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ABSTRACT  

This study was perforrnedin order to elucidate the  

actual condition of a groundwater cycle both qualitatively 

and quantitativelyinlchihara reglOn（Chiba prefecture，  

Japan．   

In this studY，tritium（3H）is used to clarifY the  

three－dimensionalflow pattern of groundwater．As the  

results of tritium analyses of 85 samples, it is made clear 

that groundwater as a wh0leis recharged at the upland   

reglOnS and flows to thelowland reglOnS・At the vicinity   

Of drainage divides or the Yoro River，it becomes clear that・   

the verticalcomponents of groundwater flow areimportant．  

Tritium concentrations in streams in the drainage basin 

dissecting uplandsindicate the existence of thelocalflow   

SyStemS，andits residence timeis estimated to be below 30   

years・ On the contrary（the residence time of theinter－   

mediate flow system whose discharge area is the lowlands of 

the Yoro River is over 30 years．  

Although a certain degree of mixing occurs during  

groundwater movement, it is made clear that the general 

pattern of tritium concentration distribution in groundwater 

wellreflects the history of the groundwater movement・  

These results support the availavility of the environmental  

tritium as a tracer，anditis clarified thatit tan be used  

to trace the reglOnalgroundwater mOVement・  

The tritium analyses reveal the structure of the 
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groundwater flow system，Whichis muchinfluenced by   

topographY． Then the three－dimensionalmathematicalmodel   

based on the obtained flow pattern is constructed in order 

to evaluate the dynamic flow through the groundwater basin   

andits sensitivity against the variation of the recharge．  

On the basis of the water balance calculation on the   

ground surface．the rechargeis estimated to be about 600   

mm／year． ztleads to the totalamount of recharge to the  

basin about150．000汀計day as the results of water・balance  

Simulation，but about 80％ of the totalrecharged water   

discharges through thelocalorintermediate flow systems．  

The flow across the section along the coast of Tokyo BaY  

is estim。ted t。be。b。。t30，000nday．This fl。W．namelY  

the onein the reglOnalsystem．is relatively stable   

according to the sensitivity analysis of the dynamic flow．   

Flowin thelocalorintermediate flow systemsisinfluenced   

by precIPitation variation to much greater degree than the   

flowin the reglOnalsystemis affected．  

Ⅴ   
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1．   ＝ntroduction  

1．1  Previous Studies  

＝n the early stage of groundwater hydr0logy（the flow   

of groundwater had been dealt as an arealtwo－dimensional   

flow． Hubbert（1940）．however，Studied groundwater flowin   

a verticalcross section based on the potentialtheory，and   

found that the water table was not a flowl．ine． His study   

WaS the first published account of the basin－Wide flow of   

groundwater that considered the problemin exact mathe－   

matical terms as a steady state phenomenon．  

However，T（うth（1962 and1963）indicatedincongruities   

Of HubbertTs model，and s0lved analYtically a steady－State   

groundwater flow equationlWhichis derived from DarcyIslaw   

and steady state equation of continuity，tO get flow   

PatternS OfisotropIC homogeneous aquifersin two－   

dimensional vertical cross sections． T（らth accounted for   

localtopographic relief bY SuPerPOSition of sinusoidal   

Surface on the reglOnalslope of the basin． He showed that   

flow reglOn WaS boundedinto severalsubreglOnS，namely                                   暮  

I local，intermediate and reglOnalsystems of groundwater   

flow．  

Freeze and Withersp00n（1966，1967 and1968）developed a   

numericalmethod for the analYSis of nonhomogeneous   

（multilayer），anisotropic aquifers with generalconfigu－   

rations of water table． They showed the effect of ge0logy   

as wellas the effect of topography．   



These studies indicated that the main factors   

determining the structure of groundwater f10W SyStemS Were   

the topography（as reflected on the water table configu－   

ration）and the geology．except for the climatic factor   

Whichinfluenced the recharge．  

The existence of theoretically derived groundwater flow   

SYSternis confirrned by severalresearchers． Meyboom（1967）   

installed manY PleZOmeterSin‘the Canadian Prairies，and   

Clarified the three－dimensional flow of groundwater．   

Hitchon（1969a．b）described the effects of topography and   

ge0logy on the groundwater flow sYStemin the western Canada   

Sedimentary basin． He showed that the potentialdistri－   

bution was stronglyinfluenced by the topography and the   

Toth’s modelwas meaningfulwhen applied to an actual   

Sedimentary basin．  

Tbth（1963）defined the groundwater f10W SyStem aS’一a   

Set Of flowlinesin which any two flowlines adjacent at   

One POint of the flow reglOn remain adjacent through the l  

Whole reglOn，and that can beintersected anywhere by an   

uninterrupted surface across which flow takes placein one   

direction only‖． According to the above definition（the   

actualbasin should be a composite basin consisting of many   

groundwater flow systems of different orders． Freeze and   

Withersp00n（1968）defined the groundwater basin as’’a   

three－dimensionalclosed sYStem Which contains the entire   

flow paths followed by allwater recharging the basin‖． ＝t   

is the most fundamental unit in deaLing with groundwater 

balancein thatinter－basin flow does not exist． Therefore，   

ClarifYlng the flow distributionin the groundwater basinis  

2   



COnneCted to the recognition of the actualconditions of   

groundwater flow．  

The tracer method using environmental isotopes is 

availablein a reglOnalscale study bothin time and space．   

Especially，enVironmentaltritiumis one of the mostideal   

tracers because it consists of water m01ecule．  

Most studies on groundwater movement by environmental   

tritium are based on the flow models（for example，preSented   

by Nir（1964）or Dincer et al．（1970），therefore，they did   

not alwaYS PrOVide an understanding of the true situation of   

the groundwater movement・ ＝f the regionaldistribution   

Pattern Of tritium concentration can be obtained．the   

complicated model construction is not always necessary for 

the interpretation of groundwater movement or its residence 

t土me． ′  

Haskellet al．（1966）measured the tritium   

concentration distribution in west side of the San Joaquin 

Valleyin Western Fresno CountY，California，and estirnated   

that groundwater had moved westward with average velocities  

Of 2，440 － 2，895 m／Year． However，P0land et al．（1975）   

SamPled and tested the tritium concentrations of wellwaters   

along the same traverses as Haskelllsland they found the   

average velocityless than 460 m／year．  

Rabinowitz et al・（1977b）performed random sampling of  

groundwaterin the RoswellBasin（New Mexico・ They  

COnfirmed the direction of groundwater movement and   

estimated the residence time of groundwater from the tritium   

COnCentration distributions．  

3   



These studies treated the groundwater movement as two－   

dimensionalflow．however，the flow of groundwater occurred   

essentiallyin the three－dimensionalspace． ＝f three－   

dimensional distribution of tritium concentrations can be   

made clear，three－dimensionalflow distribution can also be   

Clarified．  

1．2   0bjectives of the StudY  

Groundwater flow systemis a subsYStem Of the   

l hydr0loglC CYCle．and constitutes an open sYStem COnneCting   

recharge areas and discharge areas． This systemis a three－   

dimensionalflow field of groundwateritself． As along   

term average，the recharge to and the discharge from the   

SyStem arein dynamic equilibriumin naturalcondition．  

The recharge to a sYStem Can rOughly be estimated from   

the water balance on the ground surface． Hence．by   

SPeCifylng the extent of the recharge areasin a groundwater   

basin，the totalamount of recharge can be underst00d． This   

is equalto the dynamic flow through the groundwater basin   

and the totalamount of discharge．  

The groundwater basinis the most fundamentalunitin   

dealing with the groundwater balance． The groundwater   

balance should be considered on the basis of the groundwater   

basin as a part of the hydr010glC CyCle・ For that purposel   

the spatialextent of the groundwater basin and the three－   

dimensionalgeometric distribution of groundwater movement   

in it must be determined．  

The objective of present research is to understand the 
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actual condition of the groundwater cycle both qualitatively 

and quantitatively． For that purposelthree－dimensional  

geometric distribution of the groundwater movement and the   

dynamic flow through the groundwater basin must be   

determined． Environmental tritium is used to determine the   

flow distribution in the groundwater basin, and the 

mathematical model is employed to quantify the dynamic Elow 

through the groundwater basin andits spatialdistribution．  

1．3  Methods  

Tritium is produced naturally in the upper atmosphere 

bYinteraction of cosmic－ray－PrOduced neutrons with   

nitrogen． Naturallevelof tritium concentrationin   

PreCipitationis estirnated to be aboutlO TU（TU：1tritium  
18 

unitis equalt01T atom forlOH atoms），but thermo－  

nuclear tests started in late1952increased the tritium   

levelin precIPitation to several．thousands TUin1960－s．   

Therefore†tritiumin groundwateris used toidenヒify water   

that entered the groundwater zone after1953． The   

distribution of tritiumin the groundwater flow system can   

be used t0 0utline the direction of the groundwater movement   

and the transit time between the recharge and sampling．  

On the basis of above accountslfirstlylSPatial  

′Pattern Of tritium concentration distributionin groundwater  

isinvestigatedin order to clarify the f10W Patternin the  

groundwater basin． Secondly，a three－dimensional：   

mathematicalmodelbased on the flow pattern estimated by  

5   



environmentaltritiumis constructedin order to quantify   

the dynamic flow through the groundwater basin．  

Tritium analYSeS Were made according to Shimada（1976）   

at Tsukuba Unibersity． samples were concentrated by   

electroIYtic enrichment method of two steps froml′500 mlto   

about 5 ml，and then counted for beta ray using aliquid   

SCintillation spectrometer． Detailed explanation of the   

methodis givenin Shimada（1976 and1977）．  

6   



Z＝． Description of the Study Area  

The studY area for this researchis ＝chihara reglOn（   

Chiba Prefecture′Japan． The areais situated to the east   

Of Tokyo Bay and covers an area of aboutlOO square   

kilometers． Figurelshows thelocation of the area・  

2．1  でOpOgraphy  

Topography of this area consists of diluvialuplandsl   

river terraces，alluviallowlands and reclaimedlands・   

The uplands are a part of the Shimosa uplands and are widely   

distributed on either side of the Yoro River． The Yoro   

River flows northwardin the middle part of this area and   

emptiesinto TokYO Bay・ The river terraces are widely   

distributed on either side of the Yoro River and divided   

into manY terraCe Surfaces・ The a11uviallowlands are   

distributed along the Yoro River and along Tokyo BaY，and   

they become the delta near the mouth of the Yoro River・The   

coast was reclaimed and the Keiyo ＝ndustrial Zone was   

COnStruCted．  

The geomorphic surface of the upland reglOnSis the   

Simosa Lower Terraces（Sugihara，1970）and v0lcanic ashes   

above the ShimosueyoshiFormation，are distributed on the   

upland regions． The altitude of the upland reglOnSis over   

100 meters above sea level in the southeastern part and 

diminishes to about 40 meters in the northwestern part of 

7   



軒、▼  

Figurel Location of the studY area．（a）to（d）  
denote the location of the observation  
Wells．＝：＝wasaki，Y：Yamada，An：Anegasaki，  

G：Goi，M：Murakami，Am：Ama－ariki，Ym：Yamada，  

0：00ke．Um：Umatate，and Us：Ushiku．  
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this reglOn．  

The Yoro River forms valLey plain about 1 to 3 

kilometers wide， Where many river terraces are distributed．   

These river terraces are dividedinto Ichihara surface，   

Nanso surface and Kururisurface（Sugihara et al，1978；   

Kashima，1982）according to the formative periods，and each   

of surfaces is further divided into 2 t0 5 surfaces．  

The back marshes，naturallevees，back ridges and 01d   

Channels are distributedin the alluvialplain． The   

relative height between alluvial plain and upland regions is 

about 40 metersin the northwestern part of the reglOn，and   

increases to more than lOO meters near Ushiku．  

The KasamoriFormation，the upper part of the Kazusa   

Group，is exposedin the south of Ushiku，and makes hilly   

C；Ountries with dense stream networks． Ztis composed of   

Very muddy materials，aCCOrdingly，the erosion rateis high   

and the altitude of this area is lower than the southeast   

margln Of the Shimosa upland．                    l  

2．2  Hydroge0logy  

The study areais entirely composed of the Quaternary   

SyStemS′ and can be explained as f01lows： the Shimosa Group   

and the Kanto Loam Formation which constitute the upland   

reglOnS，and the alluviurn which distributes along the l  

rlVerS●  

The Shimosa Group is widely distributed in the area of 

Shimosa Uplandin the northern parts of the Boso Peninsula，   

andis composed of shallow marine sands and fresh－ Or  
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brackish water muds． The mud bedsinterbeddedin the sandy   

beds are mainly composed of silt or clayJand are   

accompanied by gravelbeds of fresh water sediments forming   

Channelsloca11y．  

The Shimosa Group forms cycle of sedimentation which   

starts from muds and ends with sands． Each mud bedis well   

continued and is used as boundaries for the classification   

Of formations．  

The study areaislocatedin a southeastern part of the   

Kanto Tectonic Basin（Yabe et al．，1926）． The Kanto   

Tectonic Basin forms basin structure which covers thick   

formations upper than Miocene series on the pre－Tertiary   

SyStemS． 工n the period when the Shimosa Group deposited．   

the Kanto Tectonic Basin was divided into some small   

Subbasins（Uesugiet al．．1977）． The study areaislocated   

in the southeastern part of a subbasin centeredin the Tokyo   

Bayland accordinglY the Shirnosa Groupin the study area   

Shows monoclinic structure dipplng nOrthwestward． According   

to the Chiba Research ＝nstitute for Environmental P01lution   

（1974）．maximum depth of the Shimosa Groupis minus 440   

meters at Chigusa－Kaigan，1chihara CitY． The depth of the   

tQP Of the KasamoriFormation，Whichis the basement of   

Shimosa Group，diminishes southeastward as shownin figure   

2，and exposes ground surface at about15 kilometers from   

the coast of TokYO Bay．  

Figure 3 shows ge010glC COlumnsin the studY area． The   

thickness of mud bedsin the c0lumns ranges from several   

meters to about 50 meters，but few pure clay or siltis  

10   



Figure 2 Generalized ge0logic map of the study area・  
Dashed lines indicate the structural contour  
On tOP Of the KasamoriFormation．  
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匡∃MUD口YSA目口  

Figure 3  Welllog cross sections  

Shownin Figure 2．  

The locations are   
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Figure 3 （continued）  
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PreSented，mOSt Of which are sandy muds．Atleast four mud   

beds can be tracedin theinland reglOn，Whose facies and   

thickness are changlng at Places．and muds disappear   

locally．  

These muds can be observed as outcrops in the inland 

reglOn． TheY are thinner than that ofin the welllogs，and   

generally thinner than aboutlO meters． The facies of these   

mud beds are sandy mud or thin alternation of sand and mud   

With few portion of pure clay or silt．  

The ge0logy of this area shows the monoclinic structure   

With gentle slopes dipplng nOrthwest． Hence，the direction   

Of groundwater movement tends to be considered thatit flows   

to the direction of dip along the strata・1n the reglOn   

COnSisting of the uncons01idated materialslike Shimosa   

Grouplhowever／mud beds are not completelyimpervious．   

Except for the reglOn that thick mud beds are developedJthe l  

flow f01lowing the ge0loglC StruCture Onlyis hard to   

develop・ Thereforelthe flow patternin the study area must   

be reexamined．  

Tablelshows hydraulic conductivities obtained from  

aquifer tests．These values are ranging fromld－1t010－5  

qm／sec，and the average of15 valuesis O．028 cm／sec．  

2・3  PrecIPitation and Evapotranspiration  

Long term record of precIPitation for ushiku，SOuthern   

Pa．rt Of the study arealindicates the annualprecIPitation  

from1954 to1982 betweenl．014 t0 2，022 mm／year，With an  

average value ofl．627 mm／year． precIPitationin the area  
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Location  Use  Screen（m）  K（Cm／sec）  

0．00006  

0．00611  

0．00250  

277．5  

360．0  

98．5  

153．5  

170．0  

104．5  

120．5  

142．5  

110．5  

165．5  

78．0  

111．5  

115．0  

147．5  

175．5  

40．0  

100．0  

58．0  

113．0  

55．0  

64．5  

107．0  

162．0  

195．0  

131．5  

153．5  

181．0  

203．0  

137．0  

150．5  

179．0  

191．0  

0  261．0  

0  327．O  

A  87．5  

2．  工WaSak土  
3．  Aoyag1  
6．  Fukumasu  

148．5  

159．0  

8．  Sanwa  D  87．5  

115．0  

131．5  

9．  Sanwa  D  94．0  

0．00067  

0．03400   

0．02010   

0．01300  

149．O  

A  67．0  

89．1  

A  lO4．0  

137．0  

159．O  

A  23．0  

72．O  

A  47．0  

69．O  

A  ll．O  

A  14．O  

D  90．0  

145．0  

183．O  

D  126．0  

137．0  

170．0  

197．5  

D  125．0  

143．0  

161．0  

185．O  

D  

10．  Takeshi   

ll．  Takeshi  

0．00152   

0．00760  

0．00566  
0．03100  
0．03300  

Chichu  

Ch土chu  

12．  00ke  
13．  00ke  

16．   Unakami  

0．00042  18．  Kofudai  

0．23800  19．  Kofuda土  

0．02590  20．  Ⅸofuda土  

Avarage：0．028 cm／sec  

Note）Location number corresponds to the onein Figure 2．  

D：Domestic′ 0：Observation，A：Agriculture．  

Tablel Hydraulic conductivities obtained  

from aquifer tests．  
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mainly occurs during rainy seasons of June andJuly，SO   

Called Bai－u，and during tYPh00n SeaSOn Oflate summer to   

autumn．  

Evapotransplration was calculated by Penmanls method●   

The actualevapotransplration from vegetated surface was   

estimated from the potentialevapotransplration from the   

Surface of the water bY multiplying the emplricalconstant．   

＝n this study，COrreCted reduction factor of Nakagawa（1983）   

WaS uSed to calculate the actualevapotransplration． As for   

the emplricalcoefficients of short－WaVe andlong－WaVe   

radiationin Penman－s formula，those of Kobayashi（1977）and   

Nakagawa（1977）are used．respectively．  

Meteor010glCaldata at Chiba City are used to calculate   

the evapotransplration from1966 t01982． The data at Chiba   

CitY before1965 are absent，and data at Tokyo are used． As   

a result，annualevapotransplration ranges from 643 t0 779 1   

mm／year and the averageis 696 mm／year．  

Figure 4 shows the variation of annualprecIPitation   

and evapotranspiration during1954 t01982． Annual   

evapotransplrationis relatively stable，however，   

PreCipitation showslarge variation． standard deviation of   

叩nualvalues from1954 to1982is 38 mm／year for  

evapotranspiration，and 255 mm／year for precipitation． ＝t  

means that recharge to groundwater rnay actually show a   

large variation．  
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2．4  Groundwater Use  

Groundwater from flowing wells or shallow we11s was   

mainly used for domestic．irrigation or washing nori（laver）   

untillate1950－s． Groundwater use of this reglOn，however，   

had changedin proportion as the development of the coastal   

industrial zone after19601s．  

Figure 5 shows the changes in the pumping rate in 

tchihara City after1969． N0 0fficialstatistics on   

groundwater use are available before1969．  

Wells for agricultural uses are scattered in the 

aluvia1lowlands and those for the domestic purposes are dug   

in theinland reglOn Which have a tendency to concentrate   

SeVeralwells at a site． On the contrary．almost allthe   

wells forindustrialuse arein the coastalindustiialzone．   

and the amount of pumping for industry in Figure 5 can be 

regarded as that of the coastalindustrialzone．  

The reclamation of the foreshorein the ＝chihara reglOn   

WaS Startedin1957 and accornplishedin1967． The abstrac－   

tion of groundwaterin theindustrialzone beganin1959．   

＝n the early stages of groundwater development，there was no   

regulation for abstractions．partlY because the groundwater   

resources were thought to be abundantin the reglOn． ●  

According to the HydrogeologlCalMap of Chiba Prefecture l  

PrePared by Chiba Prefecturein1961．the dynamic flow   

across the coast oflchihara City 20 kilometerslong was  

estimated atleast150，000汀汁day，andit was regarded as the  

POSSible amount of groundwater development．  
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Figure 5  Changesin the amount of groundwater pumplng  
for ＝chihara City．1969－1981．  
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The amount of pumplng forindustrialuse was about  

lOO．000汀day and almost constant around early19701s．In  

late19601s，however，the undesirable effects such as the   

CeSSation of flowing wells and theland subsidence became a   

Serious public concern． Accordingly，the regulations for   

groundwater pumplngin 工Chihara City was enacted by Chiba l  

Prefecturein1972． As a result，the amount of pumping for   

industrialuse decreased rapidly after1972 to about 20，000  

to30．000汀汁daY arOund1980．As willbe statedlater，the  

decrease of withdrawalforindustrialuse corresponds to   

the recovery of waterlevelsin the coastallowland．  

2．5  Groundwater Level Fluctuations  

ManY Observation wells areinstalled by Chiba   

Prefecture and ＝chihara Cityin the study area． Figure 6   

shows the changes in groundwater levels for observation 

Wells along the Yoro River． Thelocations of observation   

Wells are shownin Figurel．  

W－8，1W－1and lW－2 at ＝wasakiarelocatedin the   

foremost part of the delta of the Yoro River． Depths of   

SCreenS for these observation wells are from 257．59 t0   

271・59 metersin W－81from 25 t0 31metersin ＝W－l，and   

from 261to 278 meters in 工W－2． The decline of waterlevels   

ip W－8 untilearly1970－s reached 25meters．and thereafter   

water levels have been rising steadily. Water level change 

Of ＝W－21Whose screenis about the same depth with W－81is   

Similar to that of W－8． The depths of screens of wellsin   

the coastalindustrialzone are concentrated on the depth  
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from 200 t0 400 meters． The depletion of water pressurein   

this zone was influenced on the waterlevelchanges in W－8   

and ＝W－2． The totalfallof waterlevelsin ＝W－1is only   

about 2 meters． Therefore the verticalhydraulic gradient   

in early19701s whenlowest waterlevels were recorded，   

attaind aboutl／10． The recovery of waterlevels oflW－2is   

VerY raPid，and the water levelinlW－2is the almost same   

as that of 工W－1in1980．  

W－1and W－29 are located at Goi about 2 kilometers from   

the coast of Tokyo Bay． Depths of screensin each wellare．   

from 244．86 t0 256．86 meters and from 128．O t0140．O   

meters respectively． Waterlevelof W－1was higher than   

that of W－29 and they were at flowing condition around   

early19601s・ The fallof waterlevels was more rapidin W－   

1thanin W－29，and hydraulic gradient between the screens   

Of each wellreached aboutl／10in early1970－s． The   

recovery of waterlevels were more rapidin W－1thanin W－   

29，and the relation of water levels have been reversedin   

1980．  

The location of W－10is about 3 kilometers frorn the   

COaSt Of Tokyo Bay and the depth of screenis from195．40 to   

207．40 meters． The water level had fallen aboutlO meters   

untilearly1970■s，and thereafterit has been recovered．   

W－10 has been at flowing condition since1975．  

AM－1and AM－2in Ama－ariki are located about 7   

kilometers from the coast． The depths of screensin each   

Well are from 76 to 95 meters and from188 t0 228 meters   

respectively． The waterlevels have been recovered since  
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early19701s・The waterlevelin AMp2 waslower thanin AM－  

2inirrlgation season of summer unti119741and thereafter l  

the relation is reversed．  

Changes of these water levels are very similar to each 

other，and the pattern of changes are dividedinto following  

four distinctive periods・ Each period correspond to the   

changes of the amount of withdrawal in coastal inaustrial 

ZOne：   

estinated to be larger than 
lOO，000n丹day  

ab。utlOO．000汀浄day  

＝ steadY fa11  

（   －1970）  

＝＝ lowest level  
（1971－1973）   

1＝＝ rapid recoverly  
（1974－1975）   

1V steady recoverly  

（1976－   ）  

rapid decrease fromlOO1000 to  
50．000n浄day  

Steady decrease from 50，000 t0  

20．000 汀汁day  

Groundwaterlevels werein a quasi－Stationary condition   

in the period ＝1with withdrawalamount of aboutlOO1000  

帝day，and they began to recoverirnmediately after the  

amount of pumplng forindustrialuse dropped fromlOO1000  

n＆daY．It gives a clue to clarify the flow from upland  

reglOnS tOWard the coast of Tokyo Bay・  

Figure 7 shows the recovery of hydraulic heads along   

the Yoro River fromlwasakito Arnaqariki． The hydraulic   

heads decreased downward in1972 when the lowest water   

levels were recorded．therefOre．the flow of groundwater   

had a downward component． The waterlevels have recovered   

frominland reglOn after1974． The relation of waterlevels   

between the two wells of different depth at Goi（W－1and W－   

29）reversedin1980，and hydraulic heads haveincreasedin  
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■Q …ECTION OFGROUNDWATERFLOW  

Figure 7 Changesin hYdraulic head distribution  
in a section along the Yoro River．  
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the direction of depth，namelY the flow of groundwater has a   

upward component．  

2．6  Flow土ng Wells  

The study areais famous for the flowing wells and   

many flowing wells were existed before1960Ts・ Figure 8   

Shows the distribution of flowing wells existed before1971．   

These flowing wells gradually stopped flowing under the   

influences of withdrawalof groundwater at Keiyo ＝ndustrial   

Zone．and the flowing wellsin the coastalarea almost   

disappeared around1970． Some of these wells，however，   

restart flowingin proportion as the decreasing amount of   

PumPlng for theindustries． Figure 8 also shows the wells   

under flowing condition as of1982in the study area．  

The existence of flowing we11sindicates that the   

hydraulic headincreases downward．andis a characteristic  

Of the discharge areain the T占th－s model（T6th，1963）．   

Flowing wells are distributed in the lowlands along the Yoro 

River and ma］Or tributaries，and coastallowlands．   

Accordingly（these areas are considered as discharge areas   

Of the groundwater flow systeh．  

As shownin Figure 7 0r by the existence of flowing   

Wells．groundwater heads changein verticalas wellasin   

the horizontaldirections・ Thereforelthe flow of   

groundwater should be clarifiedin a three－dimensional  
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Figure 8 Distribution of flowing wells．  
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domain．  

One of the factors which determine the flow in the   

COaStalareais the water balancein the recharge area．   

Totalamount of circulating groundwater can be estimated b豆   

COnSidering the water balance of the groundwater basin   

COntaining recharge and discharge areas and the entire flow   

Paths．  

工n the f01lowing chapter（the author atternpts to   

Clarify three－dimensionalgroundwater movernent from recharge   

to discharge areas consistently．  
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＝t＝．Groundwater Flow System revealed by Environmental  
Tr土亡土um  

According to the definition given bY T6tり（1963）for a  

groundwater flow sYStem and his classification of the flow  

system depending on thelocaltopography such aslocalr  

intermediate and reglOnalsystems，an aCtualgroundwater   

basin should be composite one consisting of groundwater flow   

SyStemS Of different orders．  

Methods to clarify the groundwater flow systemin a   

fieldinv0lve direct measurerTlent Of hydraulic head and   

tracer method．but the method using environmental tritium   

as a traceris the one that can clarify the flow   

distribution of groundwater directly． ＝n this chapter，the   

Clarification of the groundwater flow systemis attempted   

using environmentaltritium as a tracer．  

3．1   Tritium Concentrationin PrecIPitation  

Tritiurn concentrationin precIPitation has been l  

measuredin world networksin c00Peration with ＝AEA and WMO．   

工nJapan（data measuredin Tokyo after March1961are  

Published bylAEA（1969，1970．11971．1973 and1974）．It has  

been also measured monthly at Tokyo universitY Of Education  

in Tokyo from August1972to December1976and at universi七y  

Of Tsukuba，＝barakiprefecturelSinceJanuary1977．  

The changes of tritium concentration in precipitation 

With time at any placesin the world have a very similar  
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tendency． Accordingly，Shimada（1976）estirnated the tritium   

COnCentrationin TokYO before1960 using data from Ottawa，   

Canada（工AEA，1969）where tritium analysis of precipitation   

WaS first started．  

Figure 9 shows the temporalvariation of the tritium   

COnCentrationin precIPitationin Tokyo and Tsukuba． Dashed   

lineindicates the corrected value for radioactive decayin   

Aprll1982．  

Although the natural level of the tritium concentration 

is estimated aboutlO TU，thermo－nuClear tests startedin   

late1952 produced artificialtritium andit was distributed   

throughout the hydrologlC CyCle by naturalprocess．   

Consequently．tritiumlevelsin atmospheric water have been   

risen by as much as three orders in magnitude over those in 

the pre－nuClear era after1953． 工ts peak was observedin   

1963，and since then，it has been decreasing steadily．  

Because the source of the tritiumisin the atmosphere，   

the suppIY Of tritiumis eliminated after precIPitation   

infiltratesinto the ground．andits concentration decreases   

according toits half－1ife． Therefore． as far as the   

groundwater flowisin steady state．the variation of   

tritium concentrationin precIPitation should be preserved   

in the direction of groundwater movement．  

Based on the above accounts，tritium concentrations of   

the groundwater are measuredin order to clarify the   

directions of the groundwater movements and their ages．  
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3．2  Distribution Pattern of Tritium Concentration  
in Groundwater  

Figure ?O shows the Location of wells sampled for 

tritium analyses as wellas the tritium concentrations of   

Wellwaters． ＝tis considered that groundwater ofless than   

2 TUis pre－bomb orlgln and transit timeis more than 30   

years． ＝t has a great possibility to consider that the   

groundwater of over 20 TU was rechargedin19601s because   

the greater parts of over 20 TU in corrected values in 

Figure 9 0CCuPleS1960Is●  

Tritium concentrations of wellwaters vary from O．O t0   

40．7 TU． The number of samples which showslarger than 20   

TUis nine． These highlevelsamples are takenin upland   

reglOnS． On the contrary．almost allgroundwaters showing   

less than 2 TU are distributed near the Yoro River．   

Therefore．groundwater whose transit timeis relatively   

Shortis distributedin the upland reglOnS，and that of   

relativelylong transit timeis distributedin the alluvial   

lowland near the Yoro River． This distribution pattern of   

tritium concentrationin groundwater suggests that   

groundwateris rechargedin the upland reglOnS and flows to l  

the direction of the Yoro River．  

Figure12 shows the verticaldistribution of tritium   

COnCentration along five traverses shownin Figurell． The   

tritium concentrations are plotted for the maximun and the   

minimum values during1981to1983．  

The central part 05 the profile A is the alluvial 

lowland of the Yoro River and each side is the upland 
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ヽ  

●                             ＼   

FigurelO Locations of wells sampled for tritium analyses  
and classified concentrations of wellwaters．  
（a）to（P）denote the wells forlong term  
observation of tritium concentration．  
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Figurell Wells sampled for tritium analyses and・lines  
of sections shownin Figure12．  
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reglOn． Tritium concentrations of groundwater are   

relatively high in the upland regions and are low near the 

Yoro river． Tritium concentrations decreases with   

increasing depth at thelowland of the Yoro river，butit   

increases downward in upland region on the left bank of 

Yoro River． The shallow groundwaterin the upland reglOnis   

known to be recharged recently by comparing their tritium   

COnCentrations with that of precipitation． The groundwater   

With 31．7 TU，i．e．the maximun tritium concentration   

Observed hereis assumed to be recharged around19601s when   

tritium concentration of precIPitation was very high．． 1  

Therefore，the transit time of groundwaterincreases   

downwardin the upland reglOn．  

Tritium concentration of groundwater decreases toward   

the Yoro River from the upland regions and it becomes less 

than 2 TU near the Yoro River． Hence′ the transit time of   

the groundwaterincreases from the uplands to the．Yoro river   

andit exceeds 30 years near the Yoro River．  

＝n the profiles B and C，theleft edgeis thelowland   

Of the Yoro River and the right－hand sideis a drainage   

basin of the Ooke River which is one of tributaries of the   

Yoro River． The tritium concentrations decreases in the   

direction from upland reglOn between the Yoro River and the 1  

00ke River toward the Yoro River，and reach below 2 TU near   

the Yoro River． Hence，the transit time of the groundwater   

increases toward the Yoro riv占r andit exceeds 30 years near   

the Yoro R土ver．  

Theleft－hand side of the profile Dis the alluvial  
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lowland countinuing to Tokyo Bay． 工n the drainage basin of   

the Ooke Riverin the right hand sider the tritium   

COnCentrations of the groundwater are fairlY high．This   

indicates that the groundwater was recharged after1953．   

The tritium concentrations of the groundwaterin the upland   

region between the coastal lowland and the Ooke River is 

relatively high despite that the depths of the screens are   

relatively deep． On the contrary，the tritium concen－   

trations of relatively shallow groundwater are very low in 

the coastal lowland indicating that the transit times are 

OVer 30 years．  

Profile E shows the tritium concentrations of ground－   

Water along the Yoro River． The tritium concentrations are   

Verylow exept for one sample．andindicate that the transit   

times here also over 30 years．  

These distribution pattern of tritium concentration of   

groundwater can be explained by considering the flow from   

upland regions to thelowlands． Figure13 shows the   

directions・Of groundwater flow estimated from tritium   

COnCentration distributions of profiles A to Din Figure12．   

Groundwater is estimated to be recharged in the upland 

reglOnS flowing toward thelowland reglOnS aS a Whole． At   

the upland reglOnS，grOundwater flowis considered to have   

Slgnificantlylarge downward component because the tritium   

COnCentrationsincreases downward． The reason why tritium   

concentrations are very low near the Yoro river is that the 

upward component of groundwater flow exists and recent   

infiltrated water cannot enterinto deep portion of the   

－1 groundwater flow system．  

40   



∈
≡
【
 
芝
 
∽
 
 
∞
 
 
ト
 
 
∽
 
 

れ
 
寸
 
M
 
N
 
 
【
 
0
 
 

．
N
L
 
揖
h
n
ひ
T
h
 
u
O
 
p
U
S
巾
q
 
｝
亡
び
∈
U
A
O
巳
 
 

h
む
｝
佃
き
p
U
n
O
ヒ
び
 
叫
O
 
S
仁
O
T
｝
U
“
H
可
p
 
p
ぴ
｝
再
已
」
｝
S
国
 
M
L
 
U
h
n
ひ
T
h
 
 

E  
宗
l
 
 

呂
【
 
 

⊂⊃  

∈ミ≡   
宗
【
 
 
 

⊂⊃  

∈≡三  

41  



3．3  Tritium Concentrations in Streams  

Most drainage basins that dissect uplands have   

permanent streamflows・ ＝f strearns are maintained by   

groundwater, it is possible to estimate the existence of a 

groundwater flow system in a small scale because streams can 

be considered as the discharge area of groundwater．   

Accordingly′ tritiurn COnCentrations of stream watersin the   

dry season were measured during winter of1982－1983． Then18   

Sma11drainage basins，Where housing sites are not well   

distributed，Were Selected，and water samples were c01lected   

for tritium analyses． Figure14 and Table 2 show the   

results of tritium analyses of stream waters． The obtained   

values are considered to be those of baseflow．  

Tritium concentrations of precipitation after Late1982   

show about 5 TU．1f rain water dischargesimmediately after   

precIPitationltritium concentration of stream waters should   

be the samelevelas of the precIPitation． Tritium   

COnCentrations of stream waters are rather highin   

COmParison with that of precIPitation at the same periods・   

Therefore．watersin these streams are known to be retained   

in the drainage basind as groundwater for a certain tirne．  

Figure15 shows the variation of the tritum   

COnCentrations of stream watersin the drainage basins（C）   

and（M）．  

＝n the drainage basin（C），tritiumlevels of stream   

WaterS arein the order oflOr TU tillpoint（iii），andis  
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Figure14 Tritium concentrations of stream waters  
in dry seasonin1982－1983．  
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NOV．1982  JAN．1983  

16．8  

17．3  

14．8   

5．6  

NF   

9．6   

8．5  

12．1  

21．8  

14．7  

13．4  

12．2   

9．9  

14．6  

13．6   

6．1  

12．1  

NM  

11．9  

10．4  

16．8  

10．4   

9．5  

11．2   

7．8   

9．0  

22．6  

12．5   

9．3  

NM  

13．9  

19．6  

12．6   

7．5  

13．1  

13．4  

A
 
B
 
C
 
D
 
E
 
F
 
G
 
H
工
J
∴
八
丁
山
M
‖
N
 
O
 
p
二
〇
二
R
 
 

（UN工で：TU）  

Table 2  Tritium concentrations of  

Stream WaterSin dry season．  
NF：nO flow′ NM：nOt rneaSured．  
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○Ver 20 TU after point（iv）． Meanwhile′ grOundwater of   

relativelY high tritium concentration exists between points   

（iii）and（iv）． Accordingly．the variation of tritium   

concentration of stream water coincides with the   

distribution pattern of tritium concentrationin groundwater   

in the drainage basin（C）．1n drainage basin（M），tritium   

levels of stream waters are aboutlO TUr and are higher than   

those of precIPitation． ■  

Consequently．tritium concentrations of stream waterin   

the drainage basins dissecting uplands are higher than those   

of precipitations in the same period, and it is made clear 

that the origin of base flowis groundwater． Thisindicates   

that a flow of groundwater toward the stream exists．   

Therefore．a smallscale groundwater flow system can be   

estimated to existin the drainage basin having permanent   

Streamflows．  

The residence times of these flow sYStemS are eStimated   

to be within 30 years because of the high tritium   

COnCentrations of stream waters．  

3・4・ The Estimation of the Groundwater Age  

The most fundamentalstructure of groundwater flow   

SyStem WaS reVealed bY the spatialdistribution pattern of   

tritium concentrationin groundwater． Namely，grOundwater   

in the areais recharged at the uplands and flows to the   

lowland of the Yoro River as a wh0lelalthoughlocalflow   

systems are estimated to be developed in the smaLl drainage 

basins dissecting the uplands・1n this section，the  
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groundwater ages of16 stations（a to pin FigureslO and   

12）are estimated by the conv0lutionintegralmethod（Dincer   

et al．1970）．  

Groundwater age can be obtainedif the tritium   

COnCentrations of recharglng and sampling water are   

SPeCified，because the half－1ife of tritiumis known． ＝tis   

necessary，however，tO take time series of tritium concen－   

trationin groundwater for a certain periods because the   

Variation of tritium concentrationin precIPitationis ＝  

1arge．  

Assuming that groundwater mixes in a constant rnode as   

it flows，time series of tritium concentration are   

Calculated by the f01lowing equation．  

fo（t）＝  fi（t－T）fR（T）expトゝT）dT  …‥（3－1）  

Where fo（t）is the theoreticaltritium output function，   

fi（t）is theinput function whichis the time series of   

tritium concentrationin preと±ipitation，fR（T）is the transit   

time distribution function or the sYStem function，入is the   

decaY COnStant Of tritium．Tis the transit time between the   

recharge and sampling，and tis the time． BY COmParing the   

OutPut function of equation（3－1）with the observed values′   

the groundwater age can be estimated． Equation（3－1）．   

JlOWeVer，aSSumeS a COnStant flow velocitY and a constant   

recharge．  
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A function formula of fR must approximate the mode of   

mixing of groundwater・ The normaldistribution function can   

approximate the dispersive mixing of groundwa，ter・ThereforeJ   

itis used for the system function． Then，fRis expressed   

as f0110WS．  

即）＝ expト悪〕   …（3－2）  

where Tis the mean residence time，Cris the standard   

deviation，7tis the rati0 0f the circumference toits   

diameter and tis the time． The shapes of the system   

function are shownin Figure16．  

Table 3 shows the results of calculations，and Figure   

17 shows the output functions and measured tritium   

concentrations． C「is the standard deviation of normal   

distribution，and Erroris the average residualfrom the   

output functions・ Figure18 shows the age distributionsin   

groundwater along sections shownin Figurell・ The   

locations of wells are shownin FigureslO and12．  

Samples（a）to（d）are obtained from the upland region   

about 80 meters above sea levelon the left bank of the Yoro   

River near the divide． The groundwater ages of（b）and（d）．   

Which were sampled from the shallow we11s on the upland．are   

l．6 years and 2．3 yearslreSPeCtivelylandindicate the   

recent recharge． Samples（a）and（c），Which are sampledin   

the vicinity of（b）and（d）．shows relatively 01d ages，28・9   

years and 26・1yearslreSPeCtively・ Therefore transit time   

of groundwaterincreases downward・ Because groundwaters of   

（a）and（C）are assumed to be recharged atimmediately upper  
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surface, the average flow velocities can be obtained by 

dividing the bottom depth by groundwater ageland are 2・8   

and 2．1m／year respectively．  

Samples（e）and（f）are obtained from the alluvial   

lowland near the upland reglOn On theleft bank of the Yoro   

River． The groundwater age of（f）is13・5 YearS，and that   

of（e），Whichis nearer to the Yoro River than（f）．is 01der   

than that of（f），andis 28．4 years．  

Sample（h）is from a terrace surface of 50 meters above   

sealevel，andits ageislO years． The age of（g）sample．   

which is located at the alluviallowland closer to the Yoro   

River than（h），increases t0 26．3 years．  

These groundwater ages can correlate to the groundwater   

flow pattern estimated from the spatialpattern of the   

tritium concentrations． The ages of groundwater from the   

Shallow wells on the upland reglOnindicate recent recharge，   

and the agesincrease toward the Yoro River． The ages of   

groundwater exceed 20 YearS near the boundarY between the   

uplands and the alluviallowland of the Yoro River，and are   

more than 30 years near the Yoro River． On the upland，the   

age of the groundwater’flowing downward，eXCeed 20 years at   

the depth of about 50 t0 80 meters．  

Meanwhile，SamPles（j）to（P），Which are obtainedin   

the drainage basin dissecting the upland reglOn，are l  

younger thanlO years． These wells arelocatedin the   

alluviallowlands along the stream． Accordingly．it seems   

that the groundwater that was recharged atleast more than   

lO years ago has already discharged．1n the previous  
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SeCtion，itis revealed that the streamsin the drainage   

basin dissecting uplands discharge groundwater as baseflow   

in dry season． Therefore．these groundwaters do not   

COrrelate to the flow system that groundwater flows from   

upland reglOnS tO thelowland of the Yoro River，and the   

existence of a smallscale flow sYStem Of groundwater can   

be estimatedin the smallbasin dissecting uplands．  

3．5  Theoretical Distribution of Tritium Concentration  

by Advection－Dispersion Model  

＝n this section，tritium concentration distributionis   

Calculated theoretically by using a advection－dispersion   

model，anditis examined whether the measured tritium   

PatternS Can be explained theoretically by the assumed flow   

Pattern．  

The basic equations are as follows（Bear，1972）：  

…・ル3）  

孟笹失語）＋封施豊）＝0  

巨億）＋最中t詐卜喘＝詣  …‥（3－4）  

where h is the hydraulic head, Kxx and Kyy are the hydraulic 

COnductivities of x and y directions，Cis the concentration   

Of materialin solution，Vis the flow velocity，P and Pare  

the directions of the strearnlines and the normals to those   

lines，reSPeCtivelY． The coefficients Dland Dt are the   

longitudinalandlateraldispersion coefficient，   

respectivelY，defined by  
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Dl＝Dsl・V  

Dt＝Dst・Ⅴ  

…‥（3－5）  

Where Dslis thelongitudinaldispersivityin the direction   

of flow and Dst is the transverse dispersivity normal to the 

direction of flowin anisotropIC POrOuS medium．   

Dispersivityis a second－rank tensorlandits princIPalaxes   

are set to coincide with the direction of flow and normal to   

the direction of flow in this model．  

The Galerkin techniqueis used to determine approximate   

S0lutions to the equations（3－3）and（3－4）under appropriate   

boundary conditions． The cross－SeCtionalrepresentation of   

the saturated flow system is divided into an equivalent 

SyStem Of subreglOnS．＝n this study，triangular elements are   

employed． Detailed explanation of the methodis glVenin   

Pickens et al．（1976）．  

The calculated areas are representatives of the right   

bank and theleft bank of the Yoro Riverin the A，and B，C   

profiles in Figure 12. The upper boundary is the water 

table．andis assumed to be at the same altitude of river   

bedin this study． The boundaries on both sides are   

imaglnarY Verticalimpermeable ones representing groundwater   

divide as well as the Yoro River． The calculated areas are   

bounded on the bottom by sloplngimpermeable basement which   

represents the KasamoriFormation．  

The hydraulic conductivityin the horizontaldirection  

is assigned to be O．01cm／sec，Whichis equalto the average  

Of the results of aquifer tests as an order． The vertical  
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hYdraulic conductivityisl／100 0f the horizontalone，and   

effective porosityis assumed to be O・3・  

Figure19 shows the head distributions as solutions   

to the equation（3－3）． These flow patterns are mainly   

formed under theinfluence of topography． Flow vectors are   

Calculated from the head distributionin each element，and   

the equation（3－4）is s0lved under above mentioned boundary   

COnditions． The radioactive decay of tritiumis corrected   

in each time step． Figures 20 and 21show the results of   

Calculations．  

The highest tritium concentration of sampled watersin   

Observation periodis 40．7 TU． The number of samples higher   

than 30 TUis five． ＝n order to dilute precipitation．which   

is higher thanl′000 TUin early1960■s，tO SuCh 姦Ievel，   

the value of dispersivity should be aboutlOO meters or more   

in this model．  

1n theisotropIC CaSe Shownin Figure 201the vertical   

gradient of tritium concentration is small in comparison 

With the measured one・ Generallylthelongitudinal   

dispersivityislarger than the transverse one． The ratio  

Of Dsl／Dst takes aboutlt010according to the review of  

Anderson（1979），mOSt Of which are obtained from areal   

models・Robson（1978）noted that the dispersivity values  

usedin the arealmodeldiffered from those needed to   

Calibrate the profile model・In his arealmodel′ the ratio  

WaS 3．3，butit was needed to beincreased to 330in his   

PrOfile model．  

Figure21shows the effect of dispersivity ratio on  

tritium concentrations. The vertical gradient of tritium 
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Figure19 The steady－State hydraulic head distributions  

With flow directions．  
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Figure 20 The effect of dispersivity on concentration  
distributions in Apri11982．  
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20【qU［CONC【NTRATION L川E（TU）  

Figure 21 The effect of dispersivity ratio on  
concentration distributionsin Apri11982．  
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COnCentration becomelarge as the ratioincreases・ By   

comparing the calculated pattern with the observed pattern   

in the case of Dsl／Dst＝100in Figure 21．it can be seen   

that the generalpatterns have close similalities・ Namelyl   

the upper part of upland reglOnS are OCCuPied by groundwater   

less thanlO TU，and the tritiumlevelsincrease downward・   

The tritium front shown by 2 TUlines does not reach the   

Yoro Riverland tritiumlevels decrease downwardin the   

lowland reglOnS．  

The reason for thelarge anisotropy of dispersivityis   

seems to be related to the structure of aquifers． The   

geology of the area is alternation of sands and muds, and 

they are nearly flat． Hencelthe horizontaland vertical   

Permeability differ each other・1tis considered to be   

influenced on the anisotropy of dispersivity．  

As shownin Figure 9（grOundwater rechargedin19601s   

When tritium concentrationin precIPitation was very high，   

could be overlOO TU as of1982 when the dilution bY mixing   

WaS negligible． According to the observed distribution   

Pattern，the peak concentrationin groundwater，however，is   

COnSidered to be about 30 TU around1982． Therefore′it can   

be considered that a certain’degree of mixing occurs during   

七he groundwater movement．  

Although strict discussion on the abs0lute value of the  
I  

dispersivity is difficult because the dispersivities used in 

the modelpartly depend on the size of each element，the   

dispersivity oflOO metersis equalto the dispersion  

coefficient of about164t01d－6m／secin the model．This  
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valueis farlarger than the self－diffusion coefficient of  

9 
water，i．e．．2．22Ⅹ16m／sec（Eisenberg et al．，1969）．  

Therefore，itis considered that the mixing processis not   

by diffusionr but by macro－dispersion derived from the   

velocitY difference at each pointin the strata due to the   

heterogeneity of the ge0loglC materials・ ＝tindicates that   

the actualflow of groundwaterin the basinis not so much   

uniform． Thisis of greatimportance for theinvestigation   

of a contaminant transportin the groundwater flow system・  

Although a certain degree of mixing occurs during the   

groundwater movement, general pattern of tritium 

concentration distribution in groundwater well reflects the 

history of groundwater movement． This supports the   

availavility of the environmental tritium as a tracer, and 

itis made clear thatit can be used to trace the reglOnal l  

groundwater movement．  

＝tis also shown that the horizontalhydraulic  

conductivity with the magnitude oflO－2cm／sec can explain  

the mlgration of thermo－nuClear tritium from uplands to the   

lowlands．1t is used in the water balance simulationin the   

f01lowing chapter．  
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＝Ⅴ． Water Balance of the Groundwater Basin  

The most fundamentalunitin dealing with the water   

balance of groundwateris the groundwater basin．Total   

amount of circulating groundwater can be determined by   

COnSidering the water balance of groundwater basin，andis   

used as a measure of the safe yield of the basin．  

The three－dimensionalgeometric distribution of   

groundwater movement was clarifiedin previous chapter．In   

this chapter，quantitative understanding of the groundwater   

CyCleis attempted． A water balance simulation based on the   

obtained flow pattern is performed in order to estimate the 

quantity of dynamic groundwater flow andits spatial   

distribution．  

4．1   Water Balance Equations  

On the basis of the steadY－State aSSumPtion，the   

recharge to the groundwater basin is equal to.the dischargee 

fromit，and thisis the dynarnic flow through the   

groundwater basin． This quantityis defined by Freeze and   

Witherspoon（1968）as the natbralbasin yield（NBY）．  

TheIlaverage annual‖ water balance equations are as   

f01lows；  

R＝（1－f）p－Et   

R＝Rl＋Rl＋Rr  

D＝Dl＋Di＋Dr  

R＝D＝NBY  

…‥（4－1）   

…‥（4－2）   

…．．（4－3）   

…‥（4－4）   
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where Pis the precIPitation，Etis the evapotransplration， ●  

fis the direct runoff coefficient，Ris the recharge and D   

is the discharge・ Suffixes l（iand r rnean thelocall   

intermediate′ and reglOnalflow sYStemS reSPeCtively． 1  

This water balance calculation，however，glVeS thelong term ●  

average of the basin－Wide water balance under natural   

conditions．  

4．2  Evaluation of the Recharge  

Recharge，R，Can be obtainedif fis known because P   

and Et are knownin equation（4－1）． According to the   

PreVious studies on direct runoff coefficientin the   

drainage basins whose ge0loglCalconditions are similar to ＝  

the study area，direct runoff coefficientis assumed to be   

relatively small． Kotoda（1968）investigated the rainfall－   

runoff relationsin a smallbasin of Tama，WeStern district   

Of TokYO．As a result，his first order direct runoff   

coefficient was onlyll●4％ as a average of13 0bservationsl   

and even totalrunoff coefficient was 21．4％． MiYake（1978）   

obtained direct runoff coefficients in three smallbasins in   

Osaka，Which were 21．25，and17％．  

Hirata（1966）described that the reason for the   

difference of direct runoff coefficients on the same   

precIPitation eventin different basins was caused by the   

difference ofinfiltration capacity near the surface． ＝n   

theinvestigated areain this studY，Planation surfaces   

which are covered with voIcanic ashes（SO Called Kanto Loam）  
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distribute widely．therefore alarge amount of precIPitation ●  

is expected toinfiltrateinto the ground．and the direct   

runoff coefficientin the study area would be t00 Small．   

Referring to previous studies，it willbe proper to assume   

the average direct runoff cqefficient as 20％． By   

substituting the P＝1627 mrn／year，Et＝696 mm／year（see 2．3）   

and f＝20％into equation（4－1）′ then R reaches t0 606   

mm／Year． Hence′ the average annualrechargein the areais   

estimated to be about 600 mm／year．  

4．3  Evaluation of the Natural Basin Yield  

＝n order toincorporate the structure of the   

groundwater flow sYStem reVealedin the previous chapter   

into the model，itis necessary to satisfY the f01lowing   

COnditions．   

（1）EnergY required to move groundwateris givenin   

PrOPOrtion to the topographi已 height．   

（2） The modelmust be a three－dimensional one．  

The steadY－State three－dimensionalgroundwater flow   

modelthat can satisfy the above conditionsis used to   

evaluate the dynamic flow through the groundwater basin，   

namelY the naturalbasin yield．  

The basic equationis as f01lows，Whichis developed  

frornDarcYIslaw and the steadY－State equation of   

COntinuitY：  

孟滝卜孟（Ⅹy芸〕十孟（Kz芸ト  
…‥（4－5）   
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where KxxJKYY and Kzz are the components of the permeability  

tensorin the xly and z directions whose princIPalaxes are ■   

coinciding with the coordinate axes, and h is the hydraulic 

head． Equation（4－5）is solved numerically under the   

appropriate boundary conditions according to the method   

described by Freeze and Withersp00n（1966）．  

＝n the Freeze－Withersp00n mOdel，itis difficult to   

SPeCify suitable recharge except for the case that the   

accurate water table configuration and the permeability   

distribution are known，because the elevation of water table   

is fixed．  

＝n this study．the condition that the configuration of   

the water tableis determined by the topographic   

COnfiguration，Permeability distribution and the arnount of   

recharge′is added to the modelin order to asslgn Suitable   

recharge． Namely．the configuration of the water tableis   

COrreCted untilthe recharge at each node on the water table   

fa11s below the glVen reCharge．  

Figures 22 and 23 show the caluculated area and   

boundary conditions． The boundary conditions are determined   

On the assumption that the groundwater basinis bounded on   

the bottom by the Kasamori Formation which is considered as 

relativeimpermeable basement，On the top by the water   

table．and allsides byimaglnaryimpermeable boundaries I  

Which simulate the groundwater divides．  

The s01idlinesin the Figure 23 are riverlevel（Which   

is anisopleth of the minimumlevelin the 500 meters mesh（   

andis used to the first approximation of the water table．  
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Figure 22 Calculated area・The name of places are  
the same as the Figurel．  
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StruCturCLL contourontopof  

the KqsqmoriFormqtion  

river Levelwith500meters mesh  

Figure23 Boundary conditions・S01idlines are river  
levelcontoured by using 500 meters mesh・  
Dashedlinesindicate the structural  
contours on top of the KasamoriFormation・  
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＝t is the maximumlevelof the water table． The dashed   

Lines indicate the structural contours on top of the 

Kasamori Formation．  

Horizontalhydraulic conductivityis asslgned to O・01   

cm／sec′ Whichis the average of the results of aquifer tests   

and can explain the velocity of the tritium movement（see   

3．5）． The ratio of horizontalto verticalhydraulic   

COnductivityis setlOO．  

The average annualrechargein this reglOnis estimated   

about 600 mm／year，therefore the calculationis performed  

with maximum recharge（Rmax）of 600mm／year．  

Figure 24 shows the hydraulic head distributionsin   

cross sections． The regions with high hydraulic head are   

upland reglOnS・ The hYdraulic heads are comparativelYlow   

in the lowland of the Yoro River and the coast． The heads   

decreased downwardin the upland reglOnS andincreasesin   

thelowland reglOnS． ActuallY（the existence of the flowing   

wells（See 2．6）indicates that the heads areincreased   

downward in the lowland regions. Groundwater is recharged 

at the upland reglOnS and flows to the10Wland reglOnS under   

these head distributions． This flow pattern agrees with the   

one estimated from the distribution pattern of tritium   

COnCentrationin groundwater．  

Recharge（or discharge）in each node can be obtained   

from Darcylslaw‥  

‥．（4－6）  Q（i．〕）＝Ⅹzz・△h・△x一△y   

where Q（i，j）is the recharge or dischargein node（i，j），Kzz   

is the verticalhYdraulic conductivityl△his the hydraulic  
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Rmax：600mm／year  

0 1 2 3 4  5 Km 

Figure24 Hydraulic head distributionsin the case  
of Rmax＝600 mm／year．  
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gradient near water table，△x and △y are theintervals of   

nodesiniand j directions，reSPeCtivelY． Totalrecharge   

（or discharge）can be obtained by summing up the recharge   

（Or discharge）in each node which belongs to the recharge   

（or discharge）area．  

Figure 25 shows the recharge－discharge map and the   

COnfiguration of the water table． Recharge areas almost   

COrreSpOnd with the upland reglOnS，While the discharge   

areas appear along the Yoro River andits ma］Or   

tributaries，and the coastallowlands． The rate of   

dischargeis highin thelowland of the Yoro River and the   

COaStalplain near the uplands．andit becomeslow with the   

distance from the uplands．  

Figure 26 shows the amount of recharge and discharge，   

and cumulative recharge and dischargein theJdirection．  

T。talrecharge（＝t。taldischarge）is ab。。t150．000ndaY，  

thatis，the dynamic flow through the groundwater basinis  

also ab。。t150．000打みday．  

The amount of discharge has a minimum value atJ＝19，   

Where the width of the valley fl00r becomes narrow．   

Discharge of theinterior part fromJ＝19is considered as   

the one from the groundwate工：flow sYStem formed by the   

・lowland of the Yoro river and the upland reglOnS．  

cumulative discharge untilJ＝19is ab。。t55，000汀daY，Whi。h  

is 37％ of the totalrecharge．  

Cumulative discharge reaches 50％ of the totalrecharge   

atJ＝25（Murakami），and attains 80％ atJ＝31，in the   

SOuthern margin of the coastalindustrialzone． Most  
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Rmax：600mm／year  

mm／year  

Figure 25 Recharge－discharge map and water table  
COnfigurationin the case of Rmax＝600 mm／year．  
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recharged water in the upland regions discharges until it 

reaches the coast of TokYO Bay．  

4．4  SensitivitY Of the Dynamic Flow  

As stated before，annualprecIPitation showslarge l  

Variations． The maximum annualprecIPitationis about twice   

as much as the minimum one． Therefore，annualrecharge t0   

・the groundwater maY aCtua11y show alarge variation． The   

responce of the groundwater flow to the varylng．reChargeis   

evaluatedin the f01lowings by using the previous method．  

Figures 27 to 30 show the results of calculations in   

the case that the rnaximum recharge（Rmax）are set 300 and   

l．200 mm／Year aS the extremities．  

＝n both cases，the coastalplain and thelowland of the   

Yoro River are discharge areas and upland reglOnS are the   

recharge areas． Along the ma］Or tributaries of the Yoro   

River，discharge areas appearin the case ofl′200 mm／year．   

The configuration of water tableis very sm00th for Rmax＝300   

mm／year． The water table rises as a wh01ein the case of  

l．200mrn／year，but the upturnis restricted at the valleys．  

and therefore the undulation of water table increases．  

Figure 31shows the dischargeinJdirection for the   

three cases. The increases of discharge with the increases 

Of recharge arelarger at theinterior part（eSPeCially at  

thelowland of the Yoro Riverr than at the coastalplain．  

Thisis because the discharge frorn smallscale flow systems′  

i．e．localorintermediate systems，increases with the  

increase of the recharge・The reason why the discharge from  
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Figure 27 Hydraulic head distributionsin the case  
of Rmax＝300 mm／Year．  

74   



Rmax：300mm／year   
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Figure 28 Recharge－discharge map and water table  
configurationin the case of Rrnax＝300 mm／Year．  
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Rmax：1200mm／year  

ト25  

5 Km  0 1 2 3 4  

Figure29 Hydraulic head distributionsin the case  
of Rmax＝1．200mm／year．  
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Rmax：1200mm／year  

Figure 30 Recharge－discharge map and water table  
configurationin the case of Rmax＝1．200mm／Year・  
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sma11scale sYStemincreasesis that the topography   

contr0ls the relief of water table increase and makes the   

smallscale groundwater flow sYStemS tO become active・  

The discharge．hence the dynamic flow．0f the reglOnal   

systemis relatively stableJandis determined by thelarge   

scale topographyleXtent Of the basin and the permeability   

of ge0loglC formationsin the area・ On the contrarylflow   

in the smallscale sYStemSisinfluenced by precIPitation   

variation to much greater degree than the flowin the   

reglOnalsystems are affected．                  l  
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Ⅴ．  Discussion  

From the distribution pattern of tritium concentration   

in groundwater，itis revealed that the groundwateris －   

recharged at the uplands and flows toward thelowlands as a   

Wh01e． At the vicinity of drainage divides or the Yoro   

River，it becomes clear that the verticalcomponents of   

groundwater flow areimportant．  

The tritium concentrations of stream watersin drY   

SeaSOn SuggeSt that the orlgln Of base flowsis ■l  

groundwater． Therefore′itis assumed that a smallscale ror   

a low order groundwater flow system exists in a small 

drainage basin dissecting the upland reglOn． This flow   

SyStem COrreSPOnds to thelocalflow system of T6thls   

definition of the groundwater flow systems（T6th，1963）   

because the recharge areas are uplands adjacent to the   

lowland．  

Tritium concentrations of base flow indicate that the   

residence time of thelocalflow systemisless than 30   

years． On the contrarY，the residence time of the   

groundwater flow system whose discharge area is the Lowland 

Of the Yoro Riveris over 30 YearS． This flow sYStem   

underlies thelocalflow systems，SOit corresponds to the   

intermediate flow systern．  

Consequently．two groundwater flow systems of different   

Orders，namely thelocaland theintermediate．are clarified   

by means of environrnentaltritium． According to T6th  
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（1963），the regionalsystemis the one whose recharge area   

occupies water divide and its discharge avea lies at the 

bottom of the basin． Therefore，the reglOnalsystemin the   

Study area corresponds to the flow from uplands toward the   

lowlands along TokYO Bay．  

The estimated flow pattern suggests the existence of   

the groundwater flow system theoretically derived by Hubbert 

（1940）and T6th（1962（1963）1 

groundwater flow system in the study area is formed 

basically under theinfluence of topography rather than   

ge0logY． Namely′ aS the water tableis highin the uplands   

andlowin thelowlands，the groundwater flows to the   

direction that the potentialdifference disappears． Thisis   

also confirmed by the numericalsirnulationincluding the   

topographic and ge0loglC COnditions in the area   

（Kondoh．1982）．  

These resultsindicate that groundwater flows through   

the mud beds，namely，the mud beds can notinfluence on the・   

flow system enough to alter the flow pattern formed under   

theinfluence of topography． When only the ge0loglC   

StruCturein the study areais emphasized，the flow toward   

Tokyo Bay along the stratais estimated′ Whichis the one   

COnSidered so far． The results of tritium analYSeS，   

however，do not support the existence of such a flow．  

These results of tritium－analyses approve the   

availability of environmentaltritium as a tracer，and   

clarify that it can be used to investigate the regional 

groundwater flow．  

＝n order to quantify the dynamic flow through the  
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groundwater basin by the mathematicalmodel（the model   

should reflect the flow pattern as stated above． Hence，   

related to the results of tritium analyses，Freeze－   

Withersp00n mOdelis known to be most suitable method for   

the water balance simulation．  

About 600 mm／year of recharge can be expected from the   

water balance on the ground surface． According to the water   

balance simulation，tOtalarnOunt Of rechargeis about  

150，000汀含daY，but about80％of recharged wateris  

discharged atinner parts than Keiyo ＝ndustrialZoneland   

therefore the flow across the profile along coast is 

estimated to be about30，000n丹day．  

The amount of groundwater flowing from uplands toward   

the coast of Tokyo Bay can roughlY be estimated by means of   

the relation between the amount of pumplng and waterlevel   

fluctuations in observation wells．  

＝n Figure 71aVerage hydraulic gradient betweenlwasaki   

and Ama－ariki，1，WaS O．0036in1972 when the waterlevels I  

were at minimumlevel，and was O．0015in1980 when the water   

levels have been recovered fair degree． Totalamount of   

pumplng at COaStalindustrialzonein1972 was aboutlOO′000  

n＆day，and the waterlevels werein a quasトsteady state．  

Assuming that the amount of pumplng and the flow of l   

groundwater werein equilibriumin1972（the DarcyIslawI   

Q＝AKi，h01ds true．where Qis the amount of pumping or flow   

of groundwater（Ais a cross－SeCtionalarea（and Kis the   

Permeability．Then the value of AK can be obtained as a   

PrOPOrtionalconstant between Q andi．  
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1n19801the hydraulic gradient betweenlwasakiand  

Ama＿arikiwas O．0015，SO about40，000。みdaY Of groundwater  

flow was expected from the proportionality between Q andi，  

but the totalarnount of pumplngin the coastalindustrial  

z。ne WaS about30．000汀汁day，aCCOrdingly waterlevels were  

recoveringin1980・ On the basis of the topographic   

configurationlhydraulic gradient between ＝wasakiand Ama－  

arikiis estimated to be about O．0001Jthereforeit can be  

c。nSidered that about28，000n浄day of groundwater flows from  

upland reglOnS tOWard the coastin naturalcondition・  

Figure 32 shows the flow quantities for different   

recharges as the results of calculations・ The flow   

quantities across the sections fromJ＝32 t0 351Which are   

corresponding to the coastalindustrialzonelrange from  

12，000t。36，000汀みday，and they agree we11to the above  

estimated value． Hence，itis regarded that groundwater of  

about30，000㌔day flows through the section along the  

coastalindustrialzone． This quantity can be regarded as a   

flow of reglOnalgroundwater flow sYStem．  

This quantitY，however，is comparatively smaller than   

the one estimated so far（for example Chiba Prefecture，   

1961）． Thisis considered to be caused by the difference of   

the waY Of recognition about the groundwater flow system．   

1n the former way of thinking about the groundwater movement   

in the study area，it seems to be regarded that allthe   

groundwater rechargedin theinland reglOnS flows toward ■   

Tokyo Bay・ 工n the groundwater flow system which the energy   

l required for the groundwater movement orlglnateS from the   

POtentialdifference made bY the topographYr however，all  
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recharged waterin the uplands does not flow toward the   

COaSt，but almostit discharges through thelocalor   

intermediate flow systems in theinland reglOnS． 1  

The flow across the profile along the coastis onlY 20％   

Of the totalrecharge，and almost recharged water discharges   

atinland reglOn． The flow of reglOnalsystem，however，is   

relatively stable and is less sensitive to the change of the 

recharge due to the climatic variation・  

The amount of pumplngin the coastalindustrialzoneis  

ab。。t20，000t。30．000n汁day around1980．therefore，itis  

considered to be in equilibrium with the natural regional 

groundwater flow．  
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Ⅴ＝．  Conclusions  

工n order to clarify the actualcondition of groundwater   

CyCle．namely，the recharge′ mOVement and discharge of   

groundwater，theinvestigation was performedin the   

＝chihara reglOn，Chiba prefecture．  

Firstly．environmentaltritiumis used as．a tracer to   

analYZe the three－dimensionalgeometric distribution of   

groundwater movement． As the results，itis clarified that   

the tritium concentration distributionin groundwater well   

reflects the groundwater movernent，and the three－dimensional   

flow pattern of groundwater can be made clear． 工tis also   

Clarified that environmental tritium can be used to trace   

l the reglOnal flow of groundwater．  

SecondlY，the mathematicalrnodelbased on the flow   

Pattern reVealed by environmentaltritiumis constructed．   

and spatialdistributions of recharge，discharge，and   

dYnamic flow are evaluated．  

The results are summarized as f0110WS：  

（1） Distribution pattern of tritium concentrationin   

groundwaterindicates that recharge areas of groundwater are   

uplands and the discharge areas are the lowlands, and 

groundwater flows from uplands tolowlands as a wh0le・ ＝t   

is also suggested that the verticalcomponents of ground－   

water flow areimportant near the drainage divides or the   

Yoro river．  

（2） Tritium concentrationsin streamsindicate that  
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the baseflow is maintained by groundwater, and the existence 

Oflocalgroundwater flow systems are estimatedin the   

drainage basins dissecting uplands．  

（3） The residence time of thelocalflow systemsis・   

estimated to be below 30 years because tritium concen－   

trations of baseflows are rather highin comparison with   

that of precIPitationin the same period． ＝n theinter－   

mediate system whose discharge area is the lowland of the 

Yoro River，the residence time exceeds 30 years because  

thermonuclear tritium has not reached the Yoro River．  

（4） Tritiurn concentrationin groundwaterindicates  

that a certain degree of mixing occurs during the  
′   

groundwater movement． ＝t cannot be explained by the   

m0lecular diffusion，anditis considered that mixing  

PrOCeSSis macro－dispersion caused by heterogeneity of   

．ge0loglC materials．  

（5） Generalpattern of tritium concentration  

distribution，however，Can be explained by the advection－  

dispersion modeldespite a certain degree of mixing． This  

SerVeS the availability of environmentaltritium as a  

tracer for the study on the・reglOnalgroundwater flow．  

（6） The average annualprecipitationin the study area   

is1627 mm′ and average annualevapotransplrationis 696 mm・  

When considering the direct runoff componentin the water  

balance equations（the average annualgroundwater recharge   

is estimated to be about 600 mm．It leads to the total  

am。。nt。f re。harge（＝discharge）about150．000nday，Which  

is equalto the dYnamic flow through the groundwater basin・  

（7） About 80 ％ of totalrecharged water discharges  
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through thelocalor theintermediate flow systems at the   

lowlands of the Yoro river or thelowlands along the coast．   

The flow across tbe section along the coast is estimated to 

be about30．000㌔day．whichis almost eq。alt。the am。unt  

Of pumplngin the coastalindustrialzone around1980．   

Therefore．the recent amount of groundwater usein the   

COaStalindustrialzoneis considered to bein equilibrium   

With the naturalflow of groundwater．  

（8） The flow of regionalflow systemis relativelY   

Stabler andless sensitive to the change of recharge due to   

PreCIPitation variation．  
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