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Abstract: In Taiwanmanyfactors whethergeologicalparentmaterials humanactivities
and climate change can affect the groundwaterquality and its stability. This work
combinesfactor analysisand kriging with information entropy theory to interpret the
stability of groundwateiquality variationin Taiwanbetweer2005and2007.Groundwater
quality demonstratechpparentdifferencesbetweenthe northern and southernareasof
Taiwan when divided by the Wu River. Approximately 52% of the monitoring wells in
souttern Taiwan suffered from progressing seawater intrusion causing unstable
groundwaterquality. Industrial and livestock wastewatersalso polluted 59.6% of the
monitoringwells, resultingin elevatedEC andTOC concentratiosin the groundwaterin
northern Taiwan domestic wastewaterspolluted city groundwater,resulting in higher
NH3-N concentrationand groundwaterquality instability was apparentamong10.3% of
themonitoringwells. The methodproposedn this studyfor analyzinggroundwatequality
inspectscommonstability factors, identifiespotentialareasnfluencedby commonfactors,
andassistan elevatingandreinforcing informationin support ofan overall groundwater
managemenstrategy
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1. Introduction

Several water quality items define water quality characteristics.Several researches have
undertakermultivariateanalysedo understanchydro-gedogical characteristicend contaminatiorof
regional groundwater[1-7]. Factor analysis extractsthe multivariate influence to understandthe
causés) of major factors affecting water quality, and to acquireinformation on the strengthof the
influence Researcbrs have recently adoptedspatial technologyas an important analytical tool to
describeandmapthe spatialvariability of hydro-chemicalparameter$4,8-11]. In collectingdata,each
spatialsamplingpositionS(x, y) may be usedto measurahe multivariatefactors(vi, v, v, € , vy), and
eachvariable may containmultiple samplingrecordson different frequencieVvii, Viz, Vis, € , V),
wheret is frequency.The analysisunit for consideringthe characteristiceof water quality and spatial
correlationsshouldbe basedon onemeasuremerguchasdatafrom a singlesurvey,theaverageor the
medianvalue during a long-term investigation.Many studieshave emphasizedspatial analysesof
water quality data, but ignored temporal information [8,9,12-14]. Therefore,this study includes
informationstability for eachmonitoringwell will to understandhe spatialvariationof well stability.

The characteristicof groundwaterquality closely relate to environmentalvariability. Cruz and
Silva analyzedthe groundwaterdata set for Pico Island (Portugal) inferring that silicate mineral
dissolution and water salinization were mainly responsible forobservedchangesin groundwater
composition[15]. Aiuppa et al. analyzedgroundwaterfrom Mr. Etna, ltaly andreveaéd threemajor
source®f groundwatercontaminantsteachatérom the hostbasalt salinebrinesfrom the sedimentary
basementbelow Mt. Etna and agricultural and municipal wastewaterqd12]. Kim et al. usedthe
modified piper diagramto investigatesalinizationof shallow groundwaterin the coastalreclaimed
regionsof Korea and reportedthat residualsaltsfrom seawateintrusion and organic matterin the
filling materialsacceleratethe groundwatesalinizationprocesg16].

Studiesusing factor analysisto assesgroundwateruality have showrthat extractedfactorsare
often relatedto the saline parameterof groundwaterquality. Adams et al. usedfactor analysisto
assesgroundwateiin the WesternKaroo (SouthAfrica) andits interactionwith the environmentand
reportedthat the salinization process,mineral precipitation and dissolution, cation exchange and
human activity were the main processesnfluencing groundwaterquality [17]. Kim et al. divided
shallow groundwaterin the coastalareaat Kimje City (Korea)into four groupsand revealedthat
seawater intrusion, chemical fertilizers, and the reduction process affected physicochemical
compositionsof groundwatef18]. Liu etal. investigatedyroundwateiquality in the coastalBlackfoot
DiseasgBFD) areain Yun-Lin County(Taiwan)anddiscoveredhat groundwateiquality was mainly
controlled byseawateintrusionandarsenicpollution [9]. Additionally, the area of high salinization
and arsenic pollution were consistentwith the area of groundwateroverpumping. Liu et al.
demonstratedhat brine groundwaterwas primarily composedof highly evaporatedseawater{8].
However,the salinizationfactor did not determinethe analysisresultsof groundwatersamplesn the
contaminatedites Subbaracet al. analyzedthe effluent contaminatiorof groundwatearounda zinc
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(Zn) smelterplantanda polymer plant at Visakhapatnangindia), showng thatthe groundwateat the
Zn smelterplant was contaminatedoy magnesium(Mg) and sulfate (SO4), whereassodium (Na),
chloride (Cl), and carbonategCQOs) were the major elementstransportedinto groundwaterat the
polymerplant[14]. Love et al. appliedfactoranalysisto provethatgroundwatequality aroundaniron
(Fe)mineandmunicipalsewagelisposabplantin SouthernAfrica wasrelatedto agriculturalactivities,
mining activities andchemicalusaggq13].

Studiesoften combinefactoranalysiswith clusteranalysisfor conductng spatialvarianceanalysis.
Cluster analysisis usedto split water samplesinto a number of groups accordingto similar
hydro-geochemicaktomposition[2,18-20]. A largearearesearchtypically integratesclusteranalysis
with geographicainformationsystem(GIS) technologyto investigatevhetherthe clusterphenomenon
exist spatially.If so,factoranalysiss thenusedto discusshefactorinfluencein eachclusterto solve
the less prominentfactorinfluenceof spatialvariancesn smallaread4,8,18,2123].

The reportedconcentratiorvaluesusedfor carryingout the multivariatestatisticalapproachbased
on a singlesamplingor the statistis at eachmonitoringwell do not includeinformationon raw data
uncertainty.The generalresultsonly display the groundwaterquality characteristicgor the specific
time of the survey Becausegroundwaterquality may vary over time, the aboveresultsthus do not
representa realistic groundwaterquality state The ignored information may not changethe factor
componentcomposition,but it will provide other useful information [8,9,13]. Therefore,this study
includesfactor influence. Shannonproposedentropy as a measureof uncertainly a theory recently
applied in various fields [24]. Although researchhas quantified the entropy theory to evaluate
uncertaintyfor hydrological variablesand parametersn models of water resourcessystems[25],
studieshavenot fully exploredits applicationfor describingandevaluatinglarge scalecharacteristics
of groundwaterquality. Entropy theory establishesand quantifies uncertaintyinformation to solve
waterresourceandenvironmentamanagemenproblemg26].

The three objectivesof this study included: (1) applying clusteranalysisand GIS technologyto
evaluatewhethera spatialclusterphenomenorxists (2) using factor analysiscombinedwith kriging
to interpretandmap major factorsthat affect groundwateiquality in Taiwan,and(3) investigatinghe
stability andspatialvariationof influential factors.

2. Materials and Methods
2.1.StudyArea

Taiwan is approximately36,000 squarekilometersis extensionwith 32% of the whole island
havingmeansealevel elevationshigherthan 1,000 meters.The averageannualprecipitationis about
2,150 mm; the majoiity of this precipitationoccursfrom typhoors during the wet seasorfrom May to
OctoberHowever the spatialandtemporaldistributionsof precipitationareextremelyunevenleading
to a greatdifferenc in river flow during the dry andwet seasonin Taiwan,the groundwateraquifer
belongsmostly to quaternarysedimentsGeologically,the groundwateraquifer of Taiwanis madeup
of coastalterrace,river terrace and alluvial plain; the plain areasare mostly alluvial fans with
abundantgroundwater.The distribution of groundwaterresourcesn Taiwan are divided into nine
groundwaterareas.The water resourcesome from surfacewater (68%) and groundwatern(32%) to
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supply 70% of agricultural,21% of domesti¢ and 9% of industrial water demandg27]. The stable
guantityof groundwatedeemst animportantwaterresource.

2.2.Hydro-GeochemicaDataset

The regional and site-specific groundwater monitoring wells established by the Taiwan
EnvironmentalProtectionAdministration (EPA) and the monitoring wells establishedby the Water
ResourcesAgency (WRA) constitutethe main groundwatermonitoring networks in Taiwan. Since
1999, the TaiwanEPA hascontinuallyestablishedegionalmonitoringwells (depthlessthan20 meters)
with a density of 0.4 wells/100 hectaresfor seasonasampling. Thesewells are mainy usedas a
prewarningsystemfor groundwateicontaminationThe procedurdor this study purgedgroundwater
with three times the volume of wells to remove suspendedsolids before collecting groundwater
samplesSampleswvere collectedwith bailers,storedin polyethylenebottles andpreservedaccording
to standardanalytical methods (EPA). The sample bottles were placed in 4 °C containersand
transportedo the laboratoryfor analy$s. Somerelatively unstablehydrochemicaparametersuchas
temperaturg(Temp.), pH and electrical conductivity (EC) were measuredn the field. The general
hydrochemicaparametersncluded total hardnesgTH), total dissolvedsolid (TDS), chloride (CI'),
ammonia (NHs-N), nitrate (NOs-N), sulfate (SO;”) and total organic carbon (TOC). The metal
parametersncludedarsenic(As), cadmium(Cd), chromium(Cr), copper,(Cu), lead (Pb), zinc (Zn),
iron (Fe),andmanganeséMn). Since2005,the supplementafive parameterdiaveincludedcalcium
(C&"), magnesium(Mg®"), sodium (Na"), potassium(K*), and alkalinity (Alk.), for a total of
23 analyticalparameters.

This study analyed groundwatersamplescollected seasonallyfrom 2005 2007, derived from
414 regionalmonitoringwells shownin Figure 1. In general,eachmonitoringwell was sampledand
analyzedquarterly. Sometimessamplescould not be collecteddue to naturalor humaninterruption
causesAs aresult,this studycollectedeightor moresampledrom about90% of the monitoringwells
(373)to providestableandeffectivehydrochemicatiata.

2.3. Statisticaland GeostatisticaAnalysis

Clusteranalysisselectedtwo southernand northernareasfor studyingspatialevaluationsFactor
analysiswasappliedto discoverthe factorsinfluencinggroundwateiquality in thesetwo areasThen,
entropytheorywasusedto quantitatively evaluatehe stability of groundwateiguality.
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Figure 1. Locationof monitoringwells in groundwaterreas

TAIWAN

@ Monitoring frequencies > 8
A Monitoring frequencies <8
[ ] Groundwater areas

Groundwater areas  No. (wells, samples)
A Taipei Basin (51,432)
B Taoyuan-Chungli Terrace (22, 205)
C Hsinchu-Miaoli Coastal Area (68, 630)
D Taichung Area (21, 183)
E Choshui River Alluvial Fan (34, 302)
F Chianan Plain (90, 847)
G Pingtung Plain (90, 864)
H Hualien-Taitung Valley (19,168)
I Lanyang Plain (19,178)
X o Total (414, 3809)

2.31. ClusterAnalysis(CA)

Clusteranalysisis an unsupervisegatterndetectionmethodthat classifes all casesinto smaller
groupsor clustersbasedon similarities within a group and dissimilaritiesamongdifferent groups.
Therefore the magnitudeof associations strong(homogeneitypetweencasesn the samegroupand
weak (heterogeneitypmongdifferentgroups.The similarity betweenwo casess typically quantified
through Euclideandistancemeasurementdierarchicalagglomerativeclusteing, which is the most
commonmethod,hasthe advantageof not making any prior assumption@boutthe data. The visual
compendiumof the clustering processess typically displayedas a dendrogram(tree diagram).
However,the fact that the usermustdecidethe numberof groupscausesubjectivejudgmentsin the
clusteranalysis.This studyemployedhierarchicalagglomerativeclusteranalysison standardizedlata
usingWard® methodwith squaredtuclideandistance Ward® methodattemptgo minimize the sumof
squareddistancesof centroidsfrom any two hypotheticalgroupsformedat eachstep The linkage
distanceis expresseds (Dijin/Dmay * 100, which representghe standardizedjuotient betweenthe
linkagedistancedor a particularcasedivided by maximallinkagedistancg11,2829].
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2.3.2.0rdinaryKriging (OK)

Kriging is a groupof geostatisticatechniquesisedto interpolatethe value of a randomfield at an
unobservediocation from observationsof its value at nearby locations. The main tool of most
geostatisticabnalyseds the variogram.The variogramcan be definedas half the expectedsquared
difference betweenpaired random functions separatecby the distanceand direction vector. The
importantcharacteristicof the variogramare range,sill, and nuggeteffect. The variogramfunction
canbeexpresseasfollows:

"Q:[_‘k) p

F ca Q

TR w0 (1)

where & "Q is numberof pairsobservations, @ representshe regionalizedvariableat position
w. For the traditional variogram,which is a function of onevariable "Q the modelfor the variogram
canbe obtainedby the useof mathematicamodelsfor instanceexponential spherical,Gaussianand
linear variogram.Thesemodelsmay be fitted to the variogramandthe coefficientsof the modelmay
be usedto assignoptimal weightsfor interpolationusingkriging. In this studyusedform of kriging is
ordinarykriging. Ordinarykriging assumesnunknownconstantrend:e ( % § Theestimatemethod
is linear weightedmoving average®f the n availableobservationsThentheinterpolationby ordinary
kriging is givenby:

) _ (2)

1 oop (3)

where: w is estimatedthe value at @ . And the kriging weights of ordinary kriging fulfill the
unbiasednessondition. The weightingfactorscanbe determinedoy solvinga nortlinear optimization
probleminvolving the minimization of the estimatederror to the constraintby using the Lagrange
multiplier. Thevarianceof estimationerroris definedby equation(5):

, 1M 6A0 _:w @ CA  _ p (4)

; _r A (5)
More detaileddiscussionand mathematicalnferenceare providedby JournelandHuijbregtsand
IsaaksandSrivastavd 30,31].
2.3.3 FactorAnalysis(FA)

Factoranalysisis an extensivelyusedmultivariatestatisticalmethodto rearrangeoriginal variables
into fewer underlyingfactors(alsocalledcommonfactors)to retainasmuchinformationcontainedn
the original variablesas possible.Unlike original variablesfactorsare completelyuncorrelatedwith
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eachother.Hence substitutingthesefactorsfor the original variablescaneffectivelyreducethe overall
complexity of large data. The eigenvaluequantifiesthe contribution of a factor to total variance.
Factorsareproducedaccordingto an eigenvalueanalysisof the correlationmatrix, andfactorloadings
andfactor scoresare the main measurementsf factor analysis.The first stepof factor analysisis to
standardizethe raw data and computea correlationmatrix of the variablesfrom the standardized
variables.The secondstepis to estimatethe factor loadingsthat expressthe degreeof closeness
betweenthe factor and variables.Factor loadingsrangefrom 11 to +1, with a larger absolutevalue
indicating a strongerrelationshipbetweenthe respectivefactor and variable. Furthermoreliu et al.
proposedhat classifyingthe factor loadingsas strong, moderate and weak correspond to absolute
loading valuesin the rangeof >0.75,0.75 0.50 and 0.50'0.30[9]. The last steplinearly transforms
factorsassociateavith theinitial setof loadingsby factorrotationto maximizevariablevariancesand
to obtaina betterinterpretabldoading pattern.Factorscoresare computedfor eachindividual caseto
representhe contributionof eachfactorin eachcase.

This study performedfactor analysisto determinethe factors controlling regional groundwater
compositionof thetwo areasandtheresultingfactorsin the maingroundwatetypes.Factorextraction
wascarriedout by principal componentswhereonly eigenvaluegreaterthanonewereretained32].
Thefactorloadingmatrix wasrotatedto obtainuncorrelatedactorsby varimaxrotation.

This study consideredfactor scoresof commonfactorsin eachgroundwatermonitoring well as
variablesand appliedthemto kriging methodsto createvarious surfacesto display the rangeand
degreeof groundwatequality influencedby commonfactors.

2.3.4 InformationEntropyTheory

Shannonintroduced the entropy conceptinto information theory by suggestingentropy as a
measuref informationor uncertaintyShannorentropyexpressethe degreeof uncertaintyimplicated
in predictingthe outputof a probabilisticevent.Mathematicallyaninverserelationshipexistsbetween
the amountof information and the probability of occurrencelf the occurrenceof an eventcan be
preciselypredictecthe probability valuewill be great andinversely,the Shannorentropywill besmall
Hence, information and uncertaintyas dual terms that reveal the information gainedis indirectly
measuresthe amountof reduceduncertaintyVariousfields of ecology,hydrology,andwaterquality
haverecentlyappliedentropytheory[33-35].

The Shannonentropy can be explained as follows: let a set of n possible outcomesbe
X1 {xl,x2,> Xn} and the probabilities of the outcomesasp(x), p(x,),> , p(x,) . The basic
assumptiorof entropyis theamountof information,H(X), beingarealnon-negativemeasureadditive,
anda continuoudunctionof probability p. Therefore entropyH(X) is definedas

H(X)=-é p; dog p (6)

wherep; is the probability of the outcomex;. In this study,the baseof the logarithmwas?2. The unit of
entropymeasuremerns calleda fibit.0
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3. Resultsand Discussion
3.1.DescriptiveStatistics

Table 1 showsthe summaryof statisticsfor the hydrochemicatlatain Taiwan. The watertemperature
rangedfrom 18.2to 32.4€ , with a maximumdifferenceof 4 € betweenthe northernandthe southern
areas.The pH value of groundwaterangesfrom 3.6 to 10.53 the southernareagroundwateris on the
alkaline side of neutral,whereaghe northernareagroundwateiis weakly acidic. The meanand standard
deviationof otherhydrochemicaparameterareEC 2,366.4+ 7,884.21S cm *, TH 477.7+ 1,017.6mgL'?,
andTDS 1,659.2+ 5,832.9mgL"".

Table 1. Summarystatisticsfor hydrochemicatlatain Taiwan(unit: EC asn&/cm, othersasmg/L).

Groups Temp. pH E.C. TH TDS CI' NHsN NOsN SOF TOC Fe&' Mn**

North Min 18.2 3.6 70.0 55 445 N.D.* N.D.* N.D.? ND.* 02 ND.? ND.?
Median 25.2 6.4 498.0 176.0 318.0 194 0.1 0.8 55.8 2.1 0.8 0.8
30.5 9.9 27,200.0 4,890.0 24,800.011,300.0 55.2 248 1,330.0 91.8 140.0 129

(n=1,796)
Mean 252 6.4 6957 209.0 4631 846 09 20 739 27 21 05
S.D. 1.6 0.7 16822 2299 12230 6029 35 29 912 3.2 7.6 1.1
South Min 220 55 1680 324 1200 N.D.® N.D.* ND.* ND.* 01 ND.?® ND.?
Median 272 7.0 899.0 3780 591.0 344 01 01 1000 15 018 0.4
(n=2013) 32.4 105 82300.014,400.064,200.031,900.0 37.4 654 54200 97 166 8.0
Mean 273 7.0 3857.0 7175 27263 11388 1.1 26 2509 1.8 09 06
S.D. 1.2 0.4 10507.6 1,338.1 7,787.2 39836 256 51 5605 1.4 1.8 08
Total Min 182 36 700 55 445 N.D.* ND.® ND.? ND? 01 ND? ND.?
Median 265 6.8 668.0 273.0 4420 239 01 04 729 18 08 0.2
(n=3809) Max 32.4 10.5 82300.014,400.064,200.031,900.0 55.2 654 54200 91.8 1400 12.9
Mean 263 6.7 2366.4 477.7 1659.2 6417 10 23 1675 23 1.4 05
S.D. 1.7 0.6 7,884.2 1,017.6 58329 29720 3.0 42 4216 24 54 0.9
MDL e e e 5 e 16 002 001 10 005 0.005 0.005
<N.D.(n)® 0 0 0 0 0 17 853 444 32 1 310 589
Groups Na' K* ca&*  Mg* Ak As® cd® cr® cu®  Pb®  zn®
North Min 2.6 01 057 ND. ND.?® ND? ND.? ND.? ND.? ND.? ND.:?
Median 236 2.8 4570 133 1415 N.D.® N.D.* N.D.* ND.* N.D.® 0.020
(n=1796) Max  7,380.0 257.0 308.00 742.0 7440 0.185 0.018 0.022 0.211 0.082 7.980

Mean 65.6 5.1 52.77 189 157.3 0.003 0.001 0.002 0.003 0.003 0.050
S.D. 359.3 13.3 3853 39.0 104.6 0.010 0.001 0.001 0.007 0.004 0.207

South Min 1.9 0.1 4.29 0.4 11.1  N.D.* N.D.* N.D.* N.D.? N.D.? ND.?

Median  39.1 45 106.00 24.6 299.0 0.002 N.D.* N.D.? N.D.? N.D.* 0.003
Max  15200.0 1,040.0 630.00 3,070.0 1,030.0 0.191 0.009 0.032 0.484 0.104 0.334
Mean 618.5 30.0 125.80 93.0 308.4 0.009 0.001 0.002 0.002 0.003 0.007
S.D. 20544 911 8400 2686 1371 0.019 0.001 0.002 0.011 0.005 0.015

(n=2,013)
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Table 1. Cont.
Groups Na' K* cgt  Mg¥ Ak As® cd® cr®  cu®  Pp®  zn®
Total Min 1.9 01 057 N.D.® ND.® ND.® ND.?® ND?® ND.?® ND.?® ND.?

Median 282 34 7840 176 219.0 0001 N.D.*? N.D.* N.D.* N.D.? 0.007
Max  15,200.C 1,040.0 630.00 3,070.0 1,030.0 0.191 0.018 0.032 0.484 0.104 7.980
Mean  357.8 183 91.37 580 237.1 0.006 0.001 0.002 0.003 0.003 0.027
S.D. 15385 680 7587 2005 1442 0.016 0.001 0.002 0.010 0.005 0.144
MDL 0.1 0.1 0.1 0.1 0.1 0.0005 0.001 0.005 0.005 0.005 0.005
<N.D.(n)* 0 0 0 3 5 1,553 3,457 3,539 3,336 3,429 838
®N.D. representsaluesarelower thanmethoddetectionlimit (MDL);
®Valuesfor constituentdower thanMDL werereplacedvith MDL/2.

(n = 3809)

Table1 shows the concentrationsf Cd, Cr, Cu,andPbin morethan80% of the samplesandZn in
22% of sampleswere below the detectionlimits. More than 50% of shallow groundwateraquifess,
equivalentto 60,000hectaresn the samplingarea,containAs, indicaing thatgroundwatein Taiwan
generally containstrace amouns of As. Researchersiave reportedgroundwaterwith high-arsenic
concentrationsn the southwesterrcoastof Taiwan, with the arseniccontentof well water rangng
from 0.01 to 1.82 mgL'! High-arsenicconcentrationsare also in Blackfoot Diseasehyperendemic
areag[36-39]. The resultsin this study showedthat the groundwaterAs concentrationgsangedfrom
N.D. to 0.191mgL" !, wherethe highestconcentratiorof As alsooccurredn Southwesteraiwan.

Table 2 givesthe correlationcoefficientmatrix for the hydrochemicaparametersif the correlation
coefficient(r) is greaterthan0.7, two parametersre considered to bstrongly correlated whereasf
the r value is between0.5 and 0.7, it indicatesa moderatecorrelaton at a significance level
p < 0.05[17]. Parameterfavinghigh degreeof correlationsareEC andTDS (r = 0.998)becausall
of the dissolved componentscause increasedionic concentration,as well as increased EC
concentration EC is highly relatedto TH (r = 0.970), CI' (r = 0.998), SO (r = 0.964),
Na' (r = 0.997),K* (r = 0.996) andMg?* (r = 0.965)but moderatelyrelatedto C&* (r = 0.670).

The results indicated that these ions involve various physical and chemical reactions:
e.g, oxidation/reductiorreactionsandion exchangan groundwateraquifers, which suggesthat the
samefactor strongly affect them[40]. C&* andSO,* havea relatively high correlation(r = 0.714)
revealingthatthe calciumion in groundwateccomesmainly from gypsum.Na" andClI' alsohavehigh
correlation (r = 0.996). However, heavy metals having no significant correlations with other
parameterare As, Cd, Cr, Cu, Pb, andZn; therefore As, Cd, Cr, Cu, Pb, andZn arenot includedin
the subsequennultivariateanalysesOnly 17 waterquality parameter§Temp.,pH, EC, TH, TDS, CI',
NH3-N, SO, TOC, Fe,Mn, Na, K, Ca,Mg, andAlk) for samplesollectedfrom the 414 monitoring
wells are used.Valuesfor constituentdower thanthe method detectionlimit (MDL) werereplaced
with half of the methoddetectionlimit (MDL/2) prior to statisticalanalysisto makeup all data[41].
This studyusedthe SPSS13.0softwarefor multivariatestatisticalanalysisandthe resultswereplotted
by ArcGIS 9.3.
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Table 2. Thecorrelationcoefficientmatrix for hydrochemicaparameters
Temp. pH EC TH DS cCI' NHs-N NOsN SO2 TOC Fe* Mn? Na' K* ca®* Mg* Ak As Cd Cr Cu Pb Zn
Temp.| 1.000*
pH |0.364* 1.000
EC |0.187* 0.175* 1.000*
TH |0.239* 0.205* 0.970* 1.000
TDS |0.181* 0.166* 0.998* 0.979* 1.000
cl" |o.165* 0.152* 0.998* 0.970* 0.998* 1.000
NH,-N| 0.010 0.119* 0.256* 0.217* 0.238* 0.241* 1.000
NOz-N| 0.042 -0.066 -0.120* -0.097* 10.114* 10.117* 10.186* 1.000
SO [ 0.212¢ 0.150¢ 0.964* 0.972* 0.969* 0.962* 0.154* 710.093 1.000
TOoC [10.229¢ 10.073 70.050 10.064 10.058 10.060 0.567* 10.230* 10.083 1.000
Fe** |10.07170.193* 0.071 0.075 0.072 0.070 0.288* 710.173* 0.083 0.299* 1.000
Mn?* [ 0.144* 10.095 0.243* 0.257* 0.240* 0.231* 0.106* 10.169* 0.299* 0.169* 0.465* 1.000
Na" |0.164* 0.159* 0.997* 0.960* 0.996* 0.996* 0.251* 70.120* 0.955* 10.051 0.066 0.223* 1.000
K* |0.177* 0.162* 0.966* 0.972* 0.973* 0.971* 0.221* 70.115* 0.950* 10.041 0.063 0.200* 0.960* 1.000
Cca® |0.434* 0.414* 0.670* 0.752* 0.672* 0.646* 0.164* 10.027 0.714* 10.087 0.010 0.293* 0.645* 0.610* 1.000
Mg?* [0.179* 0.145* 0.965* 0.988* 0.977* 0.971* 0.218* 70.103* 0.961* 10.051 0.088 0.228* 0.960* 0.986* 0.647* 1.000
Alk  ]0.462* 0.553* 0.189* 0.241* 0.172* 0.144* 0.277* 10.137* 0.201* 0.240* 10.0380.172* 0.163* 0.181* 0.521* 0.165* 1.000
As |0.112* 0.247* 0.176* 0.180* 0.168* 0.164* 0.203* 10.224* 0.147* 0.205* 0.166* 0.061 0.170* 0.176* 0.192* 0.165* 0.286* 1.000
cd [10.102* 10.114* 70.011 70.021 70.013 70.011 0.143 710.065 10.0170.157* 0.528* 0.202* 10.011 10.011 10.064 10.009 10.044 0.261* 1.000
Cr 0.002 0.005 70.022 70.025 70.021 70.019 70.032 0.047 710.02970.04170.02870.05070.020* 70.023 70.050 10.018 10.050 70.036 10.013 1.000
Ccu [10.097* 710.071 70.029 70.034 70.028 70.031 10.005 0.023 70.0270.102* 10.011 0.029 70.027 10.023 10.051 10.029 0.032 70.051 0.185* 10.017 1.000
Pb 0.011 0.016 70.012 70.003 70.011 70.014 70.011 0.204* 10.001 0.044 0.004 10.009 70.014 70.009 0.027 70.007 0.030 70.005 0.085 710.0070.256* 1.000
Zn  [10.213* 10.432* 710.077 10.095 10.073 70.068 10.070 70.096 70.0490.159* 0.280* 0.137* 10.070 10.06770.209* 10.0657 0.270* 1 0.099* 0.311* 10.0230.143* 10.0121.00(

&Significant correlations>0.70) in bold* p-value< 0.05.
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3.2.ClusterAnalysisof SpatialCorrelation

The gological factor is the main factor affecting the groundwater by many researches
[2,46,89,11,1314]. In Taiwan,groundwatemonitoringwells are distributedover nine groundwater
aquiferswith the farthestdistanceof 354 kilometersbetweentwo wells. This highlights the regional
patternof groundwaterfactors,which mustreducethe global influenceof commonfactors.However,
commonfactorsin the small areaareappropriateo representhe real situation. Thus, clusteranalysis
and GIS technologywere combinedto determineif a spatial clusterexists.Basedon the raw data,
clusteranalysiswasperformedto split the groundwatemonitoringwells into two groups,threegroups,
andfour groupsup to multiple groups andthenplottedto determinethe spatialdistribution shownin
Figure2.

When the monitoring wells were divided into two groups,the percentagesf monitoringwells in
the groupswere 96% and4%. Monitoring wells of the smallergrouplocatedin Southwesternraiwan
had the spatial aggregation as shown in Figure 2(a). When divided into three groups
[ (Djink / Dmax) 3 100<10, Dy, / Dacrepresentsthe quotient betweenthe linkage distancesfor a
particularcasedivided by the maximallinkage distance] the percentagesf monitoringwells in each
group were 56%, 40% and 4%. Figure 2(b) showsthe first group aggregatedouth of the Choshui
River Alluvial Fan,the secondgroupin the Southwesternraiwan,andthe third groupin the northern
Taichunggroundwaterareaand the easterngroundwaterarea.The three groupsdemonstratelistinct
distributionsin space Whenthe monitoringwells were divided into four andfive groups the spatial
patterrs were similar to thosefor the three previousgroups and only a few monitoring wells were
divided into othergroups[Figure2(c) and Zd)]. However,regardles®f how the groupincreasedhe
numberof groups asshownin Figure2(e) andFigure2(f), the division ofgroundwatercharacteristics
into northandsouthgroupsis obvious.Thereforejn orderto focus,chooseo usethe mostappropriate
areato bediscussed.

Wells of the first group identified as the northernarea were locatedin the Taipei Basin, the
TaoyuanrChungli Terrace,the HsinchuMiaoli Coastl Area the TaichungArea, the Lanyang Plain,
and the HualienTaitung Valley. Wells of the secondgroup the southernarea were locatedin the
ChoshuiRiver Alluvial Fan, the Chianan Plain, and the PingtungPlain. The northernareahas 200
monitoringwells whereaghe southerrareahas214 monitoringwells. Becausef the extremevalueof
the \ariation in groundwaterquality, we comparethe relative variation of both the northernand
southernareasusinga box-andwhiskerplot.

Figure 3 shows the box-andwhisker plot of hydrochemicalparametersfor the northern and
southernareas Basedon the medianvalue,the northernareahada greaterconcentratiorof TOC and
NOs-N thanthe southernarea,whereashe southernareahad higher concentratiorof EC, TH, TDS,
cl', SO, Na', K*, C&*, Mg?*, Temp.,pH, Alk, Mn?*, NHs-N, andF€* thanthe northernarea.This
demonstratedthat factors affecting groundwaterquality are different for the northern and the
southerrareas.
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Figure 2. Overlaymapof the spatialdistributionof clusteranalysisresults.
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Figure 3. The box-andwhiskerplot of varioushydrochemicaparametergor the northern
andsoutherrareasn Taiwan.
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3.3.Factor AnalysisCombinedwith Kriging

Factoranalysiswasperformedon the normalizeddatasets(23 variables)separatelyor the northern
andsoutherrareasof Taiwan.This studyretainedonly factorswith eigenvalueshatexceeded..0,and
basedon the absolutefactorloadings weregreaterthan0.625to determinegpredominanparametersf
the commonfactors.Table 3 presentghe rotatedcommonfactors for the percentagef varianceand
thetotal cumulativepercentagef variance.
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Table 3. Therotatedcommonfactors for loadings,the percentagef varianceandthe total
cumulativepercentagef variancein the southerrandnorthernareas.

North 2 South?

Parameter

Factor 1 Factor 2 Factor 3 Factor4 Factor 1l Factor 2 Factor 3 Factor 4
Temp. 0.079 0.200 0.168 10.277 0.057 0.146 10.201 0.738
pH 0.065 0.814 10.180 0.017 0.172 0512 10.339 10.486
EC 0.985 0.120 0.043 0.089 0.987 0.070 0.077 0.024
TH 0.887 0.423 0.110 10.032 0.981 0.043 0.120 0.072
TDS 0.991 0.108 0.030 0.033 0.991 0.050 0.084 0.029
cl 0.991 0.027 10.012 0.068 0.990 0.042 0.077 0.018
NH4T N 0.191 0.124 0.180 0.864 0.351 0.505 0.262 10.160
NOgT N 10.033 10.177 10.437 10.158 10.060 10430 10574 0.113
so” 0.669 0.207 0.359 10.408 0.974 0.032 0.088 0.110
TOC 0.080 0.257 0.369 0.777 10.103 0.813 0.093 0.172
Fe* 0.078 10.178 0.810 0.193 0.239 10.072 0.809 0.087
Mn?* 0.009 10.023 0.892 10.075 0.294 0.105 0.319 0.597
Na’ 0.990 0.039 0.008 0.089 0.984 0.062 0.066 0.003
K* 0.962 0.104 10.023 0.028 0.971 0.073 0.065 0.014
ca* 0.332 0.849 0.069 10.071 0.729 0.096 0.239 0.239
Mg2 0.965 0.128 0.139 0.076 0.977 0.028 0.095 0.036
Alk 0.100 0.852 0.190 0.373 0.046 0.800 10.044 0.168
Eigenvalue 7.19 2.57 2.08 1.84 8.56 2.07 1.43 1.32
Total variance(%) 42.28 15.13 12.21 10.80 50.34 12.19 8.44 7.76

Cumulativevariance(%) 42.28 57.41 69.62 80.42 50.34 62.53 70.97 78.73"

#Theloadingswhoseabsolutevalueis morethan0.6250f the total variancewerein bold;
® Total cumulativevariances.

Factor 1

For the northernarea,Factor1 consistof eightparametersEC, TH, TDS, CI', SO, , Na', K*, and
Mg?*. Forthe southerrarea,Ca" is addedto consistof nine parametersractorl explained42.28%of
the total variancefor the southernareaand 50.34%for the northernarea.Theseparametersare the
majorionsin aqueoussolution.SinceEC canreflectthe degreeof groundwateipollution by seawater
intrusion,we canregardit asa watersalinizationindex[9]. The southernareasufferedfrom dischar@
of agriculturalandindustrialwastewaterso groundwaterand had highergroundwateEC valuethan
the northernarea wheregroundwatein the southerrareawasalreadypolluted.

Factor 2

Factor2 accountsfor 15.13%of total varianceincluding the parametergH, C&*, and Alk in the
northernarea.In the southernarea,the associatiorof TOC andAlk characterizedactor 2 accouning
for 12.19%of thetotal variance Sincethe geologyof the northernareais primarily limestonethe Ca&t*
ions releasento the groundwaterwhich changeghe pH. The groundwateiin the southernareahasa
wide distribution of TOC, mainly from livestock andindustrial wastewateidischargeTOC is alsoa
prewarning of groundwaterpollution. The sourceof alkalinity is different for the northernand the
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southernareas.In the northernarea, C&" ions are the main sourceof alkalinity. However, TOC
degradationnto inorganiccarbonmainly causeslkalinity in the southerrarea

Factor 3

Factor3 for the northernareaincludes the parameter$e”* and Mn** explains12.21%of the total
variance Factor3 for the southerrareaincludesonly oneparameterFe**, which explains8.44%of the
total variance. The soil and rock in the groundwaterare composedof Fe* and Mn?*. The iron
dissolvesin water to form divalent and trivalent iron cationsand in the absenceof otherions, the
neutraland oxidizing water canform a ferric hydroxidedepositwith the iron. Sincethe groundwater
containslow amountsof dissolvedoxygen,the anaerobiccondition resultsin redued trivalentiron
and increaseddivalentiron in water. Hence,the groundwatercontainshigher concentration®f iron
ionsthansurfacewater.Similarly, divalentmanganespMn(ll) ] is the maintype exising in groundwater.

Factor 4

Factor4 in the northernareaaccouns for 10.80%of total variance,containng two parametersf
NHs-N and TOC. The total organic carbonis a compositeindex that respondgo the total massof
organic matter existing in water. In the southernarea, Factor 4 only contairs one parameter
temperaturewhich explains7.76% of total variance.The groundwatercontaminatedoy ammonia
nitrogenresultsfrom organic mattercontainedin dischargesof industrial, agriculturaland domestic
wastewaterslecomposingnto ammonianitrogenby microbial reactions.The high concentrationof
ammonianitrogen or organic nitrogenin water indicateswater pollution. Inorganicammoniais the
main parameterof groundwatemrmonitoring work and the existenceof nitrogen compoundsclosely
relateto organic matter. Ammonia nitrogenconvers into nitrogengasfor releaseto the atmosphere
through nitrification and denitrification, where nitrification is the key to the nitrogen cycle.
Groundwaterin the anaerobiccondition precedeghe nitrification process,leadingto accumulated
ammonianitrogenin groundwaterCarbonandnitrogenoriginatefrom the samesource causng a high
concentratiorof total organiccarbonin groundwater

The factor scoreswere evaluatedusing kriging method.Table 4 lists the variographyresultsfor
commonfactorin northernareaand southernarea.A bestfit modelswith the lowestreducedsum of
squaregRSS)andthe highestR? valuesweregeneratedisingGS+ softwarein orderto fit variograms
basedon useof aleastsquaresnodel. Thevarogramsf F1, F2 in the northernareaandF2, F4 in the
southernareawith high nuggeteffect ratios (>38.0%)representigh levels of smallscalevariations.
Thesevariationsmay be due to the extremeobservationsn the study area.The spatial structuresof
northernareaandsoutherrareain commonfactorsarenotall similar.

Table 4. Variographyresultsfor factorscores

Region Commonfactor Model type Co Co+C Range R? RSS
North F1 Linear 0.750 0.750 243217 0.627 0.975
F2 Exponential  0.384  1.011 24,300 0.753  0.050
F3 Gaussian 0.001 1.132 1,663 0.527  0.872

F4 Gaussian 0.506 3.022 201,784 0.689 0.854
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Table 4. Cont.
Region Common factor Model type Co Co+C Range R? RSS
South F1 Gaussian 0.497 3.004 152,767 0.883  0.432
F2 Gaussian 0.510 1.344 50,749 0.957 0.057
F3 Exponential  0.146  1.048 4,920 0.699 0.025
F4 Exponential  0.658  1.547 165,900 0.872 0.044

RSS: Residual sum of squa®: Nugget.Cy+ C: Sill.
3.4. ShannonEntropyCalculations

The currentstudy analyzedthe stability of eachparameteusingthe informationentropytheoryto
extend information containedin the long-term monitoring data. Some missng data for a few
groundwatermonitoring wells raisedthe datareliability by selectingmonitoring wells with a sum
greaterthaneightfor data.The northernareahas175 groundwatemonitoringwells, andthe southern
areahas198;atotal of 373 groundwatemonitoringwells occupied90% of thewhole data.This study
calculatedthe information entropy for each selectedgroundwatermonitoring well and rankedthe
groundwatermonitoring wells accordingto their cdculated information entropy values. Then the
rankingsof groundwatermonitoring wells were summedup for each parameterclassifiedby each
commonfactor. Causedy the characteristic®f differentgroundwatequality parameterst is to rank
to be addedto replacethe sumof entropyvalue. Table5 showsthe containedparameterskinally, the
magnitudeof the sumof rankswasusedto determinethe stability of groundwatequality. The smaller
value indicates a more unstable groundwater quality. Water quality variation in many
groundwatemmonitoring wells is not obvious so thesewells have the samerank. The groundwater
parameter$or thesewells arerelatively stable andarenot shownin the plot.

Table 5. Statisticson theranks of informationentropyvaluesfor commonfactors.

Sample pHentropy Ca® entropy Alk. entropy

D name  value(rank) value(rank) value(rank) Sum of ranks  Factor2 rank
1  Ab026 1.000(4) 1.571(2) 1.685(5) 11 1
2 Dgl147 1.971(1) 0.971(12) 0.971(22) 35 2
3 Aa009 1.485(3) 0.722(31) 1.771(4) 38 3
4 Dj166 1.000(4) 0.722(31) 1.000(16) 51 4
174  Hs393 0.000(89) 0.000(70) 0.000(99) 258 146
175 Cf130 0.000(89) 0.000(70) 0.000(99) 258 146

Factor2 for thenorthernareais takenasanexample

3.5. EvaluatingStability of GroundwaterQuality Variation

Factoranalysisof the scorescan usethe kriging methodto draw contourmaps.Factorscores can
guantify commonfactor®influence.A high scoremeansthe commonfactor hashigh-impact. With a
well knowing the factor scoreand overlayingentropy,we canvisuaize the factorsof influenceand
stability of therelationship.
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Figure 4(a) showsthe overlaying map of the distribution of Factor 1 scoresand the ranks of
informationentropyvaluesfor the northernandthe southernareasFor the northernarea,the ranksof
informationentropyvaluesfor only five of the monitoringwells vary noticeably.Unstablemonitoring
wells occupy 2.9% (5/175) of the total numberof monitoring wells, locatedin Taipei City, Miaoli
County andYilan County.Theregionswith high scoresof Factorl conformedo thelocationsof these
five unstablemonitoringwells. In the southernarea,the ranksof information entropyvaluesshowed
that 103 monitoringwells had noticeablevariationwith 52.0%(103/198)of the monitoringwells being
unstable.The overlay map reveas that the regionswith high Factor 1 scorescorrespondedvith
monitoring well locations having the upper rankings of information entropy values. A higher
concentrationof the groundwaterquality parametercontainedin Factor 1 less stability. This is
common to both the southernand the northern areas but the problem is more seriousin the
southwesterwoastof Taiwanbecausd-actorl representshe extentof groundwatesalinization.Thus,
the information is useful to obtain the spatial distribution of groundwatersalinization.Figure 4(a)
revealsthat the monitoring wells that have unstablegroundwatemuality locatedin potentialareasof
groundwatesalinizationarepolluted

Figure 4(b) showsthe overlaymapof the distributionsof Factor4 scoresfor the northernareaand
Factor 2 scoresfor the southernarea,and the ranks of information entropy values. The ranks of
information entropy values for the northern area exhibit that 18 monitoring wells have obvious
variationswith 10.3%(18/175)unstablemonitoringwells aggregate in Taipei Countyandllan County.
The regionswith high Factor4 scoresconformedto monitoringwell locationshavingupperrankings
of informationentropyvalues.Organicmatterin thesedensepopulationareagpollutesthe groundwater
to interferewith groundwatemuality stability. In the southernarea,the ranksof information entropy
valuesindicate that 118 monitoring wells have obvious variationswith 59.6% (118/198) unstable
monitoring wells spreadextensively.The regionswith high Factor 2 scoresdid not correspondwith
monitoring well locations having upper rankings of information entropy values indicaing that
concentration®f TOC and Alk in the groundwaterdid not positivdy relateto groundwaterquality
stability. This is causedoy the pollution sourceoriginaing from animalhusbandrycharacterizedy a
wide rangeof along-term,slow pollution.

Figure 4(c) shows the overlay map of the distribution of Factor 3 scoresand the ranks of
informationentropyvaluesfor the northernandthe southernareas.The ranksof informationentropy
valuesfor the northernareashow that 30 monitoring wells have obvious variations with 17.1%
(30/175)unstablemonitoring wells, locatedin Taipei City, Taipei County, TaoyuanCounty, Hsinchu
County and Miaoli County. The regionswith high Factor 3 scoresconformedto monitoring well
locations having upper rankings of information entropy values.In the southernarea,the ranks of
information entropy valuesreveaéd that three monitoring wells have obvious variationswith 1.5%
(3/198)unstablemonitoringwells locatedin TainanCounty,KaohsiungCounty andPingtungCounty.
The overlay map revealedthat the regionswith high Factor 3 scorescorrespondedvith monitoring
well locationshavingupperrankingsof informationentropyvalues.Factor3 is composedf iron and
manganes®nsin the northernarea while Factor3 only containgiron ions in the southerrarea.These
elementsare naturalcomponerg of soil and rocks commonlyfound in groundwaterindicating that
naturalvariationis the main causeof unstablegroundwatequality.
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Figure 4. Overlay map of factor scoresand information entropy values (a) South
North-F1; (b) SouthF2, North-F4; (c) South North-F3; (d) SouthF4, North-F2.
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Figure 4(d) showsthe overlaymap of the distributionsof Factor2 scoresfor the northernareaand
Factor 4 scoresfor the southernares, and the ranks of information entropy values. The ranks of
information entropy valuesfor the northernareashow that 116 monitoring wells having obvious
variationswith 66.3% (116/175)unstablemonitoring wells. Thesemonitoring wells are locatedin
Taipei City, Taipei County, HsinchuCounty, Miaoli County,and TaichungCounty. The regionswith
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high Factor 2 scoresconformedto monitoring well locaions having upper rankingsof information
entropy values. In the southernarea, the ranks of information entropy values reveals that 81
monitoring wells have obvious variations with 40.9% (81/198) unstablemonitoring wells located
extensively.The high Factor 4 scoresare different from the upperranking of information entropy
values indicatingthatnaturalcausesnfluencegroundwatetemperature

3.6.SeriousSalinizationGroundwaterin Southwesteriaiwan

To understandhe extentof Factor1 impacton groundwateiquality in the southernarea,the study
areaconcentratecon monitoring wells locatedonly in the coastareaof ChiananPlain. Using the
informationentropymethodto evaluatethe stability of groundwateparameters Factorl emphasized
the correlation betweenfactor scoresand information entropy valuesas shownin Figures 5(a) (c).
Resultsof overlayingthe contoursof Factor 1 andthe informationentropyvaluesof Factor1 showed
thatall of the parametergxceptC& " indicatedthat the monitoringwells with high informationentropy
valuesof parametersverelocatedcloselyin the regionshavinghigh Factor1 scoresThis indicatedthat
monitoring wells with high Factor 1 scoreshad relative poor groundwater qualitystability. These
monitoringwells aggregatedh the coastalareas so salinizationobviouslyaffectedgroundwateiquality.
Factor loadingfor C&* was0.729 lower than other parameter®f Factor 1. However,C&" fitted the
criterion for selectinggroundwaterparametersshowingthat C&" is not a main control parametein
Factorl. This finding could prove that additionalanalysesf groundwaterquality uncertaintyin this
study assistedn understandingarious groundwatemparametersand how the samepollution source
affectedthoseparameters.

Figure 5(d) revealsthat the monitoring wells within the top 20 ranksof the information entropy
valuesare mostly locatedin coastalareas.The Factor 1 scoresfor monitoring wells also gradually
decrease from the coastto inland (the further the monitoringwells arefrom the coast,the smallerthe
Factor 1 scores)In contrast, the ranksof information entropyvaluesgraduallyincreasd (the further
the monitoringwells arefrom the coast,the lower the ranksof informationentropyvalues).From left
to right, the studyareacan be broadlydividedinto threezonesbasedn Factor1 scoresTable6 shows
the statistical ranksof Factor 1 information entropyvalues.The nine monitoring wells closestto the
seain zonel havehigh Factor 1 scores(Factor 1 scoresli 8) and high information entropyvalues.
Accordingto the ranksof informationentropyvalues,five of the monitoringwells (56%) are within
the top tenranksandthe otherfour wells are(44%) 11 to 20. In zonell, furtherawayfrom the coastal
area,12 monitoringwells (58%) havesmallerFactor 1 scoresthanzonel (Factor1 scoresOi 1) with
six monitoringwells (50%) ranking31i 103; Only two wells (17%) rankwithin thetop ten In zonelll,
furthestawayfrom the coastalareathe monitoringwells havethe smallestFactorl scoregscores<0).
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Figure 5. (a)~(c) Distribution of the informationentropyvaluesfor varioushydrochemical
parameteran common Factor 1; (d) ranks of information entropy values Factor 1 in
Southwesteriaiwan.



