtedmetsomulrasiuomn Spealti. ddh,e a:
Neverthel ess, It still performs the best i n
mod el cases. For ZONE 3, the sampling point

selteed and the corresponding breakthlhiauwgh cu

Wit hout incorporating geological I raf oyrineal tdi o |
significantly enhanced CI concentrations at
foll owing section, t eprpeo s earbt equo emp i t @tniav glsye s

simul ated breakthrough curves to the Atrueo

454Tempor al Moim&nt Anal ys

l nstead of characterizing the breakthrough
and M8a) at the bwetrdeoan u daeyde rf o rB etde mmxdr) a | mo n
the ClI plume is simulated to nid maimploy apr enoe

(M) of ClI <concemxtyratatotnt imme | @icvaemnm omy (
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0 0 6 ahuihd Qo %R D

wheties t he Ctiismd bhearCd <conc ew)t,r aMi)rosntan@WM¥Ee zema
momehbos all characterized breakthrough <curyv

integration of the breakthrough dat a.

For each breakt hr oMgihs cwserde ,t d heee scarl iclud att e

passing through the comuéespoondi dgrwawéeli bndufht

moment i s used to estimate themmean arrival
N % I &
The vayiodndoe eakt hrough curves is calcul ated
0 0 .
” ~ n_8 %&8’
0 0

Il n gengrraépreshents the spread of the concent
mechanical dispersion and mol ecul ar diffusio
describe the heterogeneity | evels oM. hiyhde aul
cal cuwpdt edndf the simulated andwdteomear bdeal

with the comparisonFisgdcatterplots illustrated
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Fi 41L1Tempor al moment analysis of simulated v
four model caBlgs.b)a)metaot ‘galr rmavsas c,(t)i.wma&r i(ance (

Fi4lareveal s that at the wells highlM I mpac
values are estimated from the geol ogi cal mo ¢
The estfiMpat i bhese werldddwaknpy oveseffecti ve paea
(Case 1) and the geostatistical model withou
prediction, while the geostafCastgcatbhanoldeedt w

esti maMowiotnh ed&dmnaslclr epancy between the simul at e

To enl arge the compari soMovaé sdlet $ oatfart thd mw.
si mul afoebs eaMgez st i maceocensp ut ed apads hcoonmmp airne dt he st
ofFi 41 a The compsasrhioswo nt hraetsutthe geostatistica
i nformabtenadsquatMeV gl esgs i amiedl smmowt t h al |l d.
clustered 4ioend htohvloedsst ,i mMaitesedvi t h serleati ve
obtainagadhmiodem. clsese resul tlseti enpdayredt daadto/ udreatta

Kanfesti mates are requi neocdcattmasedequately cap

The comparison of the si mul @)feod aan da sneosdeerlv
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i sl l ustFin@gt®d Resmul ts show that the ewtifmat ed
on average, shortebsennesd mmadmsEstels Tholse may

attrdibut @e pooKaa®u almaa stohne osfo u rwhee rl ea yheyrd r(aAuFl
headadatm ted for detailed het ermnmo@aesrdi tpy edh a
of solute tr ahewevars,adt3dadt hygi eblede . est i mati on
arrival time widilBcrelpanicyelbetsmainl t hei mi mul &

comparison to Bddhed amedtel d sa shepssEe®t as i suggest

to reveal heterogeneity details for more ac
which is in | ine witlh Itnhaen cedbracaléuwds i¢@n0 4p2r3 awniddea

Fig4gldaillustrates the comparison of, )trhel si mi
geneQaasles t3ibl | stpleag flwmaeat i n esti mati @Qaysdash el a aan (
1, witakse i Btl le wor st resul t. However, the cor
curaeteypically small er wiotdle | a m@aceasmp a rbiisaosn ft
obseobpwned, indicating under predictions of t

estait ®alnYIt o mo g Thainss brmatyt rdt but Be | oss of heterog
using municipal swall dcatae fchar aargei zati on.
inversions deheaefidisydenal KgnYParcametoadny (be reve
there are sufficient hydraulic head data. Th
strongly i mpacted bhyy d t bBpealribaneKe o @)e.n(eDé y aiolfe
characteri zati on ofafg uskesaulrefsacies hseu geg eosgteence i ft g

i nvest.igations
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5 Study lll: Large-scale Threedimensional Hydraulic
Tomography Analysis of Longterm Municipal

Wellfield Operations

51 Site Description
511Munici palupWwdtyerwel | fi el d

ThrRegi onal Municipality of Waterl|l oomnd tdfe Re
the | argestsomumgiroiumaliwatstees i smoCreeq aachban 40 wel
wi aBh exdéd®dpeopriodgcti on well s. Thacst esrtiuzdayt ifo
of lsacragee subsurface heterogeneity -sautpptlye M
wel |l field | ocated along the westerfAi gdge. of
shows the | ocat idtn hoef Ptrho@nitReagdi monfam @& | @hore&d a ,
indicates The webbhedd¥Mbaahei m well field utildi

t hi s wstraddtyai ned from the Regionds Water Res

dat abase (Regional Municipality of Waterl oo,
The ©Memn welhadi dleén in contih@ds bpern attiad
production wells have been drilled over the

within the wellfield. The diPsltér)i b uwt iidingucsft rtal
5lcas aieslc| 88ased on the previous wellfield cbt

set (e. g. , Gol der ,Abso0 Maatndei tudv.e,ld vl @élod fiowut
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smaller well sites, which are i1dentified as
Storage and ,Rewddtidrey enASR)p.erSpe coinf isctarlaltye g iteh:
East and West are two original well sites co
well s at t hés8e atwkcaBilbeaaad( Wit ) are extract.i
rel gt icwenlst ant fl ow rates forTheoRéakupngssimuei
to the nwet hf ioién dvhhei c h, prR7ducdn endeveil drse d| P
groundwater only during high muni ategal i wat dn
south of the wellfield, is designed to i nj
(approxi mate 7 kmwelal9ftidalfrditnlge | Mavn rwhad iem de mar
stored water i's extractlead pauwt i opgrloddiugh | @& @ mawr
through P11 at the ASR site are used for bot
used for pumping only. Al of these producti
supply aquifer with e328eattdrosn abamwe sasrddr olme \3
connected electronically to the operation ce

of each production well are monitored and co

Toensure that the operation aftyproodutchhe omu
aqui fer, a monitomrmitrhhge M™Mathwdhrek m sveil hd$ti &Il de dvi
well s concentrated, wwbbiog tthems taagelaeun dowma tae re
rechargle mahiesasstudy, S36rebsedvatuippihegwavialt € f e
screened at thgduppgebipgidshbbwer withiwerthe p

selecHBahafloyrses. The di stri butFilgicradl dliheSsS.e we
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for pl anseacntdi ocnr ovsisewswyr eleg p & mn&ds mghltey rookags @ on
wells with pressure transducers, while Dblue
of groundwater | evels.
(a) (c)
6000
Ontario, Canada /F .
/ /L [ ] Production Wells
e ] Manual Monitoring Wells
e \ | : o Transducer Monitoring Wells
f e 000
® i
e | | o
’(_\ | = P7
,,_}»ﬁ‘—\ ‘ y 4000 | _O_\O_{S_Fa.?.. owl .F1
» [ o Ll psEend
ot / i Pa@owes
400 200 0 o ’é- | ) cl ;m'iz
Z3000 Lo je@g, P . .
(b) - | ] e
- ow20
Regional Municipality of Waterloo .@ ® P14
2000; P9 ow11
i Zowbab ME
T ow1z
B P15 P8
. | ® 2 P1U'uw14ah 'P‘Iz
/7 1000 - owzs 21m owiab outran
/ Kitchener : ® ‘ P11
[ | “\ ow18 u®
TT— | ow22
\“\,&|\JllJl\JlJllJl!\lllllllllll
0 1000 2000 3000 4000 5000 6000
X (m)
0 5 0 10
I T <ilometers (d )
380 -
T ol i
E mf ~ ., HiEn ., o+
c  300F
S -
g 260 -. 1 Pumping Interval
& o i
200 1000 7000 3000 7000 5000 00
X (m)
FiglLocation of the Mannheim wellfield al ong
observation wells within the simulation dome
Waterl oo (RMOW) in Ontario, Canada, (b)) I oce
plan view of well-séotciadm ownise w aslldoaofadtnigocrwse.lsls s
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512Construction of Geological Mo d e |

The Mannhei®m Welclatieel a&vi t hin the core area
a guaternary kame moraine formed by interlob
gl aci at(iMar tsitnrageend RNuimedou$§9@a8yaihceseahdbeset
resul ted i n -aquciofneprl/eaxqumulatrid system within
out wash sands and gravel-si calr eglsaecpiaalat teidl Ibsy.
geol ogy and hydrogeol ogyeemn itheeshatgated WMbr
studiesKarnowiiddleh@a 3 )f i ed four maj or gl aci al
Mor a(ifnreom youngest {CatdlidgestCr etetkey Carnd i Brhe Cr
and Tavistock/ Port Stanley Till), which were
aquifers witlatatrihie nmamaicréan.ish dtutcri®@eh@ asi on al
(®) hydrogeol ogi-agmbtiet/ agut harcubystem for
hydrogeol ogical condi ti onBavjid ha md t Suea pmoodrda i (n2
the surficial deposits ob oinlte pRaqilorh,y dregwlotl

for the Waterl oo Moraine wWidilhAppPendert Df i ed

I n this-Dsgedypgacal me d el weévbasfoinesktdr Mlacrt reld b

on the avail able borehole | ogs within the st
are 6000 m I 6000 m in East (x) and North (y
approxi mately ei dotmae n¢emtnar fofomt 200 mas| t o
(z) . Specifically, the Ilithology informatior
weroebt ained from the WRAS+ database and i nt
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Leapfro9edc&ewehdor 2B280@geol ogical model constr
wel |l bores as well as their reliabfild2tiBlse on
reliability information of borehole I ogs i mp

i nvalnhceytraganrdi ng the interpol attehde laayear olud u

the production zones.

Fig2Zi l3 ustrates a perspefctove view wletowons:
model . Il n t ot ad e ol edigg hwiae rigdwomutpisf ioefd beneath t

foll owingBahe wodkSbfrota (2007)

GEO. Units

W ATB1
AFB1

B ATB?

W AFB2
ATB3

WATCA

W AQ3

M Bedrock

+538000

+537000

Fi gzPer.spective viewsetttwosdbgbhal gepbsegic
using available bBBdmualyolag elaogs within the

These units Wwexegecti foedA@P8)ng the nomencl ¢
Survey (OGA3F, riepagbienMimeans aqudheatedetter anc
foll owi ngnATtcmat eAddquence ofi tdir dilAps aand hweniytow,

~

foll owed by AB0O and Al10 as the youngest wunit
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identified i n thisnasbuldayl @aarge ws urmmatrhiezedet ai
information of each uni t . Il n the Mannheim w

watseupply aquifer, in which, al/|l production

Based obngthreucted gEDbY®HgiScaAB2moidsel | at er al

throughout most of the study area with its
pincuht i n the southwestern portion of the st
with that presented in previous site i.nvesti

AFB2 is found to be bounded above by aquitar
characterized as a t hi npaarnadt edsi-sstichoenltw anaugouui sf earq
and the upper unconfined aquifer AFB1l in mo:
|l aterally extensive throughout the study ar

system (AFB1l/ ATB2vWeAFB)uiffream stylsd elno (i .dent i fi

I n compatrhes ooconmomept ual hydrogeol ogi cal mo
compl eted iBajthheamdbr8hiod#e®t wel(208%) t he geol o
Mannheim well fiBdng ceotnsalsewvfedtha bygeol ogi cal
identified at the | owavre mgeorgteidonf oorf tWaet erd wloy
geol ogi cal mo dierd d ii in@a 4t lehid)es Ethu &y i (sadecause: (]
|l ayers are relatively thin and spatially dis
Associ a2 @35,1)L(t2d) mo st borehol eadla g tswhdtIhianw t h

aqui fer/ aquitard system (AFB1/ ATB1/ AFB2) (.
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information Malrgwitihe TLOWer( ATB3) renders t he
l ayers difficult, and (3) only few observat|
head are avail able at the | ower Waterl oo Mor
i i glb. 5.n the case of wuncertain stratihgraphi
study presenstueggdasnt eCh atppeessut8pl i tatedogeofogi c.
strucdgtndroalmati on famral gfe o 8T atdiag tai cfaolr Ssubsur f:

characterizati on.

52 Experimental Setup
52.1Model Setup

For groundwat e@rheflsowurhadeloinngl,omai n, whi ch
the construct edadjiend rogtiicadd mordted ,37, 780 tri a

20,626 nodes$,) gas Onnhdvre ihmorbO)z,ontthadasmpdsamed (a2t

|l ocati onswevpeo@ut hieoe and observation well s.
wagradually refined from the bottom (20 m) t
well s and most aposereaeevmed oinn wehé-suppley &doguiat
(ABF2) . Tomwa@gl aphyonsi dered -smaltehi si tsd udlya rf aa
Since tetrahedron el ements have not been i m

(Si mSLE) adopted here for geostadi asi calepisn\
showhi 93n. DWi t hout accounting for surface wat ¢

st-epaped topography i s ceamtss denr edas ttiomahtaiveen nri
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For the presenansesdennhapwassdwader etll 6w si mt
term-lweateelr vari ati osspphduoeer ayyi ovmag eat di f
variable flow ratesToi miai munihei pelal welyldfriaeaill
Mannheim well field, regi onal groundwater fl o
t he medalcl| fuadredt he anal yses presented in thi
valwems si glnaetderagl boundar waass wihgn ed sgtectifae ct d
The determination of initial and boundary c¢

inverse modeling are discussed in the foll ow

522Ini ti al and Boundary Conditions

I n thiisnisttivady,and | ater al boundary weanedi t i c
approxi mated-whaeedl|lenmebt meias ur e nseunptpsl yt aakgeuni fi
(AFB2) . I n detail ,watahpep | metdh otdo oifmwtaldiregrg efi g 3 1
measurements collected at different l ocatio
October in 2006 and 22000181 )E@GekcdércAssgci at eph
a range of 0.3 awadsida nmnwg gyate | waalau emgadfa hle dd o s e kK
The distribution of these mebsunéememat s hasadw
il lustnatedlihen i nter pwleathed hhesasd gmeldudan t he

domain to yield the initial head idyilbs tDEi baéi o

the regional groundwater flow is approxi mat e
wa tleerv e | me ave vareveanm el natbsl e at | ower | ayer s, no n
verticawadnreicallbyw considered. I 't s hloanMdal be
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measurements does not consider the heteroge
interpol ated head distributisemtiogi hwhel Ye ules

condition within the study area.

On the other hand, four weaseetr ahsbespedarfi e
boundaries equal to the interpreted initial
Si muleagtieodn arl groundwater flow similar to tha

201,1)where groundwater flow takes place prim

natur al hydraulic gradient |l ess than 0.002 i
|l ater al boundary conditions mavhetastsi gmedl
values, which coul d r estuertm ihny dar ad taoseei dh esa thrud s
welTo .minimize the effect of uncertain initi
model ing, a certaint &ianud iaeisnoand ripmeonri aotde ¢b eff oorr en

up (uncertain initiaYu cetndalt.am(l @ilaH)ergeaggaest:

baseddathum point i n avacud idb szeerdv aatsi oonb sweerlvliat i ¢
calibration (uncertain boumddr t hes mrddptrdaoocrne)d.u
provided in subsequent sectiovmsurithesstraebyi
cal i brati nkgaseide zgoemdtoigoyn model with | inearly

conditions (not shown here) Kamdetsht irneastud st sf osrh
geol ogiaca@l maanti tt he sameciasecwmpar ksogedoi nhe

conditions.
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For groundwater recharge,watske¢ t@ep abosyprdcar
boundary with nodal flux estimated from pre
during the s hoA@LIHgowmd tpaeirneodd from t he Unive
weat her station, which is | ocated approxi ma
Excluding the partitions of evapotranspir at
groundwaterhirsewhasdyemanetd to be 25% of the t
the estimated annual groundwater recharge wi
mm f or 2013) , which agrees with the region.
previ 6fis ewell characterization rePauret t@O0Gdlhede  :
most omms advaegm®il d ect eds uprpolny waagueirf er ABB2m whi
beneath the ground surface and aoweghawm. ibry t
52, groundwater weshmpbefiedtasscehnstdgnt anoct
the top boundary as variations should be mu

basedlaiolny precviamwitt dt izend d@dadd ez greatliogry model

(not shown here), with results showing negl
constant averaged recharge rate. i ghi $regogees
recharge responses into AFB2 for this study
523Data Utilized for I nverse Modeling

Hydr aul i cohé¢ aead Bdabtnd t wenlilngg dur i ng Ftihgg) yDear
and pumping/injecataloln pfrloodw crtaitoen rweeclolrsdsdur i n

20 1R g wermoedt ai ned from the WRAS+ databased a
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Ssubsurface heterogeneity characterization. D
within thhwi wedtdpordtded pumping/injection rat
back one year prior to the hydraulic head

pumping/inje¢tHaop apdr ¥¢s oa@lsi nov,. 2011; Luo
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Fi g3xCwmul ative pumping (positive) and injecti
well s duri ng atnhde 2y0eladr sf roofm 20Chle2 WRAS+ dat abas:c¢

I nsteati me fealw rates, pumpi nghwiemjeeontrideerd r

as daily pumped/injected volume oFI gattehe in

fl owatrlme eproduction wells with seasonal oper
be highly variable, which has resulted in an
area. Hwyedarda ad atoreo nw ¢ lowresrmegc or ded as el evati on

dat abase, weide bthessedata remove barometric e
the databamoei t®ekrhdg hei th a pressur ewetrreansd?u
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conti nuously recorded every hour during the
beginning of ewehmatdagc(é@: DOr amhpal yses in th
moni twel ng with manualedmedrsaiuleine reh afardeeyduaetrnat y.

varying fromomdnrmtllyl y Foo Ibihese welwbmg¢iadllzehyc

To minimize the effect of uncertai-hebelunda
variati onnsi awaklagihased omgt thet eve cmangppid reddi and
utilized as observation data tobwmbRlaerl tchad i b
present ed hayndarl ayusleisc head data r eveouddeld zatd tah
datum points because (1) these hydrswdplcy he:

operations and (2) most observation well s h

a)

t howvshelreead measurements at 2013/ 01wdfe Ineodt ki
with corresponding head measuroewn®ebntasndutawil i

2012/ 07/ 13; owb6 b, ow7b, and owS8hb: 2013/ 01/ 11

(a): (b)+
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Fi giComput etl ewal e wvbaarsieadt i ®@mmst he measured hydr
poi.nt(sa) s hhoowsi twlekd Ing8 sel ect ed for model cal i
observation period,momhitiweli(ngy) | sehows§ot hemodedgh
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The temporal sampling strategy monitci pasi &
has beentedvebtbggh a synthetic study on HT
described .i nfThChhamthert h24 utilization of five
durations and peri avéeso folru dmeodd etl h acta | a drrtait n wou
| argel evaglervari ati ons should bsecalétebéetdr agd
characterizati pnevideusl loevi ina -l etheedy , vawzai8aetri o n ¢
moni twelilng fr om Meaeyudtiol | cetdo bfeorr amo dsehlé waya liinb r
54a. The significant change ofwagroonhgwateri ba
t he seasonal operationigfdepdodAB8Rt (ear wel k §m

(intermediate anddieBéedi mes) sites, as

Mo d el val i datwapnerifnortmeids usmtdiedy t wo scenar.i
wa tleerv e | vaaerii gabtn onwe li Ing ( muni ci pal wel | reco
used i n caswdmaiti one@ffor ttmg4els. The i dasi oinby
these well sFiglainidl ustdrn ataec di by oweams@dkteidr cl e

to assess the performance of HT analysis of

details at di fferent |l ocati ons: 1) close to
subdivided well sitesuppdd carfue doeedb(,atarn dc eo wk
within the production area, but screened at

and 4) away from the produstupphy aaegai, f dut( cw

For Scenario 2, the dedicated pwenpdingi nedt
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from previous si({(€EHRNMWEELI gatdi Bapadp@mamlide &As s
utilized for mo d e | validation in this study.
t hese dedi ctaetsetedseeptumapcngd from the plotted d
digitization toEBbhakpP|TceD ddrjatwdzoenn curves a

points ar e~iigh| uasntdt aaihted diceh each tTedtl2ZearDe s umn

53 Inverse Modeling Approaches
531Geol-bgged Zonation Model ing

I n thitshestMarnwynhewmswestFyelcthar act éraiszaeld us
zonation model , i n KemmBowlagstai mat édr emnd ets 9if g
geol ogi cal uni t to describe its hydraulic p
c hatrearci zed usi ngbasdd ezemat igem I mgdel s t hrougt
the municipéamlomwegl e€t,r adciofffde8 Oe2nlc)es bet ween t he
adopted here are apparent in terms of model

and data processing fori ni cwenpsag imodeltiondg.hoSp

studiyonagf et), alt he(-@a@sdeldo gzyonat i on model wutilize
simulation domain with merged | ower geol ogi c
the gbabedyzonation model i's cust omibazsead so t
THT anal ysis. Mor eover, three additional pr
obser vatwied e cweuld epdr ef soern taendel YHE S . Most | mport e

processing andwarmpaloypnesse dsti mattdighse suthicckey trae qud
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identified initial and boundary conditions.

The géarmlsegy zonwasaolni broadtedd using the groun
(Aguant ywx,oud0ed) with the par aneitoerer ¢ ptyi MAatli5¢
simultameachsing mlHotrdhatsa sRauddmmtaesta eat ed t o con
wa tleerv e | variations based on HGS ouRipgbt S.i |l e

il lustrates the flowbfadtzdesiigoedmboel tbal g

— nterpcied |n|t|.al. and Initial K and S, estimates
boundary conditions
Model Spin-up ‘

Incorporation

Pumping/injection
ping/ J. Recharge
Information

Forward Simulation ,‘

Output head data for
the observation period

(H)

Output head data at the
datum date

(d')
R script ‘

Simulated Water-level Variations

No: Update K and S, Values

(hi = Hi’ = Hd' )

Comparison ‘

Observed Water-level Variations
(hy=H;—Hg)

PEST

» Check
Convergence

Yes: Stop

Fi ghFlsawchart desibgrsed zomageohognpdel cal i br
of HGS and PEST.

I n summary, thaiddal abrceritannssamul attiiad pe

and boundary condikKa ndfness tasmawels| fug. in@oidiedl atlshy
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syst endar ehyadhhredst ati c condition, pumping/injec
the beginweneg@cofrpd0lh2ed to simulate the hydr
points and during theendbsrervaed ono pewnmp @tr e ws
l evel variations i n each wabssneprlvoayteido nt owed d mp e
simul ated and evkedenvaed aka mIvsa | auneds ufpodrattehe ne:
The iteratiomuptiokesmedelwasdmwerdgenycet he st abi

the differences betwee-hesemMulVatiedt aodsobseryv

To avoid KmmRlealkti sntkt es in geological uni t s
are availKamBlguessaées i thtars egle amhamodgeye ot ai ned bas
on the predominant mat eTd allles ullhma rhiezmeed itgne d li @
guesses. For aquifers, tweskowars @&md48p B&0 b
18dm/ dayw, fand ®andd 11 200mlI $a0OFor aquitards, the
bouweésset as “@neél4 8l Bwodlayw,L fF and “Ga.n2d 12 200m1 10

f oS

532Geostatistical | nver se Model ing

The subsurface heterogeneiwgshwn he ma rtahcet eM
t hr ofldh anal ysi s of munici pal wel | records w
modedeéostGat i stsweatdearn mived sowim using the Simult
Estimator (Si mSLE)  ,Xiarniggiern alaldy md €4Q&d9gadcecdo uonyt

for temporally variable pumping/injecion f
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storage wasenphiogee t o save on memory requirec
agr enaumber of nodes andcodvatranan@pap®ainfdieda | blyy,
consider i-oagv a hmbecatroveemesns head andt loyzderaouivihhee np ar
val usemailsl er dleédnnadupercent Bhgee faufndtaime nt at i a
behi nd &ndnSiLtEs mat hemat i cal al gorithms wused
in Section 1.2 and Appenditxhdthea espac Ki vel gs
an3dt omograms, SimSLE al so pr ovKadnedSblynhreeviesi dg
the covariance matrix of the parameters in e

with the estimated values.

Thdfeciency of SimSLE in interpreting dedi
characterization has bedmr.gval ddtlemant herto g h |,
2017; Xiang et al ., 120 0Wgwedheaq and malyl nsatni, |
interpr€ermgmuongi pal wel | records with unc:¢e
due to the fact that : (1) the computati one
geostatistical cmodceall makdsviotl viemmr d ong si mu
up and (2) it i s -luenvaebll ev atroi acta nopnust eb awsaetde ron s

data at datum points and during observation

To overcome tdoeSleowecmantatti mats, i s similar t
the one basegecabogupronp owak |If or gesposasatshsowmrn

i A1 gb. 5.
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_ Interpreted initial and 1) (1)
boundary conditions K and 5 maps
Model Spin-up ‘

Incorporation

p e
urr'1p|ng/|nj'ec ion Rechare
information

Forward Simulation ‘

1
Output head
distribution at the

Ll
Output head data at

= the datum date
(Hg')

R script ‘

Updated obs. data
H® = Hy'0) + (H; - Hy)

datum date

L s k™) and S~ maps
Initial condition S -
as initial guesses

Geostatistical Inversion

Uncertainty maps Update Kand S, fields
Convergence

¥

Yes: Stop
Fi geFls5awchart designed for geostatistical mo
HGS and SimSLE. The wutilization-upf aH@Supeauc¢

observation data ignthdempar wedGm FI Bimot lad me s i(ed
Si mSLE for-umodel spin

I n each iteratwamni tainalHGS andoodpatpe da nfdo ru sneodd e
generate hydraulic head dat a akKanSte nsoeglreacnise d
from the previous iteration. The swmshamed d

used t o oubpsdeartvea ttihoen data (in the form of pre
Si mSLE, while -keeel ngatihat wanerin this well

the other hand, the simul ated head daserobut
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2013/ wWwWdadplpOl i ed as an initial condition for g
wasmpl oyed Kahoffuipellad® for the next iteea@ation.
until covesehgewveed by stabis$qguat)e oefr o rmufl eat ea

modi fied hydraulic head dat a.

I n this study, the knowl edge of stratigra
modwasncorporated as prior information for
using gthHey hpar amet eri zed geostatisti-baberodel
zonati omasmaddlze&aaBguesseal for the first it

inversion. Thwektdeni utpdhtgdesbesas iKlmBlyed as e

fields from the previous geostkKangtiga) 1 nve
werneamitially set to be 4.0 and 2 .wk, rserte stpoe chte
_ ¢min _ ¢mnim, angt for Kok The var wamee Vva

approxi matetanBeRsedmanheshat the Maomhteh en Earsk

oflLuo and Il wamn!| €2@® h@&) ave nmargeplraotxii oma tleedn gbtahsse d
of subdivided well sites, as wel |l as the th
avaittwbofl isufficient hydraulic data from mun

i nput f or geosweactei nsstiidcearle d ntvoe rhsaiedenasn a gt egi b At

res@vYets and.Liu, 2000)
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54 Resul t s

541Esti maangtdil o mogr ams

5411 GCeol-bgged Zonation Model

The calibrati-wmaas eod =z dreatgieoonl omgoyd e | treated

sotropic and homogeneoHdasnIweedieu ne,s tainnda tae du nai nf ¢

—

o each geol ogi ght Kaa3werod ne 4 toittrdndet, egdb af kr eogny

N

onation model for subsurface heterFrogeéenéity

| | uss heaeskanflaoendgr ams. TheKacnodg&vialspesn da sngwée I

—+

heir 95% confidenéeginDervals are plotted a

With sufficient hydreHwuali ce ries pontsiemaldaeidy, f @ar
aquifer (AFB2) with the Kamserr dawd st Nc @n f0i5d em o
value is found to be comparabhg ¢t (dkawst( 2621
= 4.25 N 0.03 oni/-ldmlyerf ogedlh@egicasle model ) , rev
oKis |l ess |Iikely to be affected by the diffe
observation data -Amsedvaohabienf mmondgéokadgybr
to note that relatively narrow ckesidmatces iin
ATB3 and ATCl1l, which are two aquitards under |
Thi s ma y be attributedetmn sheul @kd tubd/i @la/rdad
2013/ 04/ 30: prior pumpingf2101j3ddt0i/ 8l : i mberemat

f omodel calibration, which results -siulpppayl ar
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pumping that modifies the r3ganodn aAT Cglr. o U md veatr
esti Mawédes for the upper and | ower geol ogi
Bedrock) are found to be close to the provi
confidence inter vKaelssaitimnsd i e&crad ei nshertsitthievsee t o

utilized for model cal i bration.

(a) i

K (m/day)
2.0E+02
7.6E+01
2.9E+01
1.1E+01
| 4.2E+00
1.6E+00
6.2E-01
2.4E-01
9.0E-02
3.4E-02
1.3E-02
5.0E-03

Ss (/m)
1.0E-02
5.3E-03
2.8E-03
1.5E-03
8.1E-04
4.3E-04
2.3E-04
1.2E-04
6.6E-05
3.5E-05
1.9E-05
1.0E-05

Fi g7EsSt.i Han®tdomograms fr-bamsetezgerpatiogy model
esti Waboemmdgrams, whi IS¢ omogriamdi cates t he

-12-1



On the o&hseti mands obtai hhadetdr amnthe oge mbed
similar charkedteirmegptaa s.8Scdestta tmag es wi t h hi gh
obtained i n geol ogi cal units with sufficie
corresponding hydraulic properties are sensi
and AQ3xestwhmheebhe rest geol ogical uni ts are
and the evaluated | arge confidence interval:

esti mat es.

5412 Geostatistical l nver se Model

Geostatisticalofi Atveenrrgs emuvmmei Ocei Ipradg oKds8 updat e
estimates iFttgBialtd vel yat eadotf hd hehasngeul @aft ed a
hydraulic head data for all «coKaph3fttoento girtaenmrsa t
at the iteration of 161 wkfreer. sed kesu refda caen dh ept

characterization within the Mannheim well fie

As showng8j nhgeostatisticatermvewusi onhpalf waéalk
with prior geological infor Kaei enogeneiat g, gs
the wdhkRooand | Whmano(@0dB8¢d a -FHAl st adel dt
However, such intrKalsayent tatsarbdgenei ttyhei nupp

units due to the | ack of hydraulic response
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z

() i

K (m/day)

2.0E+02
i

7.6E+01
2.9E+01
1.1E+01
4.2E+00
1.6E+00
6.2E-01
2.4E-01
9.0E-02
3.4E-02
1.3E-02
5.0E-03

Fi g8 EsSt.i Ham@tdomograms from the geostatistical
K tomogram, while (bh)omodiamtes the esti mate

I n compar K¢ omo g opamhetShteo neosgtriama tferdom t he g
inverse model does not show any distinct int
supply aquifer (AFB2) with suf fHicoBgnst. Thydr as
in |'ine with ®8hgethesutt stdhdagprtdeerbred whiegh ,i ns mo
tomograms were obtained whesqaquihfaermrlcagui zamnad

through T®BT anemubysaited municipal well data. T
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det aSimayomainly be attributed to the wutili z:

—+

he beginning of each day (12: 00 am)aftet mo

ignores-ttme -lemavteely vari ations regarding daily
rates, which have been evaluated &esbiemafesr
(Sun et. al ., 2013)

The esKam@veldues from the geostatistical [

-

egarding their uncertakKamndSrsesbhiadsueadl ovna rd aarnrc

~

showmng@s DIn general, | arger residual varian

uncertainties of these estilmad%rsely eaan ks wihcad

esti mdaedsvlar i ances are relatively smad |l wit
supply aquifer (AFB2), where sufficiekt hydr
anlesti mates. The var imowdesy eoc drme lugprpgear awmHkd
units and towards the | ateral boundaries of
oKanfesti mates due to the | ack of hydraulic

| ®r esi dualarvearliarmngers K hamugtglesse ngf theS hi ghet
estimates I KesbimmaresonThios again emphasi zes

observation data selected for tShees t a malt ese s

di scussed above. Furthermore, such uncertain
wa tleerv e | variations wusing transducers and ad
upper and | ower geol ogi cal uni e schaara dt grhil zy

results and to yiKah®ft hredu @atbhd et etsh e mait ms| atfi o
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5413 Di fference between Two Model s

I n order to better i1l lustrate the intralay
properties grhevtetad ed e d fhitrwtui st i cal i nterpreta
di ffer ekacnedSvlianf ués obt ai nebdadadnz drmhaet igem | omgd

modelex®mput ed and plFotgi ed, as shown in

V\é/ * (d) VsL__

InSs_diff
0.40 200
0.34
028 150
0.22
0.16 NI00
0.40
0.04 50
0.02
-0.08 Y
044 6000
0.20

Fi g:Coomputed di fference(s/ mf JValKudam/ dbbtygdi mend fl
based zonation and geostati stri clan K smmad eulessS P
associated with the geostatistical model , al
Il nK aadi flIfreS ences, respectivel vy, whi-sceal(eb) é
heterogeneity pateepgstfor K and S

I n parRiigQud mei,g9%ci bl ustrate the KpantdSalln di s
di fferences, rietshp etchtel vied eyn t iafl ioetey dWaayhdeki gbound
59dhi ght hg@ght ev esaclacl de lhaertgeer oglkared, t vy e ptetce n ve | fy
3D perspective maps with Kéard oN@Se0 3 hfoarh ts 0§ e

figures, posi ti veKavnddeusetsi mart ceisc aotbet ati maetd tf hreo m
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model are higher thbhasethozendtrioontimedaleol wlig

indi cat e Ktam&less mmht es are obttadaicrad d mforderh .t he

As shdwm9%i ml-acaglee i ntral aKes mataealrggepeetl
the -wapplty aquifer (AFB2) , where most well s

response dat a.gesHoaneev eirnt rsaulcahy elrarhet &(Faggenei t

59) , resul ti &galoneeswi mht edAFB2 to be simila
geolbosgeyd zonation model . This i1indicates that
cali bration are not senSwittihvien ttoh & hset wsdyatad rad

offi g9aamii gcalbso reveals th&KtanBegondatbe dbfct
from theozd@hmatanop®dinst rifout igeerost at jisnt el ayawnv
heterogene&iatntlasei nebiondd within the product.i
| ower geol ogi cal units of AFRB@r mAsmn nmeadt @od e
incorporated for model calibration -sepplys i
pumping, making iKtan@foabubbei hotbset athpbeent ¢

ATB3) where no observation data are avail abl

As shaowmobi mt.he del-smaelag ehde tl earr ggenn d ihti yn  pAdtBt2e
il lustrate t hkhzome ries aitd e/retl iyf iHeag hd oovma ihre, swluit
relatikzdyeliow i dentified in the northeast o
and Kzoowmmes wit hsiunp ptl hye awgautiefrer ( AF BKe)s tii smad erss

obtained from traditiecemalp rpwmpiunsd yt esetrsf otr meetc
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wel | field. I n paKwviatwlear wer el atbitvaa Inye dh ifgh m
|l ocated at the west (Mannheim West site) and
|l owval ues werferoesttimmatdddi cated pumping te:
(Mannheim East site) and ndrath3es(uamakthiezge ss i t
esti ravtaeldues from previously conducted pumpi
soluteogs, Cooper and .Ja@m bt, hel 9ait6h KV hteaireds, 16
in this study amenpfaclendd ttoo thhe si misltiamma teerdnsf r
of maggnidihnhe®tT anal ydgies mofmulnorcg pal wel | recoc
rel iKelslte mat es. IKre sd a mma reissomgetoct ati stical i

records yields $ddtgihma imokdyl fwictahtiino nE hogOd)p 6 0 d u c |

542 Mo d e | Cali bration

The cal i brwattidoenn raesssuelstssed qualitatively anc
scaloesp of simul ated -l eersusvaohaei vad wade
corresponding mela)n, arbesan utsely) ermreaonedr (ooef(fi ci
deter miRhasibogs .6 . Bresented i Fi §e@aminglB.53. 5.
il lustrate the calibr-absed goatteopland fieos
respectivel y. I n each scatterplot, t hed45A |
observeddvwedt evrar i atabdrmax ki sopliat ttedegs and a |
data points 1is praviedleddaasrmd |iilnleusalroantge dwiatsh

coefficient R) wWealtwea,mi aisaatlamdn(arsms.al cul at ed
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Observed Water-level Variations (m) Observed Water-level Variations (m)

FiglLoCali bration scatterpl ots olfevtenle vsarmuataitoe
geol-boagsyed zonation model, (b) geostatistical

These scatter mleomtsd artdwdadlcatthdtnttelrepr et ati on
yields i mprovedncabmpant somasedcubhenige btbeorgme d
of the computed Lshrat®R)pd asawelproperthes!|l {(near
pointghis i s reasighkettideaoddi arrcee eosntliymat ed f or
heterogeneity characterization using the zo
geostatisti ckad n8meosdteil maa dejsu sitns e ac hr vealteinoenn td atto
However, sever al scattered poilnawvselwiwahr isaitginoi
much small er than the obser vedbaosneeds )z oanraet ioobn:
geostatistical model s. rTehiisn ntaayp tbuer iantgt rriabpuitde

|l evel s using both models, which will be disc

To further assessroahesieati hebatdd akedubdbbsel

| evel variations in each obserivgataimanglwle DI s a
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for the zonation and geostatistical model s,
be able to capture t-hevelevatdlinnobedmwe i byg, of

especially lfocatde wetthin the prodpetiyomqarn &

(AFB2) . I n compabased 2 ondthiceomemdadgly, t he gEe
significantly i mproved onbastecwaddaerv e f gatmu b B i e
mohbrwellgl s ow6a through owl3a, owl6b, and ow
AFB2, and such i mprovement emphasiizseast etrhe i
supply aqui fer. On the other hand, d¢es hofmod
watleervel variations wimbni aweaglelngna(@in.id.u,decwaa,
owll). This may be attributed to the foll owi

watwaarnsr eat ed assadnadi luyt iflliozwe dr rafddei omqg d evih i cdl may
some -tsehromt(i .e., several hours) operations o
(2) therkpatshwayhibgeht ween the observats on wel
whi cihghnmdt be r evealnead ytsherso upgrhe stema ed i n this

avail abil eedatsamalble tsweaelne pfrecadtuucrteiso)n and obser

543 Mo del Val i dati on

The esKamB8tetograms fr&dmselde zgeakogy and

modevlestdhen used to predict munici pal wel | re
cali bration effort (Scenario 1) and drawdow
within ltfhhelwle ( Scenario 2) for model validat:
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For Scena-t evel, vaeen tgavtn iomwee lilng during the vy
werse mul ated and compared to the obseweread one
selected to MatydatkenMtveamhatwesd ahi di fferent | c
simulation domain (i.e., within the product:i
and away from tlre gbh&adnddu ogtl b io9n.| mgs teragt e t he sc
simul at ed e dwastleerv @lbs@ravi ati obasddr zdrhet | @gac
geostatistical model s, respectatvéliy.s lan | e aah
waprovided along wWRvAhl tbeasowekbmatmidiohnesc omp
Il n comparisormatsedt tenge olomgynodel , t he geost
significantly i mpr ovsesd ovvaelriadlalt isocna trteesru | tlse swsi
linear model ), R)h,i gehred scnoarlriaciraléy iobne r(e@amcyi u

and obsetegel watber ati ons.

(@) (b)'r
- y=0.826x-0.016 a - y=0.990x + 0.004 =

- F L] 7 = F .

E | Re=0.900 . . E | Re=0926 "

w 0.5 @ L. 7 @ 0.5

o€

5 - L1=0.109 & 5 - L1=0.085

= r L2=0.020 & = L2=0.013

= I /3 =

© i * @ s I 4 g

> 0F » o~ S ok - .J

= ® =

3 '@l» . g K3 [}

K] e K A

0 ® ® O 'S A

5 & 5 * ot

w©-0.5 ®-05F A

; | B ow16-60 ; | H  owd

A ow3-85 » A ow5
3 N5 I o= 3 3
B ow!

© As : w0 ® o &  owld

B 4 g 2| 34 |

E ' - ow £ '

'(B i > 7?‘1’2&:-:3 'U-, B ; ::Zlfine
4 = = = FitLine B = == = FitLine
i Wad

_ P P R 1 T L _ L 1 L 1 P I P
L5 5 -1 -0.5 0 0.5 1 i -1 -0.5 0 0.5 1
Observed Water-level Variations (m Observed Water-level Variations (m)

Figlilval i dation sesamuémapldt ¥ eo &luesvhee b svearrvieadt i w
Scenari o Xhaged zmemdtoigoon model , (b) geostati
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However, it should be noted that the |1 mpro
to another dependihngy arm ef dedinrablinastat atoens twh &
and observed-l &eeab o wvaa lnidatvii ednusa | mo wita d ielien @ we
summat heestatistiamBhopmepastiwes!| (aRosl ope, i
l' inea) fmadel compari son Kieglud Moa.b |4 xdamian ast it hm
with revealed heKamndgerneéddiet ygedesttaitlist ot al T

i mproved predeceéeli owmanoina weoobr s gwwe hi sd U ahteiadpre d

area and screened in AFB2 (ow3, owbs, ow7b, a
not observed for the wells screened in the wu
owlO in Bedrock), as wel |l as mheaorfewlkRdjgat ©
the | ack of hydKanBiestrmapeasendathase area:t
geostatistical inverse model remain al most
g e o |-boagsye d z o n asthioownir ing@d,ed r,esul ting in sitmilar
t h eved | | oeatti meszonati on and geostatistical
For Scenario 2, drawdown data obtained frc

within the Maweahidgiimiweldl faiselidndependent P UM
val i datFiogi d bdmnudsh e aval i dati on Frrggd Ash.cews Splee i
scatterplots of simulated vewybasedbzenatedomn
geostatistical i iveT B &Il Inuosdterlast,e swhtihlee corr es
dr awdownCampareissoeveabsutl htaits ttihcealg eionsvtear se mo

better validation results r d&cdainhdei ngrb a bneddeyp e n
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zonation inverse model Specifically, with r
area, the geostedt ipgtoivd adlesi hwdrtsea madckdi cti on
from pumping tests conduct edLianldnPolr nasn)d aPn2d wi e
bias in compar-baserdtonvbeseromatiebn whil e the
relating to the pumping test conducted at ow
(a)2 (b) ST .
Zonationl Model Geostatistical Model 4 4 ] " =
:y=0‘768x+0_206 v = 0.861x +0.123 // fﬁ:
R?=0.716 R*>=0.836 # 05
L1=0.186 L1=0.138 j/ S o e SN
E1 5 mHanoo Hm 0 ‘ e ; o 0. 10000 20000 G::::::"ﬁl s 40000
< ‘S
3 £ j/ _— ow20
3 A2 E .
> 2 1.5(/’,
g | v A7 z
o v <}
- i mm 2
8 v A ] m °°
5 ¥ 4 &
E vvv Z, ; %9 10000 20000 30000 40000 50000
| A ow20_GeoStatistical 15
: .; 7 ; s;:é::astll:gsncal 1
" . i i :| Nod = Fitl.line:Geo‘Sla!ilstica.l 05 (.,‘T,-,’—-,’—"
0 0.5 1 15 .
observed Drawdown (m) 5000 10000 15000 20000
Time (min)
Fi gl2vadl i da@&tsiuon sr using dedicated pumping tes
scatterplots of simulated ver-basedbzenaedomn
geostatistical model s, while (b) shows the
curvéaotfhomodel s.
Al t houkgahn @it lbpenogr ams obt ained from the geost
used to adequately predict drawdown curves f
of drawdown data are al so othismewvefdomtowald,| yR

respectivelFy,gla s Tdhh swmaiyn b e

observed

(as

d rweewodbotwani ndeadt at hr ough

s hFoiwgt) ,ihmwhiigchhhtmoduce
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observation data for moSdel ecsal it b nBgytail auneess itt e raid
still ngemnlvecératai nty; and (3) the distance
pumping wells ranges from 9 to 21 m for the
TabbD2g , whil e heterogenei igmdetbhel wel luebhahas

to thecdlae gket erogeneity patterns revealed t

55 Di scussi on

551Ut il i zati on of Munici pal We | | Re

Characterizati on

This study il lustrates that the existing h
affected by multiple production wells at va
heterogeneity charact @4T.z axuicohn mwsmilincg rpealte raEsp
similarly to the tomographic snapshots obtai
the temporally variabl e pumpi ng/ i-snypepcltyi owe Ifll
alter groundwater filngwhfiigalg fflegteamadleid; ovrit e
well s that are coerduddpnetd ftaf camatyi cnmonabout
hydraulic pKom@rtiSepef(eog. to traditional HT
(e. g., Zhao and, Ithemamapakpydirs @D18he existi
proviadsetd feecai ve characterization of subsurf:
of additionahobdedipuampedgcit @ss$ st.erFwrdpherr anoir cel

mul tiple production wells stressesptées wargali
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signal to a greater area compared to d-edicat

scale heterogeneity patterns through geostat

On the other hand, muni ci pal wel | records
operatioBsuppl wawelrl s and t he dcnteilnuveatrsi arte
moni twel hg. Since the joint I nt eaglr et at i omo s
inversion approaches, especially for highly
remains on how to select certain observation
selection on i nver se model walgl wheanoradopftom
heterogeneity character i ztahseyonnt hhea (@ Cctb agatnediyn4 )e
by manually selecting datasets with differe
Foll owi ngprtehsee nweerdk ,i nc othhtai pntueerwi e 4 wae eor ds wi t
magni tud€eovkl|l wattei ati ons 1 s selagdctoend i and hu tsi
(as shHowh) i5nThe wutilization of suKeis tdiamatseed,s
where hydraulic respowesvemd,atSasatdiumasc esdh ¢ éht  atv

uncer Farnhhgr mbeecharacteristics of existing

from one wellfield to another depending on t
the previediss gmmplrioppsstrategy stildl to be r e
result, new approaches need to be developed

perhaps on the basis of the sensifivity of h
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552Per f ormance of two Modeling Approac!

The geamlseegly zonati on model I's commonly ador
at | arge scales (e.g., regional or basin sca
col | &tctwari ous | ocations during site charact.
a conceptual hydrostratigraphic model of t he

features with contrasting hydrnaulAilcsopr d her tcie

of a ¢eaxsledgyzonati on model i'S more computat:.
of par ameters t o be estimated Vi a i nver s e
characterizati on. Howevem, ngt aemtuir@an es maylsd c
structure since the zonation model based on

inverse modeling results.

As mentioned previously, the consinuotee g
uncertainties regarding the interpolated | ay
of most borehole | ogs. To overcpmemehmst esse
of core sampl es, geophysical survey, and so
|l ayer information interpolated from borehol e
also avail abl e t o nrteedwood attheed wreod rotga icratly noofd
|l ayer information and hydraulic parameters (

simulated and obgervwed Hhwdredulailc ,hee®dds8)

I n this st tdbdays,enda bzeoogembdgly treats each ide
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homogeneous/ i sotropic Krend& wanl, ueasn darteh er eepsrte sm

averaged hydraulic properties in eachKunit.
anfesti maetesbt ai nedugmlry tahgeu iwfagrer( AF B XK) ; how
anlyfor the | ayers with few observation data

uncertainties. -bDhsedalkziobraied ogedikebdbgyasptf ouinn
the overall -bekhaVi vaserimén weawelring screened in
yields biased calibration and validation res
i nhernetnrtheagengeneousmetfehydirmueach pgre@l ogi ce¢
hand, the neglect of intralayer heterogeneit
solute transport in subsurface condition, wh
spatial ndio$t miyblutaiud i ¢ par amet er s (iLnuoc ocemip aarli.
2020)Such dr awb@ae &lsoagsyerdd ezro ntatte on i nverse mod
still restrictive in building accurate grou
hydraulic response data are available to vy

parametei sehoi feadhgeol ogi cal uni t s.

Neverthel ess, t-hbasedl tbnatiedngmotehbycan be
of hydraulic parameters for hi ghly paramete

subsurface heterogemeprtiyorc hgpaagalca geird ala tii mfnar ns

i mportance for geostatistical il nversions Wwi |
di stributed observation well s, which is nor |
prior geolmadgi oal, itmffogeostatistical i nver si o
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reveals great details of -swmpgplay aggui fhert ef AB

sufficient hydraulic response data iacraentdwai
i mproved calibration and val i-Wasednzorastui ars
A case of geostatistical i nversion without p
study; however, rel evanti ncpoomptaarnicseo no fr eussu Intgs ¢
as prior information for geostatistical I nt e

t hseynt hetic study .fuesdpramdeemgeClsaptenst 4cal
approach adopte@dowvndebhi anstgsdi mate of the u
esti ManhPwal ues on t he b KainsgSwdr itahrec ec omeppust.e dOt
confirmi ngKatnlgle sit e Imaalelse in the area with suff

suwlriance maps can also be used to guide t

needed to i mprove inverse modeling results.
Overall, the characterization results fro
geol-boagsyed zonati oindenntdiefl i ewd t peawledb i cal struct

step for subsurface heterogeneity character
advocated as the second step to reveal i ntr e

t o aec hmoerve r obust site characterization resu

553Uncertainties

I n this study, the effect o f uncertain in

modeling is minimized based on the proposed
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uncer taassnadiesst ed with model conceptualizati ¢
simul ated and evlerd ervaed awatoears from model cal i

model ing approachles(asgbh.down i n

First, surface water fweaneutr easc c(dtelhr@t. ® d efoants ¢
anal,ysaensd the enti waass oime dbde ofnu ldloynas amt ur at e«
simul ation peri owlasolnhsiisd esiemp Itibff idcaavteiooaan onu m o ir
modeling results wesombat nedseswmpl peagait er
whichocat-2@ m®mObel ow gHowewersuriftackeads to
assimilation and predatwmonhonwaeoldl sh e(acdw 9rbe, s poowis:
owl7b) screened in AFB1l, which is actually \
recharge from surface water features or dir
integrated hydr ol ogri cbotold ed urtfhaade aarcd ugirt su nfd
their interactions i sterrengdweavedr when aadamnmalngzif
aquifers for subsurface heterogeneity charac
hydrol ogucmodsel $iGS for HT analysis is stildl

scale problems such as the one that is under

On the otheorshnt, muhae¢epel waaeirati ons to

regarding model <calibratioimheandowial é sliakg o@e a
in | ower geological units (owld4da, owlé6a, an
production area (ow20, ow23, and ow24). One
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werseebjected to manual measesedmehmte wofobwatreratl
t hat fail to repteseht viheatowemeanplaf fvact e n ta
revealing heterogeneity details through geos:s
reason i 4 etvikeadt vmat &k senebsmeirgdat iman nwel lag f ec

some unidentified stimulus other than-the p

supply wells, |l eading to poor fitting of sim
par amet esrtiazteidstg ecaa Iwaianvoeit £ Mmodelmodel cal i br
continuous rdcecouredi varofatwatnesr in all existing
identified stimuli within the simuiladeéemeai tdy n

characterizati on r esdwlntas nf.or the entire si mu
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6 Study IV: Three-dimensional Steadystate Hydraulic
Tomography Analysis with Integration of Crosshole

Flowmeter Data at a Highly Heterogeneous Site

6.1 S te and Data Description

6.1.1S te Gewdolgygstrumentati on

Data for this study were obtained from the
(U.W.), in Waterl oo, Ontario, Canada. -The NC
rel ated st u(dAleesx asnidnecre eat@ #a0la.b,u n2d0alnlt) t ypes of
cor e sampl e anal yses,stgeéeephysainsalkntdahaad s
measur ement s, and HPT dat a) were <collected
charact eHdrzea,t iwen. f ocus &Kdisstri matiog @opattiheel
geostatistical il nverbel eanfall ywmst orf dhdaetaa awnldl
state conditions with/ wiTlheudt¢ hzartaiod re rgdeconhaoign c
m 45 m7 m in X, Y, and Z directions, respec

site |l ocated in the céntgler 6of the domai n, as

Quaternary sgeglhogynsnedowed t hat t he NCRS
Mor a{ Karr ow, 19 79%;r meéd9 3b)y interl obate gl aci
Wi sconsinan gMactiiani amdsRagedopudo9a8yances an

| obes had resultedliar i luifedpholsyi dahse tbeer noegaetnhe otuhse <

consi stpsl eoefglnaucital till | ayers mixEAl e darmdegid -
et al ., 201ThkkKaereowgeth®8ir®)es in bot harheri zo
apparent through | aborat or(yAlpex amedere tetr ale.s,t
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and |11 mamhi 20KvEil eulecse d a nidti onghOfsr omKivllzor @ alnc e

as hiBgR as

Based on the |ithology information at 18 w
ni ne b drheatoolaend, Iddvalnod@ad & ) lgxe ol ogi cal model
stratigraphic infyprmbaéaglo  ERppeEatdii kelee i snend i ¢
the geol ogi cal model are 70 m, 70 m, and 17
sqguar e wdleld 9int & hleo acee ha ea o nosft rtuhcet endo dgeel o.1 oTg i c
two highly permeable zones composed of sand
for groundwater f | ow Fatglalhseo srievee alBEx atnh antatti
geol ogi cal | ayers exhibit a kame feature tha
consistent with previous wietohiorgitchad Wantveerslito og
which significantly eroded gl aci al tills we
deposits (i.e., (Kattowlshih®@9 8 dandy 1grmgreed pPpo gt ¢
| ayers beneath the study area as prior stru

crehsod e fl owmet-set ababdhendsteagpnse dat a.

As shéwrlbi Bt.héld wemlifnell ddes nine wells wit
Pumping well s PW1, P-W3 ¢ h smud |eteiW5 war & st; h rPeNdl 4

seven diefpftehrrsentand PW3 and PW5 at five diffe

bet wemen olng screened sections is 1 m, and a
Pumping well s, PW2s and PW4s, ar ei naoh swell |

drill ed to di fmf droengt sde petelns awi tthhel bott om i n
formati on. I n addition to these pumping well
wel |l s ar e | epcoaitnetd oaft stghuea rmeiddsa ¢ ¢ veatdd e snoamd ou
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wells (CMT1 through CMT4). Each CMT well cor
m | ong screens smaaparappmDexiamatselaypo2t t he ¢
are av adillexkalna eirnaentBlealg. aM20 1 1) Mdai t i20alrddoe s i n ¢
well s have also been drilledreluasedesthei sgu
t hey are dxicel ppdecdsaell y ims since neither head n.

ahewly cowesltlrsuct ed

@, A p (b) z

: PW2s
; PWS5. cmMr2 | , x
. _ CMT4
PW1 §
| CMT3
35 | .
| i PWas |' CMT1
: MT2 s |
30 PW5. C 'y ,PW25 2 2 i | | 15
; . [} e
& | ° 2
E} CMT3e ®PW1 eCMT4 4 2 L 3 I1 L 2
> 20F | I 1 | | ) | J o
5 3 . 4 g
15 L . | 3 :
N PW4s CMT1 PW3 4 6 i | %
| I 2 | X | |
10F 5 e I _ n
,_,_l_,_.,_ — .
LRy
s5F 30 < |° ¥ I N
- | \ E \
_ ‘ sl
R T DU R WS N S S T | - /,)) : .
80 5 10 15 20 25 30 35 40 45 %) 20\ L_J"I"L’L_L_ZSJ ) |
X m < T
" 1545 20 y (m)

Fi gkl mstrumentation for pumping/injection te
plan view of siwalllatdiosnt rdicthmameo sainodit &) par eege
of well configurations. Diagonal dassehcetd olnisne
A-B anb. C

6.1.2Cr o-bel e Fl owmet er Measurement s

At the NCR&Bolewdl owmes erorsmad eyts fwiewe pwmgd
( PW1, PW2s, PW3, ppPaMlist,i osanl dcydWWbisd tadSce Pptuengpd yn g
PWB3 (PW1 inter¥al(PW3)i mtrerPWbl #3), whsil e&e me:
ot her wel | s. Prior t o timendp wmpiurmad twedtl s, uw

condition wepei mecalobetdebyalthe( M@%4d4lured tot a
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to be subtracted fr om-itnhdeu caenib if & eoswt fl hoegtsi tf co.ry iT

fl owmetwemnsedatta ni zed pr

an initial analwas speif fekkraroavamett & 1 oova i @ g s

stesadgte pumping conhdenm i dinrse catnldy

|l ocati on.

i or

t o

their

i ncl

ctoomptah e

usi

on

und

It |

t

(a) PW2s PW4s
340 340
SRR N B

335 335|banr-mmmmmnnn y 5:7' 77777 ‘% 717 cLay

FRN S T i oy 1| B ST 7 S

L e | | ey I O JUNUNU (O SR 1 - e L s e S 1 [

2200 Soor | [

w I e a3) | e

325; 325; 325 325

-1‘,5‘ -I‘I ‘ -‘DIS ‘U‘”Ofﬁ H!II 1I‘ -1‘5”—‘1 ‘ -0‘,5‘ 0 I‘(]fSI ‘: I1I‘é‘ 0.2 : —DII : DI1 02 rD?I ‘nll ’ ‘ E:1I ‘uz
Flow Rate (lpm) Flow Rate (Ipm) Flow Rate (Ipm) Flow Rate (Ipm
(b) PW 1 PW 3 PW2s PW4s
340, 340 340 340
(R S I L ] [P

335/~ 335_, ''''''''''''''''''''''''' 335 L — 'ﬁi -------- 41 CL:*

3 I O S I B = SR 22| 8 | P

E E | ?JL_'Q_ =2-3 E Calyay SILT

$ L | ol - A gl AT

Sa30 Sasops - Soolpmm T SAND and SILT

u"i I — o S 1]

325 - 325~ 3251 3251

1 1 Lo 1 1 1 | e | L i | L L 1. L
-1 05 0 0.5 1 1.5 -0.2 -0.1 0 0.1 0.2 -0.2 0.1 0 01 02
Flow Rate (Ipm) Flow Rate (Ipm) Flow Rate (Ipm)

Fi gzCr6ascsl e fl owmet er measurements at ebserve
3 and (3bh) NRWmtive and positive values indi.
upward, respectively. Green curves show the 1
orange curves show the wmdadwer epdi nipli avg Ilcoghdiur

curves show the computed

Fi g2suommacir eheod e f | owmet eart

the measured fl ow

| ogs

net

al ong

f lwmpiimglicralty .ng

nehBes oskiietlide m ¢ s at e

PW3, -PW5eadPWes ,

ast esadygt e conHii d2bhsotho,wswhtihlee measur ed

and PW4s wittalh es tpawang8i.nd natte@Ws subvertical
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the borehol e under aanbsiteantte (pgurmepe nn gc u(rowea)n gaen d
are plotted along with the net flow (blue <c
pumpi ngleonfFywowememdtyesomputed at depths where
fl ow measur emedihe aweél asairkeab i ntervals are

l ithol ogy al ohbust&mdtowe Ibbas &h @ ne trihdewalaeld ¢t.h at

measured ambient flow is consistent with the
grda ent in the vertical direction drives gr ol
Kzone, then moves it down and forckmsone. to
However, t he magnitudes of t he meoasama&tdh ermb

mani festing the highly heterogeneous nature
Fi g2r ev.eal s t hantett hfel dcoogpNua fFe-shou leteinleav evle | | s
PW3,d aPnW5) al so correspond wel | tsot @athee p u nphion
at BWPW55 we found thatlgidvouodwakcerelemaeehwel | s
the | oWeronaimphdeeprwar de dml@de bor ehol e Kizro ntehe ur
On the othbolkekahtipwomebes mesaseeepmeaktbsatnsiw
(PW2s andvPWg¢gs3masise than 0.1 LPM) compared to
screened wel | seaddwratneg puhnd@phiitnggo itsepsitise.s -t hat t
induced groundwateasrcrfleowweal | shengag ®niomglbe do
directauemng difficulties-hbbei hVewsteetteao d esh iaar
di scuss.edFulrattheeymos mal Is val ues asnaryemnbeent &i tolfi
fl ownuesteed at drhmka YN\NCVROS ve gr eat uncermresad et y.
f |l mevtdeart a from t hese-sttcwe ewelelelchl eusdtesd fsrionng Iteh e
Asrasul tholerdddwmeter -dataehedmweul i [ PWea
PW5) under tsheattewpusnpeady3cand3 RVvBed ecPWH an

interpr-Btelarf @actk8rdtzearta foene eonfé § sur ed smeerrtei c al
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converted to fl| uxect ibars earnecan dwedtllbeoodes and
waextrdctoend each screen/ casing interval and
resufiftunmgprofilescakengdmwetdddwatae ngu mmwion gt
are il lkisg.o attredt otnawers@bettad dantdasubjected
for the predéebeethodmralkbygsoiwvemet er data have b
hydraulic connectieoms ,i Wifdaatmsread dr Bakudlye i s
that wuses such dataset s (aXidanagn e thnovaela lsger 2a000p8 )o

the heterogeneity in porous medi a.

6.1.3 S e asdtya ¢ &@aH a

PreviousSBestrtgdard |11 man, 2011b, 20hd8uckZbkbdo
15 pumping/injection tests at various | ocat.i
Ssubsurf ace Dieftfearogretnhed It mfrAdcotwmest 8 i n -whi ch
screened wells not used for pumping activitdi
individual scseeeened waeltsl weelk i sol ated u

Lt dnidead r evepensadnheaygt ddpt hs at the site dur
takes advantage of their existing datFaorset s
the presented analtywdsdes hewael wWaed dStroandyld pun
i ndi cdtbedeSipeeci fically, t he resluyl tRBW1lo®W1I hei r
PWZ3, BW3 BW4 anéd wrRWbk i | i zed for i nverse mode
sections. T e gteensBXVEd3i ,(n | ABAW1 PFW1 AW3 RIVP3WHEL and

PWSH werteg eated as independent pumping/injecti
esti Mdtied ds frdmet hingestuodwn. tdsti spenxfcd uded

qguasstieady staxzthe ewasl mWate to the | ow flow rate

We f ol | owe dZ htahoe awaodr ki tadfmeaal ¢ 2001dnl y | ate ti
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ports indicat-sngadyeaige¢ pamnmecstieel., | IN95% ohead
were selected for inverse modeling and 199
Zhao and |I,| Itnhains (s2tOuld7y) i nt egr datoé @& o heowmewley
additionalt hd a&tTa salkted tyeri sgdmei ty at the NCRS.
Tablle&Sutmmary of pumping/injection tests condtl
Operatio Type FI ow Rat ¢ Dur ati on

P wil’ Il njecti 1.89 4.5

P w13’ Pumpi ng 10.50 6.0

Pwy Pumpi ng 6. 30 8.5

P W15 Pumpi ng 4. 40 22.5

P Wi Pumpi ngd 0.95 6.5

P Wi Pumpi ngd 1.05 26.5

PWZ3 Pumpi ngd 1.91 7.0

P wal Il njecti 0.914 4. 4

PW3 Pumpi ngd 2.10 22.0

P W3¢ Pumpi ngd 1.50 22.0

PwW4g Pumpi ng 30.20 22.5

P WEL I njecti 0.85 4 . 5

PWE Pumpi ng 7.80 22.0

P wWst Pumpi ng 7.80 8.5

PW&H Pumpi ng 8.10 22.0

oZhao

6.2 Dat a

6.222 Nu mer |

The

|l ater al

ent i

and

Anal ysis

Mo d e |

" Indicates the test utilized for analyses presented in this study.

domai wadoscgeouuzewai at of UOw4 25

[, | tnhaen
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flow i Aiaenlsi e@al , saturated, poy andlitnedi um
Section 1.1. Theesdyysdtuadygrsouivewattere-Dislfoiw i e ceu a
el ement mod&khVEBAR®DB .s,i mudn3d)e head data and

stesadgte conditions.

Using VSAFTS3, this estcay dbdomethrod etse ldteon usm
fl owmeter tests. Specifically, as csreead reesd owe le
( PW1, P W3, and PW5) wkveael bsed ewdrea , a asnidg rsegd cti
to represent owergtriocuanld waad red u iftl eodwin toe r v arlpse r mes ta
scr efeings3.d |H udthreatceosnceptual i zation of borehol
previousatHTt sd UM@RS and Vi eiKaésd i 2n@1 2)x , rangir
1m/ s tddm/ s for the geologic materi &l at t
value b#m/ls to the elements that rapersethow.y
andKvheue bGImAs to el ements representing cas
possi ble computational Kesaluese aonsragtdrdomr
modelThegeal uers t he numeweifcadtiaudbiomgdmod ieegns of

hole fl owmeter dat a.

The representativeness of t he numer i cal
simul ati-bonl ef ftowmet er Kitegnogrwasn regtti matkees tf |
SSHT study at t he whd € RZShoatoC aasned 3Idl .l1i m&inmi(é2a0tle7d)
|l ogs were compared Fogishewsebséeveodmpaessoant
the simulated verticaolsméhsnuesdbeing simalbl &t e
flow | ogs are compar abl e ail mntge rtrhse dfo rtethedilre . v
suggest t hat t his borehol e chomlceept uaWwmeder

simul ati on Oat tthlee oNGRS®. hand, the dévZalaoped
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al ., azedbpant only flux magnitudes or all flu:
f oKrhet erogeneity char actiearoitz avtaildamd. i Thh e-hs esc osnt

hole flowmehes mehguremeesent the vertical

derive horizont al flow components from thos
simulated flux magnitudes along numeri cal b
verticaurifhehoerodd owmeter surveys. When adop
approxi mation was foumdkreeneéde walld whemal ¥

domi nant |, but-soobpeehowet he é6PWgbeand PW4s) wh
fl uxes were simulated to have thhoel es af nheo wanred e

measur emengcsr eaegn swellgllse were excluded for thi

6.22Inver se Modeling

CharacteKdisgrimbheat3 on at the -NCR&Mdtusmwng
dawasarried out using the Simultaneous Succe
was original Kyangeg 2e0i00gH d mblga thgzZrench et alo. (20
account for the inversion of fl ux odMtean for

conducting SSHT ananlaytsuirsa,l SKoOnQalrA $th@e asfs it & h e

stationary, stochastic process. BriefKy, Sir
field through cokrKiegsitnigmaa reasl yasnids aol fl ionbisteiravle
knowl edget obnahcendi i sK(inteaaln ,p rcooprerretliaetsi oonf |lenr
and the vKr, ancBhefKfineidl i $nthen iterative

i mpl emented Successi (eé&ehi ¢ abaa seegdt i1 rhe&@t69dri f(f Selr
bet ween the observed and simulated head an:t
covari aKkdcecuer ionfg lela@Othhernt erfaamomnhe KpaSiinmdL K iasltsr

provides uncertainty escftK)maDeetsai(lis eof, trhee iadlu
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inversion of fl AppeadaXib#eev,alrleaspRecltdinvel y.

For all Il nversions, pwagseotr mead ben 5.hG,s whiulde
|l engtem® _ ti,and <¢i, the same as those used |
(e.g., Berg and I 11 man, D2uOel ltbo; tzhhepros\aadm bl eafblill m

of head and fl owmeter measurements at t hhe NC

for HT analysis | i kend yc harvac the(rgYleahggtiabdde. Liiemppulc

6.23Pr i or |l nf or mati on

Prior geol ogwaatcowmmiboe dat oo nckKhda rsa crti ebdruitz iomng

NCRS. Specifically, a 2 ocaryeetri ogne orhdodgellcvadiEsa smeodd ec

construtch e diwaltuvhes i n i ndividual | ayers obtai
(Al exander et al ., 2 0 1Tih;e ZdhresahKinfaintedtl itded)dlv abs n 2 (
utilized KbEi elhee fiomn tgabstati stical hinsser si o
di fferent from classical prior geostnataingdt i c a
covariance of hydraulic paramstted £. hlen ecoge

(geol ogicavlel | axydrnahct BewiNN€hR Fnealnues f or each
estimated from per meameter test ome®wltttamatd ma
| aKbdet er ogeNMheeint wsing Si mMmSLE f©eol Hoifaoar&nhaytsiiosn,
has been usoaifmd ctharlmaet eri zing spati al di stril
significantly i mprovead dttaelroge@liiy 22 | B
1 I man, 20IRAi s2D488because SimSLE recursively
t hest i nhaytderdaul i ¢ paramdt eirtse rt@ghgeioismg r iacmmrd me an

covariance from the previous i t(&rhat iedn adervé

On t he oittheirs hiampmglgoz & a t bseett autplse codgmiel I s at t
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slightly different dut hHTg spwrmpda ywhodlneh jfadroodve oert
surveys. Speci fically, -sicnrdeievnieddu awe |slcsr eveenrse |
FLUTe systemsdu(kFIngTd hlet HT) t-lestv sl tvamioati it oms w
depths. The FLUTe systems we rheolree niol voendnew heern
and muktrkeewmwed wells not used for pumpjing (P
PW1 and ePnW3punhpi n3yg) aactRWS5 as vertical condui
Therefore, geostatisticaltat avdawmardeandsait @fd folut
separately usi ng Si mSLE. Foll owing the con
i ntegrfatcirhoonrseo fl owmet er wadatéai enmed ht Br suaghdy ac
esti KWdtetdri bution from Si mSLE Kfniveelrds ifoomr oSi m
inversion of HT head dat a. | n eadtrhcem etatber dms ,
field conditionesdulbthh & thfeii mdKUF Xxeedtadt rcgareddi t i one
fl ux andA hsiamdi Ildart apr o Zdcwr e nwla $ ltdosnadn tlEeyx®) 0 22 &)
resolKetstomates from HPT sheadyecawehteh rHBtardyl
der iKfegdel d was utiliKtdelad tbdre PirmbLE memwner s

yielding significanKheyt eirngpgreonvecidt del i neati on

624 enari o and Cases

The geostatisticawemneveosmedasumderf |tuwo dadt a
on whether prior geological i nf @mr mantdStcoenn a rsi o
1 refers to the inversiostamittthbmogeaeausgnikye

K= &10m/ s. KVhiwaesbt ained by takindKetsheé mge eme

from transient analyses of drawdown data at
at BWBerg and LI ISm&m,ar 2 @dpbi)ion coogrépcoarla tienf or ma

whi c h, SiendBLEh sthet di Kfr efbiddb)d dEDINea@ant o t he ¢
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numeri cal boreholes foestil bwmmdgr amestr emmuh
scenwenesated as intermediate charkKtttelrdzat

for SSHT analyses of head response dat a.

Later, four cases were cKadirgterdi bouutti otho ad h a
through SSHT analysis of head respXKiseldata
Casesthrting witKfiaaeh@anogedeoiusalegr falt o wime tce ro
Case 3: prior str want urhael gierofl mrgmatail o )moldeed e d a
crehsod e fl owmeter data with prior structur ¢

inversions of Cases 1 &ad&BOm/tsa) taerdd wi darha thioan

S5Kf i el dsi,verleys.peFcoor Cases 2 amaol & ,f lwohwneeht ern tc
i nikfiiaell ds wer &f i ®&férdoens tIimaSled i nver si ons of f
and 2, respecti vel yst althee dprraewddi ocwni ocdha toaft fsrtoena
pumping/injece3t,i omWILt FWlI FAW3PRWY3 RIW5 an®) PWhen

val i dat ed Kthoemogsrtaimsatfed m all four cases.

6.3 Resul t s

In the following sections, wef lfdatsd. eVhad n,
characterization weSBHTsahabms @atsiel&lizhi éniegd e d & t
prior i@afer maktisemted and comparwdal i dBatbisem urem
from all four cases are assessed by scattery

quantitative andilpse®)df fitting errors (

6.3.1Inver skloba tod

During elaclhe cfrloecwmepg ®ackesrurwvyegtem was pl ace
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pumped interval within shatwe /pmhmpleeag eman du ot
t wo muistirleeweld well s acted as vermtuiecalo c dcred
di screpancy indwel hgcowbi gu®aiangd RS tagep( PWL1
t he -iltoeorpad ti I aodr geostatistlidatbDaur nnwgr iacrms | ofo
inversion started with the inclusion of the
when pumpi3ng faotl IPPOWlbed by t hose mdasThede wthiema
Kt omogram from the previ oulkf idaaltd sfedr wtalse uitn v
next dataset, and the procedsd obenweeatcdthensti
and observed vertical fluxes stabilized. Th

Esti mator ( SSY&E)a npdr olLpi oudHel a2 ONOYOT) ,t weoee tisn vod r tf & di X

in a |l oop and did not wutilize the esttihmat ed
conditional parameter covariance for the inv
not wuse residual parameter covarianceKis bec

values for SimSLE analysis of f 1l ux Kvatlaiesand
are different for the inver shiodmes fdfowlmedx rd a te
E6shows t heLrgadh aamgfesnotfi on of iteration during

data under two scenari os, and the selected i

Fi g3aami g3bi L ustrat eKdtilsd ra Dtuit madnesat a tB ntsw o Ac
andD&s shbwonlai GBunder Scenari obi (3aaxambawi2hat etslpe
geostatistical inversion of -honley ftiloevmelt ex 6
revemdtedr ogeneiKimpi matyt bensveein t he tesKed wel
tomogr am tchapt tulraeudg wWoy mai n CaRdu iafnedr Kta lupet | ttahnwed N
bet ween them. After i ncor phirgiisiltnogwsp rtihcer rgeefaln
of |1 ntleary/eirnthrea er o fjkeante itthye psaittteerinms codbmp@&rdi S on

zonati omi gho.dEellt (i s 1 nteresti nkKz otmo@ameovteea |tehda tat
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the bottom of PW1, which w&sarmgraevihowalgyh ddHhrare
of s-statdg antd hteraadn srieceE paosaendatl Al. malrh,e 20lv7e;al
hi g one, howesweaeg r esechnbennsth e i nvestigated | it hc¢
high permeabl e sand and silt deposiFt g2 arme ob
This reshat gepsi asi $t-haclag faln@awmesti sr orhe & s WIS S|
geol ogical i nf onroma toind rgeis deif cnangi anlxgyl o eitweere awe |l |

s maslclKlhet er o heeragi.twied 4 s

(a) (b)

K (mls)
1.0E-03
3.2E-04
1.0E-04
3.2E-05
1.0E-05
3.2E-06
1.0E-06
3.2E-07
1.0E-07
3.2E-08
1.0E-08

K (m/s)
1.0E-03
3.2E-04
1.0E-04
3.2E-05
1.0E-05
3.2E-06
1.0E-06
3.2E-07
1.0E-07
3.2E-08
1.0E-08

FiI g3 E$ti nkadiesdt r i btuwad o disargdrsa s A-BBandDChrough
geostatistical i nlvelres ef Imowlired ti earg ddt acir o(sas) w
information; (b) with prior geol ogical i nfor

To Herteval uate the charact eirnwear g iodnatraefs ufl It
t he eskKviamaiteesd wi thin 1 m insdrneaemeweeaedlflagt hede
from both scenarios and pl ot theodvnasoif uBlcit $ on
figure reveals the esKciomarteesdp ovnedritnigc ante Idi swirti
the well | ocat i okivsal uHeoswewietrh o wets tprmacredgeol ogi
1 to 2 orders |l arger than those estimated w
attributedthe Kheefdttoth8tenario 1 was obta

hydraulic test HKHwooabehhomogermradungKiiel @ sit § n

-15-3



mor e aff ectkzdorbeys tthheathipgrho mot e gr oundiwant er f
of prior geol ogical information (Scenari o 2)
significantly | mprkzvoersksees tiinmpatoevse do fc htalkr ea clt cew |
zones with Kesetiambhtesma( yeebaiseo L) e adil cstoi ons
fluxes within bbBreholSegh asmphowsohnhnresults

Kestimayenwme e representative of actual hydr au

Fi ghCokmparfi stome osi mul ated versus obserwved ver
screened wel |l s -sitrad wec epdu mpg /n BB/ a ckyRWGImo g r a ms
estimated through geost-ablsetftalwmebheer dat ané
1 and (b) Scenario 2.

The esKtionmdgrdams through geostatistical I N\

2) were subsequebkiftlil ¢l dud iflorzedSHBE amal yses of
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