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ABSTRACT

| sotope char acteristics have been summarized in thisreport
for nine groundwater regions of Taiwan. The isotope signals for
these nine regions ar e quite distinct with each other and closely
related with their meteorological variations, rechar ge sour ces,
and water utilization. I nview of futur eexploitationfor groundwater
resour ces, three categories, good, fair, and poor, are adopted to
classify these groundwater regions based on isotope
measur ements. Among the nine regions, central and southern
areas are the most damaging and alarming regions in terms of
groundwater r esour ces management. Appr opriate remediable
measures are immediately needed to effectively alleviate the
existing groundwater crisis.
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INTRODUCTION

Groundwater isoneof the most important and indispensable water resourcesin Taiwan
(WRPC, 1992). The establishment of the "Groundwater Monitoring Network Plan" (GMNP)
by the Water Resources Bureau since 1992 is aiming to accumulate basic and essential
hydrologicd, geological, chemicd and geophysicd dataof Taiwan groundwatersfor an efficient
water resource management (Hsu, 1998). In complement with the ongoing GMNP program,
wehaveindependently measured the naturaly occurring i sotopecompositions of groundwaters
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collected during the past decadefor ninegroundwater regions with an objectiveto buildthe
fundamental isotope database (Fig. 1). In thisreport, we have summarized and synthesized
published daatoillustrate their isotope characteristicsand discussthe associated implications.
Theseisotope signalscollected thus far would serve asvauableand useful databasefor further

integrating Sudies.
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Figure 1. The groundwater regionsin Taiwan (1: Taipei; 2: Taoyuan; 3: Hsinmiao; 4: Taichung; 5:
Choshuichi; 6: Chianan; 7: Pingtung; 8:14an; 9: Huatung; 10: Penghu). Except the Taipei area, all
other ninegroundwater regionsare qualitatively grouped and marked into three categoriesbased on
isotope evidences (shaded area: good and abundant; open squares: fairand normal; open crosses:

poorand alarming). See textsfor details.
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DATA AND METHODS

All isotopedatain this work areretrieved from previousstudies (Chang, 1994; Ho, 1989;
Hung, 1998; Lin,1992; Liuetal., 1982, 1984,1990; Liu, 1992, 1994, 1995a,1995b, 1996, 19973,
1997b; Liu etal, 1996; Peng and Liu, 1992; Fengetal., 1993, 1994, 1997; Peng, 1995, 2000;
Shiehetla, 1983; Wangetal., 1990, 1993, 19944, 1994b,1994c, 1995, 1996, 1996b, 1996c,
1996d,1997a, 1997b,1997c, 19983, 1998b, 1999a; Wangand Liu,1997).

Thestable isotope compositions areexpressed relativeto VaVOW (Vienna Standard
Mean Ocean Water) as per mill (%p notation according to recommendations issued by the
I nternational Atomic Energy Agency (IAEA) andIntermationd Organizationfor Standardization
(ISO) (Gonfiantini,1978; IAEA,1983;1S0,1992). Detailed andyti cal description canbe found
in reports of Institute of Earth Sciences, Academia Sinica (Wang et al., 1990; 1993). The
analytical precisions expressed as 1S for the laboratory standardsare +1.3%éor dD and
+0.08%dfor d*®0, respectively. The average differences of duplicate analyses of water
samples are +1.5%dor dD and +0.11%dor d*®0, respectively.

Tritium concentrations are expressed in TU, where 1 TU indicates a T/H ratio of 1028
(Taylor and Roether, 1982). Carbon-14 concentrationsareexpressed asper centmodern carbon
(PMC) according to the definition of Stuiver and Polach (1977). Repeated analy sesof samples
and laboratory standards show that the 1s uncertaintiesare +0.1 TU for tritium and +1%
PMCfor C, respectively.

RESULTSAND DISCUSSION

Naturally occurring stable(H, O) and radiogenic (T, *C) isotopes of water havebeen
widely and extensively used in groundwater studies over the last forty years. The major
applicationsaretoaddressproblemsrelated togroundwater recharge, delineation of flow sysems
and quantification of mass-balancerelationships (Clark and Fritz, 1997; Gat, 1980, 1981, 1996;
Gonfiantini, 1986; Fontes, 1980; IAEA, 1981; Rozanski et al., 1997). In Taiwan, wehave
conducted naturally occurring isotopicmeasurementsfor thelas decade anditisan appropriate
occasionto synthesize and present the preiminary results. Since the groundwater isprimarily
derived from precipitation and surface waters, itisacommon practiceto concurrently examine
the isotope signals of these different water bodies and make comparisons among them.
Accordingly, stableisotope altitude gradientsderivedfrom major rivers of waersheds of nine
groundwater regionsand correspondinglocal meteoricwater lines(MWL) areligedin Table1
tofecilitate thecomparison. In Table 1, Sablei sotope gradi entsthat depend upon local topogrephy
and climate spread from -0.7%do -4.3%¢er 100m for dD and -0.11%d0 -0.58%¢pre 100m
for d'80, respectively, in Taiwan. These vaduesare in good accordance with those published
elsewhere (Clark andFritz, 1997; Fontes, 1980).

The corresponding local meteoric water lines (MWL) in Table 1 arethe least-square
regression linesfrom stable isotopes of precipitationsasrecommended by IAEA (IAEA, 1992)
and composed of long-term isotopic signatures of precipitation a each groundwater regions.
Their slopesarefunctionsof humidity, temperature, and other factors (Gat, 1981; Rozanski &
al., 1997) of eachgroundwater territories. Although all slopesin ninegroundwater regions are
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reatively cosetothe global meanvaue of 8 (IAEA, 1981, 1992), thenortheagernl-Lanregion
cariesthe highed slopevalue (=8.9), whereas the southwestern Pingtung reveals arelativey
low slope figure (=7.5). Thisdidinguishing feature clearly illustratesthe major differencein
prevailing dimatefactorscontrollingthose differentgroundwater regionsin Taiwan. Thus these
MW.Ls are theultimate and essential reference basisfor each groundwater regions.

The seasonal features of hydrogenand oxygenisotope compostions of nine groundwater
regions arelisted in Tables 2 and 3 with observed maximum, minimum and mean values,
respectively. The dry (October - April) and wet (May - September) seasons are determined by
meteorological observationsforthe precipitation (Wang etal., 1994d). Themean valuesof dry
season groundwaters are generally enriched in D and *8O relative to those of wet seasons,
exceptfor the Huatung area. Thisseason-variation attributeis mainly due tomonsoon-controlled
precipitation, as thegreater therainfall the lower theD and 80O content IAEA, 1992), andis
also ingood agreement with many observationsfor low latitude marine sites of the IAEA
monitoringstations(IAEA, 1992).

Tablel. Stableisotope altitudegradientsandlocal MWLs for ninegroundwater watershedsin
Tawan.
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Table 2. Seasonal hydrogen isotope compositions for nine

aroundwater reqionsin Taiwan.

Table 3. Seasonal oxygen isotope compositionsfor
ninegroundwaterregionsin Taiwan.
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InFigure2, the seasonal featuresof stable isotope compasitionsexpressed asdD versus
d*80 plots in Taiwan groundwaters are shownwith correspondinglocal MWLSs. In general,
mostof groundwaterisotopesdistributed ong their corresponding MW.Lsascommonly observed
ingroundwater studies (Gat, 1980). I sotope signals in groundwatersnormally represent long-
term average values (Fontes, 1980) and exhibitrelatively narrow ranges (dD < 40%o
d*80O < 5% comparing to those of surface waters and precipitation, asillustrated by
regions of Taoyuan, Hsinmiao, Taichung, and Huatung. However, regionssuchas|-Lan,
Choushuichi, Chianan, Penghu and Pingtung display both abnormally greater isotopic
ranges (dD > 60%d'®0 > 6%p and extreme enriched values (dD > 0% d'®O > -0.9%)
Theanomalous phenomenaare mainly dueto intense mixing with surface watersresulting
from agriculture activities and seawater contamination along coastal aguifers (Chiang
and Wang, 1998; Ho etal., 1990; Wang et al., 1996a, 1996b, 1996¢; 1999b; Peng, 2000;
Yu etal., 1998). The encroachment of seawater toward inland along coastal aquifersin
Taiwan is also observed by other studies (CGS, 1999; WRB, 1999).

Figure2. Hydrogen versus
oxygen isotope plotsfor
nineTaiwangroundwater
regions. The base
patterns for Taiwan
groundwater regions are
adopted from WRPC
(1992) referring to their
hydraulic conductivities
(dotted points: high;

horizontal lines:
intermedi ate; vertical
lines:low).
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The isotope mean vaduesin Tables2 and 3 primarily reflectthe elevations of groundwater
recharge sourcesof each groundwater regions when compared with the dtitudegradientsof
local rivers (Tab. 1). In short, therecharging e evationsfor groundwatersin Taiwan rangefrom
100 to 500 m, that is, essential foothill areas of the Taiwan Central Range. Among nine
groundwater regions, Huaung and Angtung exhibit themost depleted values (dD < -56%o
d'80 <-8.3%), indicating their high-elevaion locations for groundwater recharging. Onthe
other hand, Taoyuan, Penghu and I-Lan regions show relatively enriched vaues(dD >-35%o
d'80 > -5.9%p, suggesting their relative low-dtitude natures of recharging zones. Itis also
intereding tonotethat both Chianan and Aingtung havethe highes dtitude gradientsamong the
eightwatersheds(Tab. 1). Nonethel ess, their mean groundwater values are distinctly different
by about 10%dfor dD and 2%dor d*®O, respectively. This sharp contrast of stable isotope
mean valuesclearly impliesthat thereisanaltitude difference of about 300 mfor groundwater
recharging betweenthe Chianan and Hngtung regions.

The residence timeof agroundwater carriesvery importantand practica implications for
water resource management. Thetritium (TU) and carbon-14 (expressed as PMC) contents
of eightgroundwater regionswith theirmaximum, minimum and mean values repectively, ae
presented in Table 4. Generally, TU ranges from O to 8.9 and PMC spansfrom 0% to 120%,
respectively, in Taiwan groundwaters. In Figure 3,the TU (half life = 12.43 years) versus
PMC (hdflife=5730years) plotsprovide unique andvaluable duesforgroundwater utilization
of eight groundwater regions. The shadow bets shown in TU versusPMC plots of Figure 3
represent the observed digributionranges (TU: 3.7 - 1.5; PMC: 52%- 98%) of modern Taiwan
river waters and precipitation. Data points of groundwaters fell in theshadow belt are thus
recently percolated and recharged waters for the last decades.

Table4.Tritium and *“C (asPM C) compositionsfor eight groundwater
regionsin Taiwan.
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Figure 3. Tritium (TU) versus carbon-14 (as PM C) composition plots for eight Ta wan groundwater
regions. Thebase patternsfor Taiwangroundwater regionsare adoptedfrom WRPC (1992) referring
to their hydraulic conductivities (dotted points: high; horizontal lines: intermediate; vertical lines.
low).
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Among eight groundwater regions, Penghu areashowsthe mog typical decay pattern of
TU and PM Ccontentsin groundwaters. Two-groupdata pointscan bedidinctly visualized and
exemplify forshallow unconfined modern groundwatersand old deepconfined groundwaters,
respectivey, inthe Penghu groundwaters. Regionssuch asHsnmiao, Taichung,and Huaung,
reveal the sole modern natureof their groundwaters (mean TU > 2.4, mean PMC > 74%)).
Obviously, groundwaters of theseregions are continuously renewed and can bequditatively
rankedas havingarelatively highrecharge/draft ratio. Therefore, their groundwater exploitations
arepotentially sustainable and adequate intermsof water resources. Ontheother hand, the
widespread and rdative large variance of data pointsin excessiveirrigation areas, such as
Choshuichi, Chianan and Pingtung, demonstratethe intense and reiterating mixing between
surface and ground- waters. Stable isotopes, chemical and water level dataalso supportthe
same observation (Wang etal., 1997a; Wang and Liu, 1997; WRB, 1999). The very low #C
contents(PM C <2%) found in these regions of deep confined aquifersaresgnificantly heralding
severeand alarming signasin groundwater utilization, and represent very low recharge/draft
ratiosin theseregions. This warning notion meansthat we areactually mining thegroundwater
resources in a dangerous and inappropriate manner in these three groundwater regions.
Appropriate remediable actionsand measures are urgently needed to effectively alleviate the
on-going groundwater crisis.

CONCLUSONS

Based onisotopicdatacollected thusfar, Tawan groundwaterscanbe quditatively grouped
into three categoriesinterms of water resource and utilization (Hg. 1):

1. Good andabundant: Hsinmiao, Taichung, and Huatung belongto this category. These
regions haverelative high recharge/drafting ratio basedon their high TU and PMC values. No
seawater contaminationswere observed for groundwaters.

2. Fair and normal: I-Lan and Taoyuanfit into thiscategory. They have intermediate
recharge/drafting ratios with minor seawater contaminationsfound in coastal groundwater
samples.

3. Poor and alarming: Choshuichi, Chianan, Pingtung, and Penghu are in this category.
These areas have relatively low recharge/drafting ratios with very low **C compositions
measuredfor groundwatersindeep aquifers. Severe seawaer encroachmentsare alsocommonly
observed along coastal aquifers. Appropriateremediable actions are urgently needed for a
sustainable usage of groundwater resourcesinthese regions.

These isotope signals presented above not only reflect the local meteorological and
hydrologicd characterigtics of groundwater basins, but also providethe essential and valuable
isotopic databasefor afurther study in Taiwan. With numerous GMNP dataand stable isotope
compositionson hand, wearenow in abetter podtion to conduct an integrated research along
with water-level, chemical, geophyscd and any other rdevant datafor Tawan groundwaters
inthe yearsto come.
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