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1. INTRODUCTION
An important task in groundwater studies is the estimation of 
groundwatermixingratiosandidentificationoftheassociated
processesinordertoeffectivelyprotectthegroundwaterfromthe
negativeimpactofmixingprocesses.Furthermore,thereisan
urgentneedtostudythespatialdistributionofmixingprocesses
anditissensibletorevealtheadmixtureofgroundwater,bothin
termsofquantityandqualityoftheseresources.Theseprocesses
canincludegroundwaterandriverinteraction(BEYERLEetal.,
1999),submarinedischargeortheformationofbrines(BUR-
NETTetal.,2010),geothermalactivity(HANetal.,2010),and
interactionsbetweenaquifers(RUEEDIetal.,2005).Themixing
ratiofromdifferentgroundwaterparameterscanbeestimatedif
themixedwatershavedistinctchemicaland/orisotopiccompo-
sitionsignaturesandalsousinghydrogeochemicalmodels(mass
balanceandreaction-pathmodels).

Theabovestudiesofmixingratioswerecalculatedmainly
basedontheusefulnessofonlyoneortwoparameters.Theuse
ofonlyacoupleofparametersproducesreliableresultswhich
canbeappliedwhentheaprioriinformationabouttheground-
watersystemisreadilyknown.Actually,Thereareseveralcon-
ditionsthatcanresultininaccurateestimationofthemixingratio
i.e.,sparseinformationaboutthegroundwatersystem,ahetero-
geneousdatabaseofchemicalandisotopicdataandhighspatial
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Abstract
One crucial task in groundwater research and management is the estimation of groundwater mix-
ing ratios. Here, estimations of mixing ratios are presented systematically and spatially for shal-
low and deep groundwater in some areas of excessive groundwater pumping with different mag-
nitudes of groundwater drawdown. The mixing ratios are estimated using two methods: (1) the 
total mixing ratio using all parameters, and (2) the mixing ratio using nitrate concentrations. The 
values for the total mixing ratio indicate that mixing between the shallow and the deep ground-
water clearly occurs in all three depression areas, but with different ratios. The spatial distribution 
map of the total mixing ratio clearly shows that the largest mixing ratio occurs near the center of 
the cone of depression, and that the ratio decreases gradually away from the center of the de-
pression area. There is a positive correlation among total mixing ratios, CFC-12 concentrations, 
and modeled vertical flux. Remarkably, the highest correlation is found between the correlation 
of the total mixing ratio and magnitude of vertical flux in the largest drawdown area. Meanwhile, 
comparison of the mixing ratio calculations by the different methods showed insignificant corre-
lation which means nitrate is ineffective as the prevailing contaminant tracer for deep groundwa-
ter in this basin. Overall, this study concludes that the method of total mixing ratio using all che-
mical parameters is the most effective and consistent with previous methods. This study provides 
further proof that groundwater mixing between the shallow and deep groundwater systems has 
clearly occurred in the Bandung basin as an impact of excessive groundwater pumping. 

variationsoftheend-members.Undertheseconditions,itwould
beworthbasingthecalculationoftotalmixingratiosonallthe
availableparametersmeasuredbecausetheuncertaintyofesti-
mationcanbereduced(RUEEDIetal.,2005).

Nowadays,industrialization,urbanization,andpopulation
growthhascreatedahostofenvironmentalhazards,reflectedin
subsurfaceenvironmentalproblems(FOSTER&CHILTON,
2003).Moreover,inAsiancitiesasveryrapidlydevelopingareas,
subsurfaceenvironmentalproblemsaremostlycausedbyexces-
sivegroundwaterpumping,groundwaterdrawdownandground-
watercontamination(TANIGUCHIetal.,2008;JAGO-ONetal.,
2009;HOSONOetal.,2011).Specifically,inIndonesia,asigni-
ficantgroundwaterdrawdownhasbeenreportedthroughoutbig
citiessuchasJakarta,Bandung,andSemarang,startingfromin-
creasingofwaterdemand leading to excessivegroundwater
pumping(WIRAKUSUMAH&DANARYANTO,2004).This
excessivegroundwaterpumpingcouldresultinmixingprocesses
betweengroundwatersfromdifferentsystemsoraquifers. It
mightcausedilutionofthegroundwater,withthepotentialto
causethedegradationofgroundwaterquality.

IntheBandungbasin,humanandindustrialactivitieshave
influencedthegroundwatercondition.Sincetheearly1970s,
manytextileindustrialactivitieshavetakenplaceintheBandung
basin.Industrialization,alongwithurbanizationhascauseda
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significantincreaseinwaterdemandintheBandungBasinwith
thebiggestgroundwaterconsumerbeingthetextileindustries.
Consequently,therearethreelargegroundwaterdepressionareas
withintheseindustrialandurbanareas,whichhavedifferent
magnitudesofgroundwaterdrawdown.Inthestudyarea,exces-
sivegroundwaterpumpinghascreatedaverticaldownwardflux
fromtheshallowtodeeperaquifers,whichhascausedground-
watermixinginthoseareas.Mixingwasindicatedbyobserved
highCFC-12concentrationsindeepgroundwaterandthevertical
fluxwasconfirmedbymodeling(TAUFIQetal.,2017).

Tofurtherevaluatemixinginthegroundwater,itisneces-
sarytocalculatemixingratiosthatcanbeachievedusinghydro-
geochemicalparameters.Furthermore,itisalsonecessarytoin-
creaseourunderstandingofthemixingprocess,andtofurther
provethattherewasgroundwatermixingduetoexcessivepump-
ingintheBandungbasin.Inthispaper,thecalculationofmixing
ratiosbetweenshallowanddeepgroundwaterwillbepresented
systematicallyandspatially.Inthefirstpartofthispaper,theto-
talmixingratiowillbedeterminedbyinvolvingallmeasured
parameterstoeliminatepossibleobserverbiasandreduceesti-
mationuncertainty.Meanwhile,inthesecondpart,themixing
ratiowillbecalculatedbyinvolvingonlyoneparameter,nitrate,
asacontaminanttracer.Forfurtherevaluationofgroundwater
mixing,theestimatedmixingratioswillbecomparedforthree
depressionareas.Theresultsarealsocomparedwithresultsfrom
previousinvestigations.Finally,thetwomethodsofcalculating
mixingratioswillbeevaluatedbothscientificallyandpractically.

2. STUDY AREA
BandungBasinislocatedinthecentreofWestJava,Indonesia
andisoneofthemostdevelopedbasinsinIndonesia.Bandung
isthecapitalofWestJavaprovince,themostdenselypopulated
provinceinIndonesia,andthecentreofitstextileindustry.The
BandungBasinhasanareaofabout2300km2,includesfivead-
ministrativeregions,andcurrentlyhasapopulationofmorethan
7millionpeople.Thebasinissurroundedbymountainsupto
2400mhigh,consistingoflateTertiaryandQuaternaryvolca-
nicdeposits,forminganintramontanebasin.Thegeologyofthis
basinisclassifiedintothefollowingthreeformations,oldestfirst

(HUTASOIT,2009):CikapundungFormation,CibereumFor-
mationandKosambiFormation(Figure1).TheoldestCikapun-
dungFormationiscomposedofconglomerates,andcompacted
breccia,tuff,andandesitelavaandformsthebasementofthe
groundwaterbasin.TheoverlyingCibeureumFormationisa
fan-shapeddistributionofvolcanicdepositofLatePleistocene–
Holoceneage.TheyoungestKosambiformationisdistributed
inthecentreofthisbasin,asalakedeposit,anditslithology
consistsofunconsolidatedclaystone,siltstone,andsandstoneof
Holoceneage.

Hydrogeologically,theBandungBasincanbedividedinto
twogroundwatersystems:ashallowoneandadeepgroundwater
system.TheshallowgroundwaterisfoundintheKosambifor-
mationortheunconfinedaquiferwithalocalflowthatisaccessed
fromdugwellswithdepthsmuchlessthan20m.Meanwhile,the
deepgroundwaterisalliedwiththeCibeureumformationasa
semiconfinedandconfinedaquiferwithanintermediateandre-
gionalflow.Itisaccessedviadrilledwellsmainlyintheindus-
trialareawithwelldepthsexceeding40m.Tocalculatemixing
amounts,itisassumedthatthereisamixtureofwaterfromthe
twoaquifersystems:shallowanddeepgroundwatersinthede-
pressionareasduetoexcessivepumpingofthisbasin.Thereare
threelargegroundwaterdepressionareasintheindustrialcomplex:
Cimahiarea(CMHI),Rancaekekarea(RCK),andDayeuhkolot
area(DHYK)(Figure1b),thatarewell-knownbytheircodesas
theinvestigationareas.Monitoringofthedeepgroundwaterlevels
wasaccomplishedbythebasinauthority:theOfficeofEnergy
andMineralResources,WestJavaProvince.Theresultsshow
thatforthedeepgroundwaterpotentialoverthepasttwentyyears
theCMHIareahasthelargestrateofgroundwaterdrawdownde-
cline:1–2m/year,theRCKareaisdecliningatarateof0–1m/
year,andtheDHYKareaisdecliningataslightlylowerratestil.
According toTAUFIQetal. (2017), thegroundwaters in the
BandungBasincouldbedeterminedbasedontheirhydrogeo-
chemicaltypes,whichare:aCa-HCO3typefortheshallowaquifer
andaNa-HCO3typeforthedeepgroundwater.Buttherewere
someseeminglyrandomoccurrencesoftheCa-HCO3typeinthe
deepgroundwateratthreedepressionareasthatwereidentified
astheresultofgroundwatermixing.

Figure 1. Location map of the sampling points plotted on a geological map (HUTASOIT, 2009): a) for shallow groundwater, b) for deep groundwater. The points 
with potential contours (TAUFIQ et al., 2017) and the locations of their end-members. The shallow groundwater flows from the periphery to the centre of the basin 
meanwhile, the deep groundwater was identified where there were three depression areas: CMHI area, RCK area and DHYK area.
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3. METHODOLOGY
3.1. Sampling and methods
Inthisstudy,allthehydrogeochemicaldatawereusedforthe
shallowanddeepgroundwaterthathavebeenobtainedfordeter-
miningwatercompositionintheBandungBasin(TAUFIQetal.,
2017)(Appendix1).Atotalof40shallowand65deepground-
watersampleswerecollectedbetweenMaytoJuly2015.Some
in-situtests,suchastemperature,pH,dissolvedoxygen(DO),
electricalconductivity(EC),andoxidation–reductionpotential
(ORP)ofthewatersamplesweremeasuredinthefieldwithd
qualityminimalatmosphericcontact,usingaportablemeterof
WM-32EP(TOA-DKKCo,TokyoJapan).Watersampleswere
collectedseparatelyforeachanalyticalprocedure(methodsde-
tailedinTAUFIQetal.,2017):majorions(Na+,K+,Ca2+,Mg2+,
Cl-,SO4

2-andHCO3
-)andstableisotopes(δ18Oandδ2H).For

sometraceelementconcentrations,Fe2+andMn2+concentrations
wereanalyzedusinganinductivelycoupledplasmamassspec-
trometer(ICP-MS)(NexION300D,PerkinElmer,USA)andusing
standardmodeandkineticenergydiscrimination(KED)mode.
Replicateanalyseswerecarriedouttochecktheprecisionand
accuracyoftheresults.Precisionwasbetterthan±10%,evalu-
atedfromtherepeatedmeasurementofstandardreferencesolu-
tionswithcertifiedconcentrations.

Foranalysisofnitrateconcentrationsandnitrateisotopera-
tios,watersampleswerealsocollectedseparately(methodsde-
tailedinHOSONOetal.,2013;2014):Nitrateconcentrationwas
measuredbyionchromatography(DIONEXICS1600,Thermo
FisherScientificInc.,USA);andthenitrateisotopecompositions
weredeterminedfollowingthedenitrifiermethodofSIGMANet
al.(2001)andCASCIOTTIetal.(2002).Usingthismethod,a
samplecontainingnitratewasconvertedtonitrousoxide(N2O)
bydenitrifyingbacteriathatlackN2O-reductaseactivity.This
wasthenstrippedfromthesamplevialusingheliumcarriergas,
purifiedusingcryogenictrapping(ThermoFisherPreconSys-
tem),chromatographicallyseparated(ThermoFisherGasBench),
andanalyzedusingmassspectrometry(ThermoFisherDeltaV
Advantage). Isotopevalueswerecalibratedusing theUnited
StatesGeologicalSociety(USGS)andInternationalAtomicEn-
ergyAgency(IAEA)nitratestandards:USGS-34,USGS-35,and
IAEA-N3.Basedonreplicatemeasurementsofstandardsand
samples(n¼288),theanalyticalprecisionsforδ15N-NO3

- and 
δ18O-NO3

-werebetterthan±0.20/00and±0.30/00,respectively.
Thenitrogenisotoperatioforpowderedsampleswasdetermined
bymassspectrometryinterfacedwithaCNSelementalanalyzer
(ThermoFisherFlash2000).Theanalyticalprecisionoftheana-
lysiswasbetterthan±0.150/00.

3.2. Calculation method of the mixing ratio 
Nomenclature
Cconcentration mmixingratioofaparameteri 
Pgroundwaterparameter n totalnumberofparameters
Ssample wweightofparameter
σ standarddeviation
Thecalculationofmixingratiosinthisstudywasappliedusing
someequationsfromthefollowingprocedures(RUEEDIetal.,
2005;HANetal.,2010).Firstly,thecalculationusedallthepa-
rameters(S)fortwoend-members:end-member1forshallow
groundwater(C1)andend-member2fordeepgroundwater(C2).
Theendmemberswerethemostrepresentativesampleswhich
hadnaturalgroundwaterquality.Thetwopreviousstudieswere
consideredthathadcharacterizednaturalgroundwaterinthe

Bandungbasin.AsmentionedbyWAGNER&SUKRISNO
(1998)andTAUFIQetal.(2017),theshallowgroundwaterwas
characterizedgenerallyasanCa-HCO3-type,generallylowoxy-
genlevels,elevatedFe2+concentration,elevatedMn2+concentra-
tions,  andhighCFC-12concentration,meanwhile thedeep
groundwaterwascharacterizedgenerallybytheNa-HCO3-type,
withelevatedCl–concentrationsandnoCFC-12concentration.

Theestimationbeganbycalculatingthemixingratio(mp) 
foreveryconcentration(C)ofeachparameter(p)usinganequa-
tion (1). The equations (1) – (4)were applied by following
RUEEDIetal.(2005);
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Next,themixingratiowasestimatedusingonlyonepara-
meterandonlyusingequation(1).Theparameterwasnitratecon-
centration,selectedconsideringitsnitrateisotopes,thestable
isotoperatiosofnitrogenandoxygen.Itwasselectedbecausethe
nitrateconcentrationisanongoingcontaminantinthisbasin.
Moreover,sincethe1970s,nitrateisotopesareapowerfultracer
forrevealingconcealedcontaminantsources(i.e.KREITLER,
1979;KAPLAN&MAGARITZ,1986;HOSONOetal.,2013).
ThepossiblesourceofNitratecouldbeidentifiedfromgroupsof
isotopecompositionranges,usingtheapproachofKENDALL,
(1998)andSINGLETONetal.(2007):GroupA(thenitrification
ofNH4

+infertilizer;−8to+5‰,−5to+15‰,forδ15N-NO3
- and 

δ18O-NO3
-,respectively);GroupB(soilnitrogen;+3to+8‰,−5

to+15‰);GroupC(manureandsewage-derivedNO3
-:0to+25

‰,−5to+15‰);GroupD(fertilizer;−5to+8‰,+15to+25
‰),GroupE(precipitation;−5to+10‰and+18to+70‰),re-
spectively(Figure5a).

RESULTS
4.1. Selection of end members
Firstly,twoend-memberswereselected,oneforshallowground-
waterandonefordeepgroundwater,basedonassumptionsof
theirmajordifferencesintermsofhydrogeochemicalsignatures
andbasedonthegroundwatersystemofthestudyarea.Thetwo
end-membersforthedualgroundwatersystemintheBandung
basinwere:

End-member1–shallowgroundwater.Thisgroundwater
wascharacterizedbyelevatedCa2+concentrationsofapproxi-
mately50mg/l,elevatedHCO3

–concentrationsofapproximately
200mg/l,lowNa+ concentrationsaround35mg/l,K+concentra-
tionsaround10mg/l,Mg2+concentrationsround15mg/l,low
Cl–and lowconcentrationsofaround40mg/l (WAGNER&
SUKRISNO,1998).TheCa2+concentrationandCFC-12concen-
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trationsinshallowgroundwaterwerehigherthaninthedeep
groundwater(TAUFIQetal.,2017).

End-member2–deepgroundwater.Thisgroundwaterwas
characterizedbyelevatedNa+ concentrationsofapproximately
50mg/l,elevatedMg2+concentrationsaround20mg/l,elevated
Cl–concentrationsofaround45mg/l,andHCO3

–concentrations
ofabout250mg/l,lowCa2+concentrationsaround40mg/l,low
K+concentrationsaround10mg/l(WAGNER&SUKRISNO,
1998).LowornegativevaluesforORP(Oxidation-Reduction
Potential)andnoCFC-12concentrations(TAUFIQetal.,2017)
meanthatthisgroundwaterischaracterizedbyeitherreducing
conditionsoftheconfinedaquiferorthatthewaterisoldandun-
contaminated.

Notably,persistentcontaminantsor‘unnatural’substances
thataffectthemajorchemistryorisotopicgroundwatersignature
wereexcludedfromthedefinitionofthenaturalparameters.Ac-
cordingtoWAGNER&SUKRISNO(1998):theshallowground-
waterhadelevatedFe2+concentrationifit’svaluesexceed1mg/l
(definedaselevatedsubstance1)andMn2+concentrationifit’s

valuesexceed0.5mg/l(definedaselevatedsubstance2).Mean-
while,accordingtoTAUFIQetal.(2017):theshallowground-
waterhadelevatedlevelsofCFC-12concentrationifthisexceeds
>576pptv(definedaselevatedsubstance3)andfor thedeep
groundwater,ithadelevatedsubstancesifCFC-12concentrations
wereobserved,asayoung(modern)tracer.Inaddition,nitrate
concentrationwasalsoidentifiedaselevatedsubstance4.Since
therewasastudyaboutitsnaturalbackgroundvalues,thecut-off
levelof3mg/lwaschosenbasedontheobservationsintheBand-
ungBasin(TAUFIQetal.,2018).

Theselectionofendmemberswasundertakenbytaking
samplesthathadnounnaturalsubstancesandwerelocatedatthe
furthestpointpossiblefromapotentialcontaminantsourcefor
everydepressionareas.Theshallowgroundwatersamplewas
theclosestlocationtotherechargeareaortheperipheryofthis
basinandthedeepgroundwaterwasthefurthestlocationfrom
thedepressionareaorindustrialarea.AsamplenumberS7was
chosenasend-member1(from4samples)becauseitslocation
wastheclosesttothenorthernarea;andD46forend-member2

Figure 2. The spatial distribution map of the total mixing ratios for all samples of deep groundwater in the depression areas: CMHI area (a), RCK area (b), and DHYK 
area (c). The points with potential contours from observation wells (TAUFIQ et al., 2017). 
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(from15samples)becauseitwaslocatedfurthestawayfromthe
depressionarea.SelectionofendmembersintheCMHIareais
presentedinTable1,andplottedinFigure1.Usingthesameap-
proachfortheRCKandDHYKareas,S12andS11wereselected
asend-membersoftheshallowandgroundwatersamplesrespec-
tively;andD27andD30aasendmembersofdeepgroundwater
samples.Theselectionof theendmembersfor theRCKand
DHYKareaispresentedinAppendix1.

4.2. Calculation of the total mixing ratio 
Tocalculatethetotalmixingratio,alltheaboveequationswere
applied.Thecalculationwasidealforestimatingthetotalmixing
ratiobecauseitusedalltheimportantparameters,7majorions,
and2stableisotopes.Thecalculatedtotalmixingratiosvary
from0.01to0.69.Theseresultsindicatethattherewasmixingin
deepgroundwaterduetoarechargingverticalfluxfromtheshal-
lowertothedeeperwaters.IntheCMHIarea,themeanofthe
totalmixingratiowas0.43whichislargerthantheotherareas.
TheresultsarepresentedinAppendix2,plottedinFigure3aand
summarizedinTable2.

Thespatialdistributionpatternofmixingratiosshowsaclear
relationshiptothecontourpatternofthedepressionareas(aspre-
sentedinFigure2).Thespatialdistributionmapofthetotalmix-

ingratiointheCMHIareaclearlyshowsthatalargermixingra-
tiowasfoundclosetothecenterofthedepressioncone,andthe
mixingratiograduallydecreasestowardstheedgesofthecone.
ThispatternwasalsoobservedintheRCKandDHYKareas,but
islesspronounced.Itisduetothebiggestverticalfluxofwater
occurringatthecentreofthecone,meaningthatthedeepest
drawdowncausessubsequentgroundwatermixingbetweenshal-
lowanddeepaquifers.Thus,thegradualdecreasetotheedgeof
thedepressionzoneisalsospatiallycontrolledbythedepthof
drawdown.Themixingpattern in theCMHIareawhere the
greatestdrawdownoccurredismorespatiallyrelatedtothecone
ofdepressionthanfortheotherareas.

4.3. Calculation of the nitrate mixing ratio 
Therangeofnitrateconcentrationsisbetween0.20and20.69
mg/l;noneoftheanalyzedsamples(n=93)exceededtheWorld
HealthOrganizationlimitof50mg/lforboththeshallowand
deepgroundwatersinthisbasin,butsomeoftheshallowground-
watersexceededIndonesia’sstandardof10mg/l.Notably,inthe
BandungBasin,theshallowgroundwatertendedtobemoreni-
trateenrichedthanthedeepone,asdepictedinFigure4.This
enrichedtrendofbothgroundwaterswillbecomparedindetail
inafuturepaper(TAUFIQetal.,2018inpress).

Figure 3. Correlation between (a) magnitude of CFC-12 concentrations and the total mixing ratio, (b) magnitude of the vertical flux and the total mixing ratio. The 
variously colored dashed lines indicate the regression line of each correlation for each area.

Figure 4. Distribution maps of nitrate concentrations for (a) shallow groundwater and (b) deep groundwater plotted on a land use map (BAKORSORTANAL, 2009).
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Table 2. Summary of the statistical analysis from the calculated mixing ratios.

a) CMHI area        

Descriptive statistic CFC-12 
concentration*)

 Vertical 
flux*) 

Total mixing 
ratio

Nitrate 
mixing ratio

Mean 188.24      169,544 0.43 0.29

Standard Error 26.48        20,299 0.05 0.10

Median 156.17      178,186 0.49 0.26

Standard Deviation 105.91        81,195 0.19 0.26

Range 382.04      296,752 0.68 0.78

Minimum 23.20          4,008 0.01 0.00

Maximum 405.24      300,760 0.69 0.78

n 16               16 16 7

b) RCK area        

Mean 114.80      201,819 0.15 0.29

Standard Error 25.72        41,518 0.03 0.11

Median 100.34      235,762 0.12 0.13

Standard Deviation 92.72      155,347 0.10 0.30

Range 290.34      464,918 0.27 0.77

Minimum 11.72        11,262 0.00 0.02

Maximum 302.06      476,180 0.27 0.79

n 13               15 15 7

c) DHYK area        

Mean 211.29      161,058 0.12 0.29

Standard Error 41.63        91,076 0.04 0.12

Median 247.21        29,543 0.04 0.19

Standard Deviation 117.74      340,774 0.16 0.29

Range 346.06   1,303,381 0.46 0.70

Minimum 17.73             101 0.00 0.00

Maximum 363.78   1,303,482 0.46 0.70

n 8               14 14 6

*) Data from TAUFIQ et al. (2017)

Thenitrogenisotoperatiosofthepossiblesourcematerials
revealeduniquesignatureswithsomecompositionalvariations.
Theδ15NNO3ofgroundwatersamplesrangedfrom−1.2‰to
47‰,andδ18ONO3rangedfrom−12.2‰to33.7‰.Differences
inisotopiccompositionbetweentheshallowanddeepground-
waterwerenotdiscovered,possiblyduetothemostlikelyand
predominantsourceofnitratecontaminationintheinvestigated
areasbeingsepticwasteleakage(GroupC)fromtheurbanarea.

Forthepurposeofthisresearchtoinvestigategroundwater
mixinginthestudyareas,onlynitrateconcentrationsinthethree
cone-of-depressionareaswerefocusedon.Notably,onlydeep
groundwatercontainingCFC-12concentrationswereselected
whichimplieseitherthatitwasrechargedfromshallow(younger)
groundwater(TAUFIQetal.,2017)orthatthenitratewasalso
possiblyrechargedfromtheshallowgroundwater.Accordingto
KENDALL(1998)andSINGLETONetal.(2007)thenitratein
theseareascanbeidentifiedfromthefollowingpotentialsource
groups:A(3samples),B(13samples),C(34samples),andD(5
samples),presentedinAppendix3andFigure5.Inaddition,deep
groundwatersampleswithlowDOvalues(<2mg/l)wereomit-
tedbecauseofthesignificantdenitrificationthatpreferentially
occurs(BÖHLKEetal.,2002).Thedeepgroundwatersamples
inthedepressionconeareasappearedtohavebeenrecharged
fromshallowgroundwaterthatcontainedseptictankwasteand/
ormanurewaste(GroupC,asmentionedinSection3.2),soonly
thesesamplesinGroupCwereusedtodeterminethenitratemix-
ingratios.
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Thenitratemixingratioswerecalculatedusingonlyequa-
tion(1)withthesameend-membersasthetotalmixingratiocal-
culation(Section4.2).Thecalculatednitratemixingratioswere
between0.01and0.78.Thecalculatedmixingratiosfornitrate
indicate that themixing between the shallow and the deep
groundwaterclearlyoccursinallthreedepressionareas,butwith
differentratios.Boththedifferencesinnitratemixingratiosand
totalmixingratiosreflectthevariationinmagnitudeoftheflux
fromshallowertodeepergroundwatersandarecontrolledbythe
degreeofdrawdownfrompumping.Theresultsarepresentedin
Appendix3.,plottedinFigure3b.andsummarizedinTable2.

5. DISCUSSION
Forfurtherevaluationofgroundwatermixingbetweentheshal-
lowanddeepgroundwaterscausedbyexcessivepumping,the

calculatedtotalmixingratioswerecomparedwithotherearlier
resultsofTAUFIQetal.(2018a).Thefirstdiscussioninvolvesthe
relationshipbetweenthetotalmixingratiowith2previousme-
thods:betweenthemagnitudeofCFC-12concentrations,when
itisusedasahydrogeochemicaltracerandthemagnitudeofver-
ticalfluxasdeterminedbymodeling(Table2;TAUFIQetal.,
2017).Thelastdiscussioninvolvesacomparisonofcalculation
ofmixingratiosusingalltheparametersagainstusingonlyone
parameter.

Thetotalmixingratioshadapositivesignificantcorrelation
(p<0.05,N=14)withthemagnitudeofverticalflux(Figure3a)
asdeterminedbymodelinginallofthethreedepressionareas,
buttherewasalowerpositivesignificantcorrelationwiththe
magnitudeofCFC-12concentrations(p>0.05,N=14)(Figure
3b).Theyhaddifferentcoefficientsofcorrelationforeachdepres-
sionarea.Remarkably,thehighestsignificantcorrelationwas
foundbetweenthecorrelationofthetotalmixingratioandmag-
nitudeofverticalfluxintheCMHIarea(r=0.81,p<0.01,N=16).
TheCMHIarea,withthelargestgroundwaterdrawdown,had
thehighestmeantotalmixingratio,CFC-12concentrationsand
verticalflux.Theothertwoareasfollowedasimilarpatternbut
withalowermeanvalue.Thisindicatesthatthemethodofthe
totalmixingratioisaseffectiveasthetwoothermethods,the
hydrogeochemicaltracerandthemodeling,inrevealingground-
watermixing.

Thetwomethodsofcalculatingmixingratiowerecompared
toshowtherelationshipbetweenusingallparameterswithusing
onlyoneselectedparameter.Thecomparisonofcalculatingmix-
ingratiobyusingallparametersandbyusingonlynitrate(Figure
6)showsapositivecorrelation(p>0.05,N=6).TheCMHIarea
hadthelargesttotalmixingratioandalsothelargestnitrate
mixingratiowiththehighestcoefficientofcorrelation(r=0.36,

Figure 5. Nitrate isotope comparison with possible source groups according to (a) the method of KENDALL (1998) for groundwater samples of (b) the CMHI, (c) the 
RCK and (d) the DHYK areas.

Figure 6. Correlation between the total mixing ratio and the nitrate mixing ra-
tio for the three depression areas. Varicolored dashed lines indicate the regres-
sion line of each correlation for each area.
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p>0.05,N=7).Thesamepositivecorrelationwasfoundinall
otherareas,theRCKandtheDHYKareas,butwithlowercor-
relationcoefficients.Nitratemixingratioshadalargerstandard
error(se=0.10-0.12)thanthetotalmixingratios(se=0.03-0.05)
foralldepressionareas(Table2).Thetotalmixingratioshowsa
betterfitincorrelationwithphysicalparametersthanthenitrate
mixingratiodoes,suggestingthatnitrateisineffectiveasapre-
vailingcontaminanttracerinthisbasin.Itmightbebecause
nitrateindeepgroundwaterwerecontrolledbymanyfactors.
Therefore,theseresultscorroboratethefindingsofpreviouswork
(RUEEDIetal.,2005)whichshowsthatestimationsusingall
parameterscouldreducetheuncertainty.

6. CONCLUSIONS
Thetwomethodsforcalculatingmixingratioswere:(1)usingall
theparametersand(2)usingonlynitrate,presentedforthreede-
pressionareasintheBandungbasinwhichhavedifferentmagni-
tudesofgroundwaterdrawdown(theCMHI,RCK,andDHYK
areas).Thevaluesfortotalmixingratiosindicatethatmixingbe-
tweentheshallowanddeepgroundwatersclearlyoccursinall
threedepressionareas,butwithdifferentratios.Thismeansthat
themixingprocessesfromshallowertodeepergroundwateroc-
curredinareaswithdifferentratiosaccordingtothemajorcom-
positions.Theareawiththelargestdrawdownhadthebiggest
valueofthetotalmixingratio.Inaddition,thespatialdistribution
mapoftotalmixingratiosclearlyshowsthatthelargestratiooc-
cursnearthecentreoftheconeofdepression,anddecreases
graduallyoutwardsawayfromthecentre.

Apositivecorrelationwasfoundbetweentotalmixingratios,
CFC-12concentrations,andthemagnitudeofverticalflux.This
correlationindicatesthatestimatingthetotalmixingratioisas
effectiveasusingCFC-12concentrationsandverticalfluxmo-
delingforrevealinggroundwatermixingcausedbytheshallow
groundwaterthatrechargesthedeepgroundwater.Remarkably,
thehighestsignificantcorrelationisfoundbetweenthecorrela-
tionofthetotalmixingratioandmagnitudeofverticalfluxinthe
CMHIarea.Acomparisonofcalculatingthemixingratiousing
alltheparametersandusingnitrateonlyshowedalesspositive
correlationthusnitrateisanineffectivetracerforprevailingcon-
taminantsfordeepgroundwatersinthisbasin.Thenitratemix-
ingratioalsohasalargerstandarderrorthantheresultoftotal
mixingratio,thereforetheseresultsshowthatestimationsusing
allparameterscouldreducetheuncertainty.Overall,thisstudy
concludesthatthemethodoftotalmixingratiousingallchemi-
calparametersisthemosteffective,canreducetheuncertainty
andisconsistentwiththemethodusingphysicalparameters.
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a)Shallowgroundwater
1.1CMHIarea

Ca2+ Mg2+ Na+ K+ HCO3
- Cl- SO4

- δ18O δ2H DO ORP δ18ONO3 δ15NNO3 (1)Fe (2)Mn (3)CFC-12 (4)NO3
- 

mg/l mg/l mg/l mg/l mg/l mg/l mg/l (0/00) (0/00) mV (0/00) (0/00) ppb ppb pptv mg/l
7 75.50 9.10 16.70 8.15 276.67 5.80 90.15 -5.26 -43.97 4.28 85.00 5.7 10.2 0.99 0.19 502 3.99 endmember1
1 38.22 11.05 42.26 10.63 277.38 20.24 9.00 -5.16 -42.97 4.86 90.00 2.0 21.6 7.29 0.23 249 5.04 contaminated(4)
2 38.10 11.00 42.44 10.67 278.66 20.44 8.70 -5.16 -42.97 3.73 90.00 9.7 22.8 10.85 17.49 437 5.04 contaminated(4)
3 38.89 12.24 46.78 6.54 227.16 13.49 41.77 -5.31 -43.51 4.11 95.75 -12.2 15.8 6.92 11.40 230 12.09 contaminated(4)
31 55.11 15.45 28.22 11.66 176.23 77.45 103.60 -5.46 -44.89 5.66 100.00 19.9 14.3 1.41 0.37 164 4.00 contaminated(4)
9 51.13 18.09 23.87 9.44 121.08 44.08 87.21 -6.91 -42.83 5.01 84.00 -1.5 9.6 2.30 0.59 768 10.43 contaminated(3.4)
28 42.00 16.73 60.21 9.87 176.23 47.22 1.39 -4.20 -38.43 1.92 26.40 3.4 9.0
4 51.00 18.12 23.98 9.50 121.1 44.35 87.20 -6.91 -42.83 5.77 191.00 -1.5 9.6 2.62 19.32 769 2.28 contaminated(3)
5 65.10 25.45 27.53 11.45 176.35 77.57 104.71 -5.40 -35.00 6.67 102.00 2.4 11.0 1.43 0.33 579 9.97 contaminated(3)
27 61.10 25.45 37.44 11.40 176.33 77.12 104.23 -5.40 -35.00 4.72 207.00 1.3 7.1 0.97 3.91 595 3.95 contaminated(3)
13 56.60 18.54 76.08 34.43 371.45 91.06 32.51 -5.35 -45.00 2.08 116.00 3.1 9.3 2.54 6.48 40 4.78 contaminated(4)

1.2RCKarea

Ca2+ Mg2+ Na+ K+ HCO3
- Cl- SO4

- δ18O δ2H DO ORP δ18ONO3 δ15NNO3 (1)Fe (2)Mn (3)CFC-12 (4)NO3
- 

mg/l mg/l mg/l mg/l mg/l mg/l mg/l (0/00) (0/00) mV (0/00) (0/00) ppb ppb pptv mg/l
30a 55.52 14.47 48.05 13.50 310.20 16.80 29.21 -6.23 -48.49 4.70 99.51 8.1 14.4 63.60 1.49 21 1.08
12 53.82 17.82 61.17 8.96 283.58 33.46 34.28 -4.87 -41.83 3.90 130.00 33.1 12.0 4.16 5.60 12 2.97 endmember1
30 55.57 14.85 48.38 13.63 310.86 16.75 29.16 -6.22 -48.47 3.97 147.79 3.37 1.69 20.69 contaminated(4)
29 53.43 17.59 61.67 8.93 283.96 33.79 34.60 -5.01 -43.21 3.21 132.74 17.9 39.1 1.15 1.68 7.62 contaminated(4)
26 53.99 17.60 58.06 8.80 283.76 33.50 34.66 -4.88 -41.84 0.00 3.6 7.3 0.40 0.23 1.06
20 55.52 14.47 48.05 13.50 310.20 16.80 29.21 -6.22 -48.47 3.71 173.00 8.1 14.4 3.65 26.37 21 1.08
24 53.90 17.60 61.06 8.90 283.80 33.42 34.45 -5.53 -47.98 4.24 174.00 5.2 19.5 0.00 0.09 12 1.97
21a 19.60 10.98 60.10 5.75 251.89 52.30 1.84 -4.87 -41.83 6.61 90.00 15.0 12.1 6.79 58 1.25
23 58.20 22.80 69.70 16.40 385.80 91.20 18.90 -3.94 -41.48 2.47 87.00 18.2 47.0 1.04 4.67 56 1.65
16 61.20 19.71 89.39 27.20 423.13 111.29 24.52 -4.92 -41.46 4.16 107.00 15.4 21.0 70.79 9.52 85 5.75 contaminated(4)
13 56.60 18.54 76.08 34.43 371.45 91.06 32.51 -5.35 -45.00 2.08 116.00 3.1 9.3 2.54 6.48 40 4.78 contaminated(4)

1.3DHYKarea

Ca2+ Mg2+ Na+ K+ HCO3
- Cl- SO4

- δ18O δ2H DO ORP δ18ONO3 δ15NNO3 (1)Fe (2)Mn (3)CFC-12 (4)NO3
- 

mg/l mg/l mg/l mg/l mg/l mg/l mg/l (0/00) (0/00) mV (0/00) (0/00) ppb ppb pptv mg/l
15d 45.17 18.75 31.91 10.21 290.50 20.90 21.80 115 5.0 10.8 0.54 0.23 692.75 2.25 contaminated(3)
6 55.10 15.45 28.31 11.66 176.23 77.45 104.90 -6.30 -44.07 3.7 124 5.5 12.9 0.00 1.06 327.29 3.87 contaminated(4)
6a 62.04 23.14 31.05 6.35 168.44 86.60 43.31 -5.53 -39.00 5.2 192 4.5 16.9 45.73 1.99 9.06 3.42 contaminated(4)
9 51.13 18.09 23.87 9.44 121.08 44.08 87.21 -5.91 -42.83 5.0 84 -1.5 9.6 2.30 0.59 767.92 10.43 contaminated(3.4)

19 62.40 23.10 30.30 6.50 168.33 86.50 43.30 -4.49 -29.75 3.5 90 1.4 -1.2 0.21 0.10 250.33 3.33 contaminated(4)
28 42.00 16.73 60.21 9.87 176.23 47.22 1.39 -4.20 -38.43 1.9 26 3.4 9.0 699.41 532.13 1.30 contaminated(2)
18 55.01 15.34 29.11 11.41 176.98 77.30 104.60 -5.30 -44.07 3.5 125 5.5 12.9 0.01 0.64 1132.00 3.87 contaminated(3,4)
31 17.65 6.55 11.70 3.52 130.20 4.10 9.60 -5.60 -35.61 4.6 125 0.67 0.14 1276.19 3.00 contaminated(3,4)
10 76.64 9.17 16.99 8.18 280.69 6.00 90.10 -6.17 -46.77 4.0 68 25.2 30.5 0.72 1.62 646.69 1.67 contaminated(3)
11 52.40 15.48 27.39 10.31 248.09 12.00 49.65 -5.19 -42.70 2.9 82 1.0 10.5 2.52 6.28 192.67 2.99 endmember1
11a 52.50 15.45 27.10 10.31 247.89 11.00 49.50 -5.19 -42.70 1.8 162 6.4 18.7 18.36 144.18 646.69 9.02 contaminated(3)

Elevatedsubstances
Note

SamplingNo
(Sx)

7Majorions

Note
SamplingNo

(Sx)

7Majorions 2Stableisotopes Insitutest Nitrate isotopes Elevatedsubstances

SamplingNo
(Sx)

7Majorions 2Stableisotopes Insitutest Nitrate isotopes

2Stableisotopes Insitutest Nitrate isotopes Elevatedsubstances
Note

b)Deepgroundwater

Ca2+ Mg2+ Na+ K+ HCO3
- Cl- SO4

- δ18O δ2H DO ORP δ18ONO3 δ15NNO3 (3)CFC-12 (4)NO3
- 

mg/l mg/l mg/l mg/l mg/l mg/l mg/l (0/00) (0/00) mV (0/00) (0/00) pptv mg/l
10 60.2 23.2 33.5 8.7 280.9 21.2 13.8 -6.2 -46.8 4.1 79.0 20.7 16.5 405.2 1.3
1 23.8 10.7 16.9 7.8 184.7 4.0 8.6 -5.5 -44.2 3.8 92.0 38.0 28.7 0.0 1.6
9 59.9 22.9 32.6 7.5 275.2 20.8 12.7 -5.4 -38.3 2.1 51.2 20.7 16.5 0.0 1.4
2 28.0 13.0 24.0 9.3 219.2 9.8 14.5 -6.2 -46.6 5.2 25.5 321.6 1.1 contaminated(1)
5a 28.8 12.8 23.8 9.3 217.4 8.8 14.5 -6.2 -45.6 2.5 48.1 15.6 18.4 0.0 3.0 contaminated(4)
3 27.9 13.9 23.9 9.2 217.9 9.8 15.2 -5.6 -44.8 2.1 66.9 129.5 1.1 contaminated(1)
5 68.1 26.7 86.3 14.9 295.7 104.6 54.0 -5.9 -45.5 4.3 39.3 15.4 18.0 314.7 1.9 contaminated(1)
8 59.9 23.1 32.5 7.4 279.5 20.9 13.4 -5.5 -44.2 2.1 96.0 38.0 28.7 0.0 4.0 contaminated(4)
6c 43.9 18.9 30.9 9.9 288.4 21.7 21.9 -5.7 -44.7 2.3 75.7 186.3 1.2 contaminated(1)
6 57.0 24.1 63.1 11.5 206.7 45.2 25.2 -4.7 -39.9 2.1 -10.8 13.6 19.8 292.7 3.2 contaminated(1,4)
4 29.0 13.2 24.9 9.5 219.4 10.0 15.5 -6.1 -46.5 3.4 31.2 21.2 16.5 243.0 1.1 contaminated(1)
4a 55.8 23.8 62.5 10.9 205.4 44.2 24.1 -6.1 -46.5 3.0 -68.5 21.4 16.1 0.0 1.1
6b 45.2 19.3 32.6 10.5 290.5 21.9 22.4 -5.6 -44.6 5.8 61.3 117.9 1.2 contaminated(1)
6a 44.9 19.2 31.9 10.2 289.8 20.7 21.9 -5.6 -44.6 1.9 71.9 80.0 0.2 contaminated(1)
7c 45.2 18.8 32.6 10.5 290.5 21.9 22.4 -6.1 -46.3 2.7 17.0 -4.8 -2.7 169.2 5.3 contaminated(1,4)
7 60.8 21.0 73.6 11.2 386.9 31.8 98.1 -5.9 -40.7 3.0 -60.4 20.0 13.0 143.1 4.1 contaminated(1,4)
7b 60.1 24.0 33.7 9.9 285.8 21.9 13.8 -6.0 -40.8 2.7 14.0 11.9 16.5 126.6 3.6 contaminated(1,4)
7a 60.6 20.8 72.9 11.1 385.1 30.4 97.9 -5.9 -40.8 6.3 -44.1 20.7 18.0 86.7 3.6 contaminated(1,4)
47 25.1 11.1 31.6 8.9 253.5 4.0 4.0 -6.5 -45.5 2.8 124.6 6.6 8.9 23.2 0.4 contaminated(1)
46 24.8 11.1 31.2 8.9 250.8 3.9 5.9 -6.0 -45.5 3.2 110.0 20.1 12.6 0.0 0.2 endmember2
45 60.8 13.0 73.7 10.9 388.5 32.0 90.8 -6.2 -45.6 2.8 -30.3 21.2 19.1 0.0 1.7
12 37.9 19.7 22.0 10.5 305.2 7.8 9.1 -6.0 -46.7 3.1 38.7 8.9 18.0 2.8
12d 39.0 18.7 23.1 11.8 280.7 8.6 9.3 -4.6 -38.3 2.0 -32.0 0.0 3.0 contaminated(4)
12f 38.9 19.9 22.9 12.0 299.9 8.1 9.2 -5.4 -42.5 2.3 -60.4 33.7 38.3 0.0 3.0 contaminated(4)
1 37.2 15.7 25.0 8.9 267.8 2.0 4.6 -5.4 -42.5 4.3 64.4 0.0 3.0 contaminated(4)
15 79.3 34.6 188.3 18.6 583.3 141.3 1.6 -5.5 -44.9 3.5 -14.0 -1.5 6.0 255.3 0.2 contaminated(1)
15a 23.8 8.9 78.7 9.1 302.8 43.8 2.7 -6.8 -44.0 2.4 31.2 116.6 2.6 contaminated(1)
34 23.3 8.6 75.5 9.1 300.7 42.6 2.6 -6.0 -42.6 2.3 -60.4 18.9 12.4 0.0 0.4
39b 24.2 9.6 78.5 8.8 302.7 43.4 2.5 -6.5 -42.2 3.2 50.6 8.5 25.8 0.0 2.5

Datasources:majorion,stableisotopesandinsitutestdata(TAUFIQet.al.,2017);Fe2+,Mn2+andnitrateisotopes(thisstudy).

2.1CMHIarea

SamplingNo
(Dx)

7Majorions 2Stableisotopes Insitutest Nitrate isotopes elevatedcontaminants
Note

Appendix 1. Data of all parameters for shallow and deep groundwater with their identified elevated substances
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Ca2+ Mg2+ Na+ K+ HCO3
- Cl- SO4

- δ18O δ2H DO ORP δ18ONO3 δ15NNO3 (3)CFC-12 (4)NO3
- 

mg/l mg/l mg/l mg/l mg/l mg/l mg/l (0/00) (0/00) mV (0/00) (0/00) pptv mg/l
23 21.5 8.3 10.5 2.3 157.2 2.0 3.2 -6.2 -51.5 4.3 147.2 6.4 12.9 3.2 contaminated(4)
22a 39.2 9.2 13.5 5.0 160.8 0.6 1.1 -6.1 -41.0 5.3 130.9 34.6 40.8 120.7 2.0 contaminated(1)
22 39.9 7.4 6.9 3.0 110.6 2.7 0.5 -6.3 -50.8 5.6 124.0 5.4 12.2 302.1 4.0 contaminated(1,4)
21 39.2 9.3 13.6 5.0 170.4 0.7 1.2 -6.3 -51.1 5.3 171.0 3.6 8.2 100.3 2.1 contaminated(1)
33a 36.1 15.5 48.9 6.3 275.9 44.2 8.1 -5.8 -48.4 3.7 18.0 19.7 15.2 234.8 0.4 contaminated(1)
25 36.3 14.9 48.2 6.5 280.1 44.1 8.7 -6.0 -48.9 5.5 134.6 3.8 5.7 238.4 0.5 contaminated(1)
20 33.2 25.0 55.6 13.6 375.4 42.6 0.8 -5.4 -45.8 4.0 99.5 5.2 11.4 48.3 2.0 contaminated(1)
24 25.2 14.1 16.8 7.1 233.1 1.3 6.4 -6.1 -48.8 3.2 132.7 4.7 8.7 11.7 0.5 contaminated(1)
24b 25.2 14.1 16.1 7.1 230.2 1.2 6.3 -5.4 -45.8 4.0 159.0 5.2 11.4 105.7 0.2 contaminated(1)
19c 38.0 18.1 50.8 7.8 298.3 60.7 0.6 -5.5 -47.0 2.2 5.0 18.6 14.6 68.1 0.3 contaminated(1)
18a 46.5 19.2 110.5 9.1 375.4 121.7 2.7 -4.5 -42.8 4.4 -6.0 19.8 16.2 27.9 0.2 contaminated(1)
20a 36.1 16.3 49.8 6.5 278.0 44.9 8.3 -5.8 -48.4 3.2 45.6 6.8 10.4 38.6 0.6 contaminated(1)
19 27.1 11.5 63.6 9.3 321.6 23.5 0.3 -6.0 -41.7 3.3 8.0 18.6 14.6 156.8 0.3 contaminated(1)
33 36.2 15.7 47.4 6.2 270.5 40.3 8.3 -5.8 -48.4 3.7 105.0 15.8 5.1 39.1 0.1 contaminated(1)
27 42.4 19.9 30.2 5.7 323.4 26.0 2.0 -4.5 -42.8 7.0 -30.0 18.6 12.5 0.0 0.1 endmember2
18 47.3 19.4 111.5 9.2 379.0 123.8 2.8 -5.1 -45.4 5.6 -15.2 10.4 16.5 0.0 0.2
19b 36.3 20.5 57.1 19.8 612.6 94.4 1.6 -6.1 -41.0 2.5 2.0 23.2 16.7 1.6

Ca2+ Mg2+ Na+ K+ HCO3
- Cl- SO4

- δ18O δ2H DO ORP δ18ONO3 δ15NNO3 (3)CFC-12 (4)NO3
- 

mg/l mg/l mg/l mg/l mg/l mg/l mg/l (0/00) (0/00) mV (0/00) (0/00) pptv mg/l
11 27.5 13.2 18.2 8.4 126.7 40.5 14.0 -6.1 -46.6 3.0 100.0 18.5 13.4 0.0 2.0
12 37.9 19.7 22.0 10.5 305.2 7.8 9.1 -6.0 -46.7 3.1 72.0 8.9 18.0 2.8
12a 38.8 19.9 22.3 11.9 305.5 8.0 9.1 -4.6 -38.3 3.1 38.7 3.0 contaminated(4)
12d 39.0 18.7 23.1 11.8 280.7 8.6 9.3 -4.6 -38.3 2.0 -32.0 0.0 3.0 contaminated(4)
12f 38.9 19.9 22.9 12.0 299.9 8.1 9.2 -5.4 -42.5 2.3 -60.4 33.7 38.3 0.0 3.0 contaminated(4)
17 24.4 9.6 79.5 9.2 304.9 43.8 2.7 -5.5 -49.0 2.0 -32.0 20.1 17.8 46.0 2.6 contaminated(1)
13 79.1 34.5 187.1 18.5 580.1 140.5 1.5 -5.8 -44.7 2.9 -5.2 0.0 3.8 contaminated(4)
29a 16.2 7.4 162.7 22.6 395.7 40.5 6.4 -5.6 -43.8 2.0 0.0 19.4 21.3 1.3
29 16.2 7.5 162.6 22.6 395.0 40.2 6.2 -5.6 -43.8 5.0 -19.6 285.1 1.1 contaminated(1)
30a 30.6 11.6 35.3 7.0 295.9 2.0 4.8 -5.7 -44.0 3.0 -42.2 20.1 13.4 0.0 0.9 endmember2
43 38.2 15.2 99.8 11.3 324.3 74.4 1.8 -5.8 -40.7 3.9 -38.7 19.4 21.7 0.0 6.6 contaminated(4)
28 33.2 13.5 53.1 10.3 308.5 27.0 6.4 -5.5 -42.9 3.5 -39.7 0.0 6.6 contaminated(4)
28a 32.9 13.4 52.8 10.1 304.6 24.6 6.0 -4.6 -42.9 2.8 -13.0 14.2 20.2 0.0 5.7 contaminated(4)
41 26.8 15.1 88.8 11.3 320.2 73.8 1.8 -6.0 -40.6 3.3 64.4 15.2 20.8 0.0 2.4
42 29.1 16.8 95.9 11.6 330.5 74.7 1.8 -5.5 -42.5 4.0 -42.2 -8.2 5.8 130.5 2.4 contaminated(1)
32 30.2 15.2 89.9 11.5 324.4 74.2 1.9 -5.0 -42.9 3.0 -42.2 16.4 21.4 98.2 7.8 contaminated(1,4)
30 30.1 15.1 89.8 11.4 324.3 73.8 2.0 -5.7 -44.0 4.9 -5.2 16.1 20.1 269.5 7.4 contaminated(1,4)
31a 28.2 17.9 54.0 10.7 268.4 18.5 9.3 -5.4 -43.3 4.7 -5.2 16.4 21.4 225.0 2.4 contaminated(1)
40 31.2 15.2 97.9 12.4 326.8 75.2 1.8 -5.3 -40.7 2.9 -13.0 16.8 8.0 17.7 5.7 contaminated(1,4)
31 44.4 18.7 31.8 10.2 288.9 20.7 21.7 -5.9 -42.9 3.1 150.0 -8.4 7.2 363.8 1.1 contaminated(1)
44 44.1 18.6 31.9 10.1 289.5 18.9 20.9 -6.1 -46.5 3.0 188.0 -6.2 9.2 300.6 1.1 contaminated(1)

Datasources:majorion,stableisotopesandinsitutestdata(TAUFIQet.al.,2017);Fe2+,Mn2+andnitrateisotopes(thisstudy).

2.2RCKarea

SamplingNo
(Dx)

7Majorions 2Stableisotopes Insitutest Nitrate isotopes elevatedcontaminants
Note

2.3DHYKarea

SamplingNo
(Dx)

7Majorions 2Stableisotopes Insitutest Nitrate isotopes elevatedcontaminants
Note

a)CMHIarea
Total

mixing 
ratio

mg/l mp mg/l mp mg/l mp mg/l mp mg/l mp mg/l mp mg/l mp (0/00) mp (0/00) mp m
10 60.2 -0.04 23.2 -2.62 33.5 0.71 8.7 0.81 280.9 0.96 21.2 0.41 13.8 0.13 -6.2 -0.03 -46.8 -0.69 0.69
1 23.8 -2.52 10.7 0.59 16.9 1.00 7.8 1.13 184.7 1.82 4.0 1.06 8.6 0.07 -5.5 0.78 -44.2 0.86 0.37
9 59.9 -0.06 22.9 -2.54 32.6 0.72 7.5 1.24 275.2 1.01 20.8 0.42 12.7 0.12 -5.4 0.84 -38.3 4.41 0.69
2 28.0 -2.23 13.0 0.01 24.0 0.87 9.3 0.58 219.2 1.51 9.8 0.84 14.5 0.14 -6.2 0.01 -46.6 -0.56 0.37
5a 28.8 -2.18 12.8 0.05 23.8 0.88 9.3 0.57 217.4 1.53 8.8 0.88 14.5 0.14 -6.2 0.01 -45.6 0.00 0.39
3 27.9 -2.24 13.9 -0.22 23.9 0.87 9.2 0.63 217.9 1.53 9.8 0.84 15.2 0.14 -5.6 0.61 -44.8 0.49 0.37
5 68.1 0.49 26.7 -3.51 86.3 -0.22 14.9 -1.44 295.7 0.83 104.6 -2.75 54.0 0.59 -5.9 0.33 -45.5 0.11 0.30
8 59.9 -0.06 23.1 -2.59 32.5 0.72 7.4 1.26 279.5 0.98 20.9 0.42 13.4 0.12 -5.5 0.78 -44.2 0.86 0.69
6c 43.9 -1.15 18.9 -1.51 30.9 0.75 9.9 0.36 288.4 0.90 21.7 0.39 21.9 0.22 -5.7 0.53 -44.7 0.58 0.49
6 57.0 -0.26 24.1 -2.84 63.1 0.19 11.5 -0.20 206.7 1.63 45.2 -0.50 25.2 0.26 -4.7 1.60 -39.9 3.45 0.48
4 29.0 -2.17 13.2 -0.05 24.9 0.86 9.5 0.53 219.4 1.51 10.0 0.83 15.5 0.15 -6.1 0.05 -46.5 -0.52 0.38
4a 55.8 -0.34 23.8 -2.77 62.5 0.20 10.9 0.01 205.4 1.64 44.2 -0.46 24.1 0.25 -6.1 0.03 -46.5 -0.53 0.47
6b 45.2 -1.06 19.3 -1.60 32.6 0.72 10.5 0.14 290.5 0.88 21.9 0.38 22.4 0.23 -5.6 0.62 -44.6 0.60 0.50
6a 44.9 -1.08 19.2 -1.59 31.9 0.73 10.2 0.25 289.8 0.88 20.7 0.43 21.9 0.22 -5.6 0.59 -44.6 0.60 0.50
7c 45.2 -1.06 18.8 -1.49 32.6 0.72 10.5 0.14 290.5 0.88 21.9 0.38 22.4 0.23 -6.1 0.03 -46.3 -0.41 0.50
7 60.8 0.00 21.0 -2.04 73.6 0.00 11.2 -0.11 386.9 0.01 31.8 0.01 98.1 1.09 -5.9 0.26 -40.7 2.96 0.58
7b 60.1 -0.05 24.0 -2.82 33.7 0.70 9.9 0.36 285.8 0.92 21.9 0.38 13.8 0.13 -6.0 0.24 -40.8 2.92 0.68
7a 60.6 -0.02 20.8 -2.00 72.9 0.01 11.1 -0.07 385.1 0.03 30.4 0.06 97.9 1.09 -5.9 0.28 -40.8 2.92 0.59
47 25.1 -2.43 11.1 0.48 31.6 0.74 8.9 0.72 253.5 1.21 4.0 1.06 4.0 0.02 -6.5 -0.38 -45.5 0.11 0.33
46 24.8 -2.45 11.1 0.49 31.2 0.75 8.9 0.73 250.8 1.23 3.9 1.06 5.9 0.04 -6.0 0.17 -45.5 0.07 0.32
45 60.8 0.00 13.0 0.00 73.7 0.00 10.9 0.00 388.5 0.00 32.0 0.00 90.8 1.01 -6.2 0.01 -45.6 0.00 0.57
12 37.9 -1.56 19.7 -1.72 22.0 0.91 10.5 0.15 305.2 0.74 7.8 0.92 9.1 0.07 -6.0 0.14 -46.7 -0.63 0.49
12d 39.0 -1.48 18.7 -1.45 23.1 0.89 11.8 -0.33 280.7 0.96 8.6 0.89 9.3 0.08 -4.6 1.72 -38.3 4.39 0.50
12f 38.9 -1.49 19.9 -1.77 22.9 0.89 12.0 -0.40 299.9 0.79 8.1 0.91 9.2 0.07 -5.4 0.85 -42.5 1.87 0.50
1 37.2 -1.61 15.7 -0.70 25.0 0.85 8.9 0.73 267.8 1.08 2.0 1.14 4.6 0.02 -5.4 0.85 -42.5 1.87 0.51
15 79.3 1.26 34.6 -5.53 188.3 -2.01 18.6 -2.80 583.3 -1.74 141.3 -4.14 1.6 -0.01 -5.5 0.78 -44.9 0.45 0.10
15a 23.8 -2.52 8.9 1.05 78.7 -0.09 9.1 0.66 302.8 0.77 43.8 -0.45 2.7 0.00 -6.8 -0.74 -44.0 1.01 0.01
34 23.3 -2.55 8.6 1.12 75.5 -0.03 9.1 0.65 300.7 0.79 42.6 -0.40 2.6 0.00 -6.0 0.22 -42.6 1.81 0.00
39b 24.2 -2.49 9.6 0.87 78.5 -0.08 8.8 0.76 302.7 0.77 43.4 -0.43 2.5 0.00 -6.5 -0.42 -42.2 2.04 0.00

Sampling
No

Ca2+ Mg2+ Na+ K+ Cl- SO4
- δ18O δ2HHCO3

-

Appendix 2. Calculation results of total mixing ratio.

Appendix 1. Continuation.
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b)RCKarea
Total

mixing 
ratio

mg/l mp mg/l mp mg/l mp mg/l mp mg/l mp mg/l mp mg/l mp (0/00) mp (0/00) mp m
23 21.5 -1.86 8.3 5.68 10.5 3.66 2.3 -1.06 157.2 4.17 2.0 -3.23 3.2 0.04 -6.2 4.44 -51.5 -9.33 0.17
22a 39.2 -0.29 9.2 5.25 13.5 3.51 5.0 -0.22 160.8 4.08 0.6 -3.43 1.1 -0.03 -6.1 4.18 -41.0 1.87 0.12
22 39.9 -0.22 7.4 6.12 6.9 3.85 3.0 -0.85 110.6 5.34 2.7 -3.14 0.5 -0.05 -6.3 4.53 -50.8 -8.49 0.10
21 39.2 -0.29 9.3 5.18 13.6 3.50 5.0 -0.22 170.4 3.84 0.7 -3.41 1.2 -0.02 -6.3 4.55 -51.1 -8.81 0.12
33a 36.1 -0.56 15.5 2.14 48.9 1.64 6.3 0.18 275.9 1.19 44.2 2.45 8.1 0.19 -5.8 3.34 -48.4 -5.97 0.25
25 36.3 -0.54 14.9 2.44 48.2 1.68 6.5 0.23 280.1 1.09 44.1 2.43 8.7 0.21 -6.0 3.80 -48.9 -6.50 0.27
20 33.2 -0.82 25.0 -2.53 55.6 1.29 13.6 2.44 375.4 -1.31 42.6 2.23 0.8 -0.04 -5.4 2.36 -45.8 -3.20 0.03
24 25.2 -1.52 14.1 2.86 16.8 3.33 7.1 0.43 233.1 2.27 1.3 -3.33 6.4 0.14 -6.1 4.01 -48.8 -6.39 0.25
24b 25.2 -1.53 14.1 2.83 16.1 3.37 7.1 0.43 230.2 2.34 1.2 -3.34 6.3 0.13 -5.4 2.36 -45.8 -3.20 0.25
19c 38.0 -0.40 18.1 0.87 50.8 1.55 7.8 0.63 298.3 0.63 60.7 4.67 0.6 -0.04 -5.5 2.63 -47.0 -4.48 0.02
18a 46.5 0.36 19.2 0.32 110.5 -1.59 9.1 1.05 375.4 -1.31 121.7 12.87 2.7 0.02 -4.5 0.00 -42.8 0.00 0.00
20a 36.1 -0.56 16.3 1.74 49.8 1.60 6.5 0.23 278.0 1.14 44.9 2.55 8.3 0.19 -5.8 3.29 -48.4 -5.97 0.25
19 27.1 -1.36 11.5 4.10 63.6 0.87 9.3 1.11 321.6 0.04 23.5 -0.35 0.3 -0.05 -6.0 3.72 -41.7 1.12 0.03
33 36.2 -0.55 15.7 2.04 47.4 1.72 6.2 0.15 270.5 1.33 40.3 1.92 8.3 0.20 -5.8 3.25 -48.4 -5.98 0.26
27 42.43 0.00 19.85 0.00 80.24 0.00 5.72 0.00 323.41 0.00 26.03 0.00 2.00 0.00 -4.47 0.00 -42.77 0.00 0.10
18 47.3 0.43 19.4 0.23 111.5 -1.65 9.2 1.07 379.0 -1.40 123.8 13.16 2.8 0.02 -5.1 1.50 -45.4 -2.84 0.00
19b 36.3 -0.55 20.5 -0.32 57.1 1.22 19.8 4.36 612.6 -7.26 94.4 9.21 1.6 -0.01 -6.1 4.18 -41.0 1.87 0.00

c)DHYKarea
Total
mixing 
ratio

mg/l mp mg/l mp mg/l mp mg/l mp mg/l mp mg/l mp mg/l mp (0/00) mp (0/00) mp m
11 27.5 -0.75 13.2 -5.97 18.2 1.13 8.4 2.90 126.7 2.59 40.5 0.50 14.0 0.25 -6.1 -0.47 -46.6 2.97 0.31
12 37.9 -0.02 19.7 13.79 22.0 1.07 10.5 0.81 305.2 0.25 7.8 0.97 9.1 0.15 -6.0 -0.33 -46.7 3.00 0.23
12a 38.8 0.04 19.9 14.36 22.3 1.07 11.9 -0.61 305.5 0.25 8.0 0.97 9.1 0.15 -4.6 1.97 -38.3 -1.20 0.23
12d 39.0 0.06 18.7 10.67 23.1 1.06 11.8 -0.51 280.7 0.57 8.6 0.96 9.3 0.16 -4.6 1.97 -38.3 -1.20 0.24
12f 38.9 0.05 19.9 14.39 22.9 1.06 12.0 -0.70 299.9 0.32 8.1 0.97 9.2 0.15 -5.4 0.66 -42.5 0.91 0.23
17 24.4 -0.97 9.6 -16.73 79.5 0.28 9.2 2.11 304.9 0.25 43.8 0.45 2.7 0.02 -5.5 0.45 -49.0 4.14 0.04
13 79.1 2.88 34.5 58.48 187.1 -1.21 18.5 -7.22 580.1 -3.36 140.5 -0.97 1.5 -0.01 -5.8 0.05 -44.7 2.01 0.10
29a 16.2 -1.55 7.4 -23.39 162.7 -0.87 22.6 -11.45 395.7 -0.94 40.5 0.50 6.4 0.10 -5.6 0.37 -43.8 1.54 0.05
29 16.2 -1.55 7.5 -23.33 162.6 -0.87 22.6 -11.41 395.0 -0.93 40.2 0.50 6.2 0.09 -5.6 0.36 -43.8 1.55 0.04
30a 30.6 -0.54 11.6 -10.64 35.3 0.89 7.0 4.32 295.9 0.37 2.0 1.06 4.8 0.06 -5.7 0.12 -44.0 1.64 0.14
43 38.2 0.00 15.2 0.00 99.8 0.00 11.3 0.00 324.3 0.00 74.4 0.00 1.8 0.00 -5.8 0.01 -40.7 0.00 0.00
28 33.2 -0.35 13.5 -4.97 53.1 0.65 10.3 1.02 308.5 0.21 27.0 0.69 6.4 0.10 -5.5 0.45 -42.9 1.09 0.14
28a 32.9 -0.37 13.4 -5.30 52.8 0.65 10.1 1.21 304.6 0.26 24.6 0.73 6.0 0.09 -4.6 2.00 -42.9 1.09 0.14
41 26.8 -0.80 15.1 -0.15 88.8 0.15 11.3 0.00 320.2 0.05 73.8 0.01 1.8 0.00 -6.0 -0.25 -40.6 -0.08 0.01
42 29.1 -0.64 16.8 5.00 95.9 0.05 11.6 -0.30 330.5 -0.08 74.7 0.00 1.8 0.00 -5.5 0.45 -42.5 0.91 0.01
32 30.2 -0.56 15.2 0.00 89.9 0.14 11.5 -0.16 324.4 0.00 74.2 0.00 1.9 0.00 -5.0 1.25 -42.9 1.09 0.00
30 30.1 -0.57 15.1 -0.15 89.8 0.14 11.4 -0.10 324.3 0.00 73.8 0.01 2.0 0.00 -5.7 0.10 -44.0 1.64 0.00
31a 28.2 -0.71 17.9 8.27 54.0 0.63 10.7 0.63 268.4 0.73 18.5 0.82 9.3 0.16 -5.4 0.66 -43.3 1.32 0.20
40 31.2 -0.49 15.2 0.00 97.9 0.03 12.4 -1.12 326.8 -0.03 75.2 -0.01 1.8 0.00 -5.3 0.77 -40.7 0.00 0.01
31 44.4 0.44 18.7 10.79 31.8 0.94 10.2 1.10 288.9 0.46 20.7 0.79 21.7 0.42 -5.9 -0.19 -42.9 1.09 0.46
44 44.1 0.42 18.6 10.45 31.9 0.94 10.1 1.21 289.5 0.46 18.9 0.81 20.9 0.40 -6.1 -0.57 -46.5 2.92 0.44

*) Sampling no 11 - 13 were displayed in Figure 3a)

Sampling
No

Ca2+ Mg2+ Na+ K+

HCO3
-

HCO3
-

Cl- SO4
- δ18O δ2H

Cl- SO4
- δ18O δ2H

Sampling
No*)

Ca2+ Mg2+ Na+ K+

δ18ONO3 δ15NNO3 δ18ONO3 δ15NNO3 δ18ONO3 δ15NNO3

mg/l mp (0/00) (0/00) mg/l mp (0/00) (0/00) mg/l mp (0/00) (0/00)
10 1.31 0.29 4.1 20.7 16.5 c 23 3.2 0.79 4.3 6.4 12.9 c 11 2.00 0.14 3.0 18.5 13.4 c
1 1.59 3.8 38.0 28.7 d 22a 2.0 5.3 34.6 40.8 d 12 2.80       0.24 3.1 8.9 18.0 c
9 1.44 2.1 20.7 16.5 d 22 4.0 1.01 5.6 5.4 12.2 c 12a 2.99 3.1
2 1.05 0.22 5.2 21 2.1 5.3 3.6 8.2 b 12d 2.95 2.0
5a 3.00 0.74 2.5 15.6 18.4 c 33a 0.4 0.08 3.7 19.7 15.2 c 12f 2.99 2.3 33.7 38.3 b
3 1.06 2.1 25 0.5 5.5 3.8 5.7 b 17 2.58 0.21 2.0 20.1 17.8 c
5 1.89 0.45 4.3 15.4 18.0 c 20 2.0 0.50 4.0 5.2 11.4 c 13 3.80 0.36 2.9
8 3.97 2.1 38.0 28.7 d 24 0.5 3.2 4.7 8.7 b 29a 1.33 0.06 2.0 19.4 21.3 c
6c 1.20 2.3 24b 0.2 0.02 4.0 5.2 11.4 c 29 1.13 5.0
6 3.16 0.78 2.1 13.6 19.8 c 19c 0.3 0.06 2.2 18.6 14.6 c 30a 0.86 0.00 3.0 20.1 13.4 c
4 1.07 0.23 3.4 21.2 16.5 c 18a 0.2 0.01 4.4 19.8 16.2 c 43 6.59 0.70 3.9 19.4 21.7 c
4a 1.07 0.23 3.0 21.4 16.1 c 20a 0.6 0.13 3.2 6.8 10.4 c 28 6.59 3.5
6b 1.21 5.8 19 0.3 0.04 3.3 18.6 14.6 c 28a 5.70       0.59 2.8 14.2 20.2 c
6a 0.17 1.9 33 0.1 3.7 15.8 5.1 b 41 2.39 0.19 3.3 15.2 20.8 c
7c 5.34 2.7 -4.8 -2.7 a 27 0.3 0.04 7.0 18.6 12.5 c 42 2.39 4.0 -8.2 5.8 b
7 4.07 3.0 20.0 13.0 b 18 0.2 0.03 5.6 10.4 16.5 c 32 7.83 0.85 3.0 16.4 21.4 c
7b 3.63 2.7 11.9 16.5 a 19b 1.6 0.38 2.5 23.2 16.7 c 30 7.44 0.81 4.9 16.1 20.1 c
7a 3.63 6.3 20.7 18.0 a 31a 2.39 0.19 4.7 16.4 21.4 c
47 0.35 2.8 6.6 8.9 b 40 5.65 2.9 16.8 8.0 b
46 0.20 3.2 20.1 12.6 b 31 1.10 3.1 -8.4 7.2 b
45 1.71 0.40 2.8 21.2 19.1 c 44 1.05 3.0 -6.2 9.2 b
12 2.8 0.69 3.1 8.9 18.0 c *) Sampling no 11 - 13 were displayed in Figure 3a)
12d 3.0 2.0
12f 3.0 2.3 33.7 38.3 d
1 3.0 4.3
15 0.2 3.5 -1.5 6.0 b
15a 2.6 2.4
34 0.4 0.05 2.3 18.9 12.4 c
39b 2.5 3.2 8.5 25.8

a)CMHIarea b)RCKarea c)DHYKarea

Sampling
No(Dx)

Nitrate

composito
nalrange

Nitrate isotopes
Sampling
No(Dx)

Nitrate

DO

Nitrate isotopes
NO3

- compositonal
range

NO3
- composito

nalrange
NO3

- DO

Nitrate isotopes
Sampling
No(Dx)

Nitrate

DO

Appendix 3.  Calculation results of mixing ratio of nitrate concentration and their nitrate isotopes.
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