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STUDY OF GROUNDWATER SEEPAGE INTO LAKE BZWA  

Masao KOBAYASHI  

AI〕SでRACT  

This study was undertaken 七o inves七igate the process of   

Shaliov groundwater flow in七o a lake and to determine the   

Spatial and temporal variation of groundwater seepage into   

Lake Biwa of Shiga Prefecture in Japan and also to evaluate   

the groundwater component of the water balance in thelake．   

Seepage meter′ piezometer， COre drilling and vater level   

techniques were emploYed for the field measurements．Before   

regular measurements were taken，SOme teStS Were COnducted   

七o evaluate the seepage me七er technique．  

Seepage meter technique was found to be most reliable by   

using a baggie co11ector initially prefilied vith 200ml of   

vater and a large inside diameter（10mrn）plastic 七ube．The   

quality of wa七er collected by seepage meter provided a good   

indication of composition of groundwater in the aquifer   

underlying the lake for high seepage sites but not a七lov   

Seepage Si七es．rt was observed 七ha七 the concentrations of   

the major constituents of seepage water were 20－60％lower   

than that of the groundwater below 七he lake bot七om a七 about  
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0．3m depth．  

Data of groundwater potentials in thelake′ the qual⊥ty   

Of groundwater and seepage flux showed that the shallow   

groundwater in the aquifer moves horizontally 七oward the   

lake and then veers rapidly upward on the shore line near   

the inflection point at the lakebed and seeps out within   

about 20m distance from the shore． Confined groundwater   

enters the lake through a thinlow permeablelayer．Seepage   

patterns ob七ained nearshore around the western shore of the   

lake were also consis七ent with the flow models predic七ed by   

modeling studies．  

Seepage fluxes around the lake varied slgnificantly   

ranging from O・01to 4・9 いm・Sql The variabiLity can be   

attributed to either the heterogeneity of the lake bottom   

Sediments or lakebed configuration．Seasonal change in the   

total amounts of seepage extending perpendicularly from the   

Shore was found and may have been caused by precipitation．   

Three seepage patterns were observed：（1）area vhere seepage   

flux decreases with increasing distance from the shore；（2）   

area where the distribution of seepage flux is uniform ofト   

Shore，prObably as a result of the heterogeneity of alake－   

bed configuration；（3）area where uniform seepage occurs   

near the shore and increases considerably offshore before it 

declines exponentially farther offshore．Detailed coring   

data within 七hel・ake shoved that 七he extremely high offshore  
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seepage is associated with 七he confined aquifer exposed to   

the lake bot七orn offshore．  

The groundvater discharge around the eastern shore was   

twofold iarger than that around the vestern shore of the   

lake．Hovever，the specific discharge in the areas around   

the Hira．mountains and the northern end part of 七helake was   

higher（2～3mm・d‾1）and thatin the areas around the eastern   

shore（0．3～1．3mm・ d－1）．The amount of groundwater seepage   

into Lake Biwa was estimated to be 270rnm・y‾1（0．85 km3・yPl）．   

This value accounted for about 25％ of the to七al inflow   

including surface water and groundwater into thelake・  

These results indicate that the applicability of useful－   

ness of the seepage meter technique and the 七heoretical   

models for understanding groundvater flow into a lake are   

StrOngly confirmed through the field measurernents．AIso，the   

COnfiguration of the lakebed and the hYdrogeological hetero－   

genei七y in 七he flow system have a slgnificant effect on the   

Seepage pattern Within the lake．  
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CHAPTER l  

工NでRODUCT工ON  

1－1．Prev土ous studles  

Groundwater is one of the most important componen七s in   

the water balance and chemical budget of lakes．Over 七he   

past ten years，a number of studies on groundwater seepage   

into the lake were conducted both theoreticaLly and observa榊   

tionally，Particuiarly in Canada and U．S．A・The increased   

number of studies coincide with the introduction of seepage   

meter technique developed bY Lee（1977）．  

Concerning theoretical studies， McBride and Pfannkuch   

（1975）examined steadY State grOundwater flovintolakes by   

modeling hypothetical half Lakes．The study shoved t：hat a   

Significant ra七e of seepage occurs near 七he shore and the   

flux generally decreases exponentiallY aS a function of   

distance from the shore．In addition，the validity of the   

models were confirmed by Lee／s field measuremen七S Of seepage   

rate．  

Winter（1976，1978）modeled the groundwater flovinto and   

from hypothe七ical smaiilakes．This simulation study showed   

七hat groundvater flov near lakes is controlled bY a Variety   

Of hYdrogeoIogical conditions vithin 七he groundvater sys－  
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tems．SpecificallY，he de7nOnStra七ed 七hat hYdraulic he七ero－   

geneities within the aquifer can contribu七e seepage．  

Winter and Pfannkuch（1984）used numericalsimulations of   

whole lake models to evaluate the effects of anisotropy and   

geometry of the groundwater system on seepage throughlake－   

bed．The simula七ion anaLYSis showed that a generaldecrease   

vi七h distance from shore and the distance over which that  

decrease occurs increase as bulk anisotropy increase，and   

the occurrence of nearshore is accentua-t;ed by restricting 

lower permeabili七y sedimen七S tO Offshore areas・  

Munter and Anderson（1981） examined the seepage rates   

frorn natural flow sYStemS arOundlakes by numericaL simula－   

tions of two and three dimensional groundwater flow models．   

The models shoved the importance of the vertical hydraulic   

conductivity of a littora11akebed sediments to es七imate   

lake seepage rates．  

More recently．Fukuo and Kaihotsu（1988）have conduc七ed   

theoreticaL analysis of seepage fLow of a confined ground－   

water in七o a gen七Ie slope bottom of a lake．They have shovn   

that most of the confined groundwater flovs into the lake   

through the confining laYer・Hovever′ SuCh phenomenoTlhas   

not been vellinvestigated in a field．  

Mos七 of the field studies made so far are the es七imation   

of groundvater discharge into Lakes using hydrogeol－OglCal   

informa七ions and Darcy′s law（Karnaskas and Anderson，1978；  
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Kyoto AgriculturalLand Administration Office，1951），Well   

water levels and tracer analysis （Jaquet．1976），Stable   

isotopes（Matsuo et al．，1979；Turner et al．，1984）or the   

wa七er balance method（Yoshikoshi，1978；Fujino，1980）．  

tn recent years，the direct seepage measurement techni－   

ques（Lee，1972；Fellovs and Brezonik′1980）were employed to   

measure the quantity and the quality of the groundwater see－   

page into lakes．Although some measuremen七 errors exist in   

this method（Shaw and P工：epaS，1989；8elanger and Mikutel．，   

1985），the usefulness of the seepage meter technique has   

been documented bYJohn and Lock（1977），Woessner and Sulli－   

van＝984）and Shaw and Prepas（1990a）．  

Lee（1972）employed the direct method using scepage rncter   

to study septic tank seepage into Lake Sallie in Minnesota・   

The study shoved 七hat the distribution of seepage flux and   

Chemistry of seepage concurred vith a 七heoretical flov net   

and the rate and direction of seepage flux were correlated  

With water level eleva七ion．  

Fo1loving studies are also made by Dowing and Peterka   

（1978）， Lee（1977）， Kobayashi（1985）， ＝siorho and Matisoff   

（1989）and Shaw and Prepas（1990b）．A common conclusion of   

these studies is that seepage flux is generally highest near   

the shore and decrease with distance from the shore．  

Although，grOundwater seepage into lakes is rarely mea－   

Suredin Japan，itis generally knovn that groundwater seeps  
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into through the lake bottom in Lake Biwa（Katsura et al．，   

1982；Tsurumaki and KobaYaShi，1989）and seeps outin Lake   

lkeda（Satoh，1986）．Kawabata（1982a）alsoindicated that the   

amount of seepage could not be ignored in Lake Biwa．  

On the other hand′ these phenomena occur near the shore   

as they have been indica七ed in theoretical s七udies mentioned   

above．However，there has been insufficient field testings   

Of these models to verify their validi七y． Cherkauer and   

Nader（1989a）showed that the uniform seepage pattern pre－   

dicted by the mathematical simulations was not norm and that   

the simulations done to date may not be applicable to a   

large and heterogeneous systern． Furthermore， relatively   

little attention has been paid to the process of groundwater   

flow into a lake，and few field researches were made，prO－   

bably because of perceived difficul七ies in se七ting up devi－  

CeS for monitoring the groundwater potentials′ Sampling of   

groundwater or seepage flux at a different depth in a lake．  

To ob七ain a better understanding of groundwa七er disM   

Charge into a lake，i七 is necessary to conduct the field   

Observations for the process of groundvater flow in七o the   

lake and seepage patterns around the lake．  

l－2．Objectives of the study  

The main objec七ives of the study are as follovs：  

（l）To inves七igate the process of groundva七er flowinto  
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the lake and to evaluate the effectiveness of mathe－  

matical models nearshore as predicted in published  

Studies bY COmparing the field observations．The use－  

fulness of seepage meter technique for studying  

groundwater seepage into a lake is also to be evalu－  

ated．  

（2）To determine the spa七ial and temporal varia七ions of  

Seepage flux vithin the lake by the seepage me七er  

technique and also 七o evalua七e the varia七ion of see－  

page pattern in correlation with the bottorn sediments，  

morphology of the lakebed．rainfa111evel and the dis－  

tance from the shore． The results from the measure－  

rnents were also to be used to es七ima七e the annual  

amoun七 of seepage into the lake and the evaluation of  

the percentage of 七his component to the va七er balance  

土n the lake．  

Lake Biwa whichis thelargestlake．inJapan and the most   

Valuable vater resources in the Kinki dis七rict was selected  

for this study．  
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CHAPTER 2  

DESCRIPT＝ON OF STUDY AREA  

2－1．Physical dimensions of Lake Biw  

Lake Biwa whichis loca七ed onlatitude 35ON andlongi－   

tude1360E is considered to be a tectoniclake（Yoshirnura，   

1937）．Figurel shows the location of the study area．The   

lake has a surface area of 674km2 and shore line of 235km．  

＝t has a maximumlength of 63krn along the north－SOuth direc－   

tion；a maXimum depth oflO4m and a volume of 27．5×109m3．  

The lake is asymmetrical in shape vith a maximum and   

minimum width of about 23km and l．35km，reSPeCtively．The   

lake is divided into two parts，namely 七he Northern and 七he   

Southern Lakes wi七h a mean depth of 44m and 3．5m，reSPeC－   

tively．As might be expected from 七hc wide difference in   

depth，the two lakes differ considerablyin vater quality as   

We11as phYSicalproperties（Nationa11nstitute for Research   

Advancement，1984）．  

2－2．TopographY and hydrogeology of the drainage basin of  

Lake Blva  

LakeI】iwa is surrounded on the east by the Suzuka and   

lbuki mountains，On the ves七 by the Hira－Hiei Tr［Ourltains，On   

the north by the ＝buki and Yasaka mountains and on 七he south  
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Figtlrel． Map of Lake Biva shoving thelocations of seepage measure－  

ments and the bathymetric map．CIosed circles and solid  

SqtlareS Shov the single meヒer site and the specific site  

for seepage observations of the temporaland spatialvaria－  

tions along the transect offshore，reSPeCtively．   



by the Kizu mountains（Fig．2）．Mountain peaks range from 300   

tol，000m high．The Hira－Hiei and the Yasaka mountains rise   

abruptly from the lake．Forest－COVered rnountains account for   

nearly 60％ of the drainage basin of Lake Biwa（3，168km2：eX－   

cluding the water surface area）and the farm land（mostly   

paddy fieLd）makes up 25葛 of theland area．  

The bedrock of 七he study area consis七s of granite and   

rocks of Paleozoic and is underlain by Ko－Biwako Group vhich   

is about l，000rn thick and is composed of gravel′ Sand and   

Clay with thin tuff intercala七ions of rnore than ten beds   

けatekawa．1980）．  

Ko－Biwako Group is underlain by Terrace and Alluvial   

deposits which consist of gravel，Sand，Clay and siLt from   

the bottom upvard．The 七hickness of each deposit ranges from  

about 20 to 30m and 5 to10m respectively near the shore．In  

the terrace deposit．perrneable cobble and gravellenses with   

a high infiltration capacity are interbeded and is underlain   

by thin claylenses（1－5m thick）vhich serve as a discontinu－   

OuS COnfininglayer（KinkiRegionalCons七ruction Office，1962J．  

It is likely 七hat any water held in this fractured aqui－   

fer is reaching the lake at the eastern shore of the lake，   

especially irlthe region of 七he Echi river delta（Takatani   

and Nishida，1964）．Sand is the predominant materialin the   

alluviai deposi七s，although sil七 and claY lenses which con－   

tain fine sand and organic materials are comrnon．  
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Figure2．surface geologicalmap around Lake Biva（after Founda－  

tion of Nature Conservationin Shiga Prefecture，1979）  

and the rair）gauging stations（black dot）．  
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Springs are observed on the western shore of the lake   

and there are many fl．owing wells，particularly in the re－   

gions on the eastern（Echi river delta）and western shores   

（Ado river delta）．The depth of the flowing wells are about   

20m on the western shore and 60 ～110m on the eastern shore，   

respect土vely．  

Hydraulic conductivities（K）of the surficialdeposits are   

highly variable：K for clay and silt ranges frornlO－8 to   

lO－6 cm・S－1and for sand and gravelit ranges fromlO－3 to   

lO‾lcm・S‾l（Kayane e七 al．，1984）．The surficialdeposits are   

assumed to be con七inuous from the shore to 七he lake and rnake  

up the aquifer which is being investigated．  

2－3．Lakebed configura七ion and the bottom sediments  

The lakebed genera11y declines to the west on the whole．   

The vestern side of the lake has s七eep slopes，however，the   

eas七ern side slopes much more gently，（Fig・2）・Most of the   

bottom is covered by mud vith a depth of more than10m and   

it accounts for nearly 75％ of 七he lake．Whereas the lake   

Shore area is mostly covered by sand or sandy gravel，SOme   

parts of the lake shore are muddy′ the Southern Lake′ and  

rocky in the northern par七 of the lake．Fine－grained sedi－   

ments also exist offshore of 七he lake，but the exact thick－   

ness of the sediments are unknovn（Kotani，1971）．  
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CHAPでER  3  

WATER BALANCE COMPONENTS OF LAKEI〕IWA  

＝n Lake Biwa basin，there are only tvo outle七s from the   

lake（Fig．1）．The outflow from 七he lake is controlled by   

Weir at each gauging station constructed a七 these outlets・   

They are the Toriigawa gauging station situated at the upper   

mos七 end of 七he Seta river，Which is the only na七ural ou七Iet   

from Lake Biwa and the Kyoto Canals（‡，n gauging s七ation，   

Si七ua七ed at the southern end of the lake，Which vas const－   

ructed in1890 for agricuitural and municipal water supply   

purposes．The change in water level．by pumping wa七er from   

the lake for irrigation purpose is negligible（Sugawara，   

1973）．Groundwa七er dischargeinto 七helake 七hrough thelake－   

bed has no七 yet been monitored during the period of the   

PreVious survey．Thus the water balance expressed in a water   

depth for Lake Biwa maY be wri七ten as follows：  

AH ＝ P ＋ R ＋ G － D － E  ・・ （1）  

Vhere  

AH：the change of theiake vaterlevelor the change of  

七helake vater s七orage from the beginnings to the end  

Of a vater Year．  
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P ：the arnount of preclpitation falling on thelake sur－  

face  

R ： the amoun七 of surface inflow into the lake from the  

land such as rivers and irrigation canals   

G ：the amount of groundwaterinflowinto thelake   

D ：the amount of ou七flov from 七he lake  

E ：the amount of evaporation frorn thelake surface．  

All variables are usually expressed in mm or cm and arc   

measured at 七he same period．The components required in the   

evaluation of the water balance are discussed below．  

3－1．Preclpitation  

Long term annual to七al precipitation from1896 to1980   

at the Hikone Local Me七eorologica1 0bservatory located on   

the north－eaS七ern par七 of the study area averages167lmm．   

Lake Biwa annua11Y reCeives160O ～1900mm of precipitation i   

as shovnin Tablel（Kotoda，1978；Fujino′1980 and Kawabata，   

1982b）・The annualto七alprecipi七ation 

Of Lake Biwa averages abou七1900mm．  

SiOnificant regional variation of precipitation existsss 

in the vatershed of Lake Biwa．High amounts of precipi七ation   

OCCurS in the nor七hern part near 七he ＝buki and the Yasaka   

mountains；Vhile near the plane in the sou七hern part of the   

lake low amount of precipitation occurs. The annual average 
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Tablel． Water balance components of the drainage basin of Lake Biwa  

Kawaba亡a  KALAOl）  

（1982）  （lり∋り  

Kotoda  Fujino  

（lq了8）  （1980）  

References   

Items  Units  

Land surface  

Area  （km2）  3，131  3，1了0  3，l了0   

1，8q3  

b．0  

4了3  

1．5   

1，互20  

ん．う   

1ん3 ～ 21ヲ   

0．んヨ ～ 0．b8  

Precipitation（mm・y‾1）  

（km8・y‾1）  

Evapotransp卜（mm・y‾1）  

ration  （km3・y－リ  

Outflov★  （mm・y‾l）  

（km8・y‾1）  

Outflov（G★★）（mm・y‾l）  

（km3・y‾t）  

Lake surface  

Area  （km2）  

Precipitation（mJn・y，l）  

（km8・y‾リ  

Evaporation （mm・y‾l）  

（km8・y‾1）  

Inflov★  （mJれ・yて1）  

（km3・y‾1）  

Inflow（G★★）（mm・y－1）  

（km3・y‾り  

加亡flow  （mm・y‾1）  

（km3・y‾1）   

b80   

l，b90   

l．13  

了6b   

O．∋2  

ら80  （〉80  

l，912  

】．3  

882  

0．b  

b，b18  

4．∋   

bb2 ～l，000  8，ヰ11   

0．んう ～ 0．b8  う．72  

了，b4了  

5．2  

了17   

1，b37  

l．2  

811  

0．6  

5，5了8  6，b32   

ヰ．0  4・．51  

1，500   

1．02  

b，ヰ1b  了，門9   

与．占  う．1卑  
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（Continued）  

Tablel・Vater balance components of the drainage basin  
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Outflow★ andInflov＊：Each valueincludes surface water and groundwater．G＊＊ shows  
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the amount of groundwater flovinto thelake from the Land・0＊＊＊：ltis expected  

that the change8 0f v8ter StOrage On theland and thelake h8Ve marked varlations  

in a short time scale of vater valance compuしation．1lovcver，the annualwater  

balanceis considered，these vahJeS COuld be neglec上Cd v＝houL an unducIoss or  

accuracy，becausFe these changes oF vater storage are generalty sTT．a＝in coTTtParison  

to the other quantlties such as prec璽pitation・K＾L＾OIlind‡cates Kyoto ＾grト  

eⅦ1turalLa†ld ∧dminis亡ration Office．  
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precipitation during from1941七01970 at the Nakagouch rain   

gauging station（Fig．2），in the northern end of the basinis   

about 3000mm．The Mandokoro in the eas七 has an annual ave－  

rage precipitation of about 2000mm．The annual average preq   

Cipitationin the planeis about1600mm（Nakajima and Ushiro－   

machi，1983）．The high precipitationin 七he northern partis   

CauSed by snow fall during the winter season vhich is a   

Characteristic of the Japan Sea－tyPe－Climate．  

Precipitation in 七he drainage basin of the lake mostly   

OCCurS during rainy season from June to July and Typhoon   

SeaSOn Of late summer and autumn． About 40％ of the annual   

precipitation falls during these seasons（＝keda et al．，1979）．   

The lowest arnount of preclpitation occurs in August and   

January（excep七in the northern part）whichis characteris－   

tic of the Seto ＝nland Sea－tyPe－Climate（Nakajirna，1980）．  

工t is to be noted tha七 the amoun七 of water（volume of snow   

fallエ SnOW density）whichis stored，On 七heland around the   

northern part of the basin as accumulated snov from January   

to March is important as a source of groundvater recharge．  

3－2．＝nflow arld outflov of the lake  

More 七han120 s七reams of various sizes direc七1y flow lnto  

the lake but the flow of each stream is not rnonitored′ SO   

far thaセ セhe amount of inflov（R）in七o thelake is estimated   

from 七he records of outflow（D）and the changes of 七helake  
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Vater level at the Toriigawa g■auging station and 七he Kyo七o   

Canals＝，Ⅱ）．The annual amount of inflowinto 七helake from   

the land surface including both surface water and ground－   

wa七er to be1000 ～1200 mm・y－I，and the amoun七 of ou七flow   

from the lake recorded cumulativelY 七hroughout the year at   

the two gauglng Stationsis about1200～1300mm・y－1whichis   

Calculated for the Land surface area（Tablel）．  

3－3．Evapora七まon  

The amount of annual evaporation（E）from Lake Biwa esti－   

mated by 七he hea七 balance me七hod（＝to and Okamoto．1974）was   

abou七 700mm ～ 800rnm．Ko七oda（1978）estimated the annuaL eva－   

POration using 七he aerodynarnic method on 七he lake and gave   

Similar value（Table l）．These estimated values of evapora－   

tion are more 七han 40％ of the annual precipitation on the   

lake surface．The seasorlal change of evaporation from the   

lake shovs a higher rate in autumn and vin七er seasons（Sep一   

七ember－March） than in spring and summer seasons（April－   

August）（＝kebuchiet al．，1988）．  

3－4．Groundwater flov into the lake  

The amount of groundwater flowinto thelake（G）is esti－   

mated to be 322mm・y－11Calculated for theland surface area，   

from 七he re■sidual of water balance equation（1】（Fujino′   

1980）．By using equation（l）in combination with Darcy′slaw  
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and the con七inuity equation， G was estimated to be 1486   

mm・Y‾l（Kyoto Agricul七uralLand Administration Office，1951）．  

On the other hand．Maruyama et al．（1986）calculated the   

amount of groundwater flow into the lake from the data of   

recharge amounts collected by direct measurements at the   

Yasu river fan on the eastern shore of Lake Biwa．The amount  

Of groundwater flow into the lake along the shore line of   

10kmis estimated at O．87 ～1．06m8・S．1（0．O13 ～ 0．017km3・y－1）   

in the irrigation season and O．22m3・S‾l（0．0035km3・y－I）in   

七he other season．Assuming the shore line of157km（to七al   

shoreline of 235km X 2／3）′ the annualgroundwater discharge   

into the lake is estimated at 946mm・Y－l．Each amount of   

groundvater obtained at two different seasons vas used for   

half a yearin the calculation，reSpeCtively・  

3－5．Change of the lake waterlevel  

The waterlevelof Lake Biwais チ Veryimportant factor   

for the studY Of wa七er balance of the lake as seen from   

equation（1）・Change of the vaterlevelof Lake Biwa キS nOt  

only caused by the variation of natural condition bu七 also   

under the artificial control of weir．The level changes in   

accordance vith precipitation except vith snov melt season   

（Fig．3．＝keda et al．1979）．For the past ten years，the   

annual maximurn water level recorded is O．63m above the   

standardlevelof the lake（T．P．84．371m ＝‡0）at the Tori  
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Figtlre 3．忙onthly variations of wellwaterlevelllake vaterlevel  

and preeipitation during study period・Eachlevelof vell  

vater andlake vater vas recorded near the shore at Sta．4  

and the Toriigava gauging station shownin Figurel，reS－  

peetively．  

18   



igawa gauging station．This levelrecorded during a floodin   

July1985．The minimum vater level recorded is O．98m below   

七he standard level during a drought from August to December   

in1984．However．the water level has usuallY been contro－   

1led within a range from ＋0．5m to －0．5m（Fig．3）．  
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C托APTER 4  

OBSERVAで工ON MEでHODS  

4－1．Seepage measurements  

4－1－l．Seepage me七er  

＝n this s七udy． 七vo 七ypes of seepage me七ers similar to   

those described by Lee（1977）vere constructed to measure   

groundwater seepage into the lake．One is the 七ype of length   

Of 15 ～ 20cm long made by cutting the end section of 55   

gallon metal drum（Fig．4（A））．The otheris the box type of   

dimension 50×50X15cm made from thin（2mm thick）metalboards   

（Fig．4（D＝．The four metalboards of which many sma11holes   

Were dri11ed through were attached to each side of the meter   

to prevent 七he apparatus from sinkinginto the sediment sur－   

face， eSpeCiaily when the sedimen七S are SOft and loose   

（Append土xI．1）．  

Seepage me七ers were inserted vith the open end downinto   

the sediments untilits top come very close to the top of   

the sediments．After the meters have been installed in the  

Sediments，eaCh hole was fitted vith a one hole rubber bung   

covered with screened nylon mesh to allow ventilation offff 

Water Vi七hin the meter and left in placelun七il the measure－   

ments start．For vater sample collec七ion，a pOIYethylene  
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bags of volume ranging from one 七0 4 1iters fitted with a   

plastic tube（or stopcock）with O・9 ～1．Ocm 工．D．（baggie   

COllector）were prepared and they attached to 七he top hole   

Of the meter through the rubber burlg（AppendixI．1）．  

For the first five months of the study′ emptied bags   

Were uSed to collect the samples in accordance with the   

method described by Kobayashi（1984）．However，after five   

months the bags were initia11y prefilled with 200mlof water   

before theY Were attaChed to 七he seepage meter with excep－   

tion of sampling of wa七er for chemical analysis，because of   

the reason described below（5－ト1）．when prepared collectors   

are attached to the top hole of the meter，the stopcockis   

Opened and the bag is fi11ed with water（Appendix Ⅱ．1）．  

After a certain 七ime，uSually one hour′ the stopcock is   

Closed and 七he baggie collector removed．The volurne of water   

in the baggie co11ector is then measured and the seepage   

flux（Llm・S‾l）is calculated from 七he，VOlume（cm3）of sample   

COllected divided bY the sarnpling duration．tirne（sec）and the   

area covered（0．25 ～ 0．255cm2）by the meter．Allrneters were   

left in place once installed at each site through the study   

period．These insta11ations of meters and measurements were   

done with snorkelsin sha1lov vaterless thanl．5m depth and   

SCuba 七anks in deep vater．   

4－l－2・Test of the seepage meter technique  

8efore reguiar measurements wcre taken， SOme in－Si七u  
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tests were conducted to evalua七e the seepage meter technique   

because there are some technical or rneasurement errors asso－  

Ciated with it．  

First′ a number of measurements were made to determine   

the effec七S Of the funneling seepage frorn a small diameter   

tube through a large diameter tube into the baggie col．le－   

CtOr．Because seepage rneter should offer no resis七ance to   

the flow of seepage through the tube and into the bag．   

However，reSistance to flow through a tube is proportional   

to the flow ra七e and inversely proportional to the tubing   

diameter（Fellows and Brezonik′1980）and seepage rates（or   

flow） obtaincd with small diameter 七ubes are smaller than   

those ob七ained withlarge tubes（Lee，1972）．  

Each set of measurement was done repeatedly on diffe－   

rent date over alO hour period at each site of high（Sta．   

5），medium（Sta．4）andlow seepage sites（Sta．33）shownin   

Figure l．The inside diameters（工．D．），Of the tube were used   

ranging from 4 七o15mrn and 4 0r 6 Tne七ers were ins七alled at 5   

－120cmin七ervals in the sandy sediments near the shore．  

Second se七 of measurement vas done over a 6 hour period   

With each data co11ection lasting for an hour in order to   

COmPare the data from using bags vhich were prefilled with   

200ml or 500rnl of water and 七hat from using empty bags．   

Since an anomalous，Short－term influx of water into the ba   

WaS uSua11y observed af七er they are attached to seepage  
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meters；the bags were partiaLly expanded and a significant   

influx of water dravninto the bags was observed visually   

for one to 5 minutes durations．  

The third one vas conducted 七o es七imate the precision of   

the seepage results， tWO SetS Of repetitive measuremerltS   

were done using adjacent meters over a 11 hour period in 

February′1984 at Sta・W3′ and over a 8 hour period on 25   

August1984 at Sta・5・For seepage rneasurements，a11bags   

Were prefilled vith 200ml of water．  

Thelast oneis sampling of vaters frorn seepage meters，   

pleZOmeterS and the lake for chemical．analysis．This vas   

done because seepage wateris generally assumed to be equi－   

Valent to the groundwater waterin the sedimentslying just   

belov the sedimenセーWater interface and considered 七o be   

mixed with Lake water．However，the relationship betveen the   

quali七y of seepage water and groundwater in the aquifer   

under the lake is not well establishβd．＝t is desirable to   

evaluate quality of sampled water for the estimation of   

ma七eria1loadinginto thelake（AppenqixesIandⅦ）or for  

investigation of the grourldvater flowin七o thelake by using   

tracers．Each vater sample vas collected from seepage meter   

and a number of piezometers（4－2－3）which were installed at   

Various depth ranging from O．3 ～ 5．Om in the lake bottom   

Sediments at tvo sites（Stas．4 and 5）．sarnples of wa七er   

Were COllected once a month frorn August to Novernber，1984  
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and aga土n 土n December′1985．  

4－1－3． Sampling of seepage water for chemical analysi  

Sampl．es of seepage wa七er for chemical analysis were   

CO11ected tvo weeks after the insta11a七ion of seepage   

meters，aS the lake vater cntrapped within 七he meter after   

Origlnal ernplacement at the rneter had almost been flushed   

Out in10 days after ins七alla七ion．This is because that a   

quantity by 100 to 500 times of the volume of water within 

the meter above the sediment surface was flushed out over   

the period（10 days）and 七he el．ectricalconductivitY（E．C．）   

Of the vater trapped within the meter was clearly different   

from that of thelake water（Fig．5）．The E．C．and pH of the   

Wa七er sampies were determined in－Situ．The wa七er saT71ples for   

Chemical analysis which were collected in polyethylene   

bo七tles were 七ranspor七ed back to the laboratory and stored   

at －200c untilthe start of the analysis・Alkalinity，repOr－   

ted as HCO3‾，is de七errnined by titrating the samples with  
I   

acid（0．02N H2SO4）with bromocresolgreen－methylas anindi－   

ca七or・Ca2＋′ Mg2＋′ Na＋ and K＋ vere analyzed bY 七he flaTne   

emission atomic absorption spectrophotometer（H工TACH＝ Mode1   

108）．cl．，SO42．and SiO2 Vere determined bY the mercuric   

nitrate method′ turbidimetric method and ammonium rnolybda七e   

yelLov method or ionchromatography method（Cl，and SO42‾），   

respectively（Hanya，1960；Jap．Soci．Analy．Chemi．Hokkaido，   

1981）．  
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4－1－4．Seepage meter installation  

According to the established geology of the area（Water   

Resources Development Corporation，1973），76 sampling sta－   

tions along the lake shore were selected（Figs．1and 6）．   

Eight sites among the 76 stations were selected for the   

determination of the spatial and temporal variations of see→   

page flux（or pa七tern）．Hydrogeological conditions of these   

Selected sites，i．e geologlCal formations and nature of   

bot七om sediments， are We11 known from previous studies   

（Kinki Regional Construction Office，1962；Akai and Uno，   

1967；Kotani，1971）．one or two seepage meters were usually   

insta11ed at l ～ 1．5m depth at each of 七he 68 stations．   

Samples were collected one to 5 times during from summerrr 

through autumn from1984 七01985．  

At eight transec七 Sites，4 to15 seepage meters were in－   

Stalled along the transect perpendicular to 七he shore line・   

The transects were arranged within 220m from the shore line  
I   

andin the water′ Within the depth of about O．3 tolOm．See－   

page measurements were made once or 七wice a month throughout   

1984 and1985 a七 S七as．4．5 and 33．At stations11，13′ 29′   

W3 and 33J，SamPles were taken twice or three times during   

Summer mOnths in1985 and1987．  

The ins七allation of seepage meters was done simulta－   

neously to examine the characteristics of 七he lake bot七om   

Sediments from core samples．The cores werc taken within－  

27   



†ESTEI川 P人RT  

Figure 6． Locations of seepage rneasurcments around the northern，  

WeStern and castern parts of the lake showing the results  

Of seepage flux at each station．  
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side diameter of 3cm steel pipes or with hard plastic   

pipes（2mm wall thick）from an area adjacent to the meters   

（Appendix Ⅱ．2）．The core samples ofleng七h ranging fromlO   

to 50cm were allowed to dry and were 七ested for 七he grain－   

Size dis七ributions．  

4－2．Observa七ion of groundwater flowinto thelake  

The observations were conducted at the western shore of   

Lake Biwa（＝majyuku beach（Sta．W3）′ AppendixI．1）whichis   

situa七ed near the estuarY Of the Wani river（Fig．1）．This   

Site provided an excellent opportunity where CaCl2 WaS   

Sprinkled on r a tennis court near the shore，Which can be   

used as an excellent tracer． and because we were doing   

Seepage meaSurementS COnCurrently on other sites of the   

WeStern Shorel土ne．  

For 七he observations，Well water level measurements were   

firstly done to determine the shallov groundwater flovin七o   

the lake． SecondlY，Various field techniques such as core   

drilling，a neSt Of piezometers and mini－Seepage meterS（Fig．   

4（B））vere employed to determine the process of groundwater   

flov into 七he lake in conjunction vith mapping 七he distri－   

butions of dissoIved constituents mainly in groundwaters in   

the lake and seepage vaters′ and that of groundwa七er poten－   

tials near the shore・Thirdly， Seepage fluxes along the   

transec七 offshore were measured using seepage meters．  
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4－2－l．Hydrogeology of 七he study area  

The subsurface geologlCal deposits of the study area   

consist of the alluvial and terrace deposits．Although sand   

is the predominant materials in the subsurface layer′ Silt   

and claylenses are common（Figs．2，7）・  

The direction of the shallow groundwa七er flowis lakeward   

perpendicular to the shore line and the flov patterns were   

generally consistent throughout the year（Fig．8）．The hyd－   

raulic gradient toward 七he lake was about O．005in summer   

and the water table near the shore was usuaLly higher than   

the lake va七er level．As a results the shallow groundwater  

flovs 土nto the lake．  

4－2－2．Core drilling program  

The cores were taken with steel pipes or hard plastic   

pipes（2mm wall七hick）from an area adjacent to theindivi－   

dual meter along the transec七Iine Y－Y（Fig．8）．The casing   

pipes vere advanced using a handheld vibra七ing hammer or  
●   

Jack hummer（offshore）．The core sampLes of length ranging   

from O．3 to 5m were a11oved to dry and were tested to   

Obtain grain－Size dis七ributions using sieves．  

4－2－3．Piezometer and installation  

Piezometers were constructed 七o measure hYdraulic head   

in 七he aquifer and to collect groundvater from the bot七om of   

the sediment layer and the sha1low groundvater near the   

Shore．  
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A schematic diagram of the two types of piezometer arrays   

used for the study is shown in Figure 9．One consists of PVC   

pipe of inside diameter ranging betweenl．3 and 2crn with one   

end sIotted．The sIotted end was wrapped five times with   

nylon mesh to prevent excessive accumuLation of siit and   

clay in the pipe（Fig．9（D））．The other type which consists   

of lOcTn length porous cap（steel）with rubber cock at七ached   

WaS puShed in七o the well poin七（Fig．9（B＝．Ben七onite seals   

Were a七tached 七o the two portions of each pipe．Using a   

handheld vibrating hammer or a Jack hammer．these instru－   

ments were installed in a similar manner as Lee and CherrY   

（1978）（Appendix Ⅳ．1）The pipes were driven to the desired   

depth into 七he aquifer and left in place during the s七udY   

period．8efore rneasuremen七S Of hydraulic head and sampling   

Of water′ Sil七y sand and organic rna七ters in the pipes were   

removed by flushing the water using compressed air．  

Nests of pleZOmeterS Were installed near the shore along   

the 七ransect line Y－Y，perpendicular 七o the shore，in the   

direction of decreasing hYdraulic 

insta11ed around an observation ve11（Fig．10 and AppendixI．   

2）．  

4－2－4．Hydraulic head measurement  

At the beginning of the project． the differences in   

hydraulic heads reia七ive to the lake water levels were mea－   

Sured using a manometer in 七he same manner as Lee and Cherry  
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（1987）．Hovever，it was very difficult to read the head   

difference′ because the lake water level fluc七uated conti－   

nuously when there was a wave or a ripple．However，the   

folloving procedure was adopted 七o measure 七he hydraulic   

heads（F土g．9）：  

（l）Firs七，Weleveled the top of each pipein watertHo）  

and a certainlength of PVC pipe【L】connected to the  

top of each pIPe，and the elevation above sea level  

Of the hydraulic head【Hp】of each ple2：Ometer WaS  

rneasured by meter s七ick in mm unit．  

（2）second，the lake waterlevelwas measured using a  

narrov diameter electrical tape consisting of inside  

diarne七er oflrnm cable a七 the pumping house near the  

Shore．   

Therefore the head difference【Ah）could also be obtained   

（Appendix Ⅳ．2）．when the lake surface is calm′ 七he degree   

Of accuracy for this method is‡1mm．  
J  

4－2－5．Mini－SeePage meter and ins七allation  

Mini－Seepage rneterS Were COnStruCted frorn bucket cover   

七o avoid con七amination of groundwater sample（seepage water）   

by the lake vater（Fig．4（B）and Appendix V．1）．The device   

VaS SuCCeSSfulin co11ecting■ grOundwater discharging through   

the lake bottom．The meters vere then installed at a depth   

of 20－30cm within 七he bottom sedirnen七s since the water a七  

that depth is thought to represent the wa七er qualitY Of  
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groundwaterin thelakebed as described below（5－ト2）・Three   

transects（C－C，D－D and F－F）vere selected wi七hin an area of   

60m by 20m parallel to the shore line and 35 minトSeepage   

meters were everlLy spaced along each of the three transects   

（F土g．11）．  

On the o七her′ tWenty four seepage meters and14 rnini－   

Seepage meterS Were instaLled along the transect Y－Y．Each   

Seepage meter WaS arranged the first 2－170m from the shore   

andin vater at depth ranging abou七 0．2 tolOm（Fig．10）．All   

me七ers were left in place once installed throughout the   

study period．Near the shore（within about15m distance frorn   

shore），Seepage meaSurementS Were done oncein a TnOn七h from   

July1987 tQ October1988．However′ data from a11the see－   

page meters along the 七ransect line Y－Y were cQ11ec七ed onlY   

three times in October，1987 and Augus七′ 1988．Data could   

no七 be obtained at sites where co11ection bag was ripped off   

Or a Srnall amourlt Of wa七er vas collected′ Or meterS Were  

d土s七urbed．  

4－2－6． Sampling of groundwater in the lake for chemical  

analysis  

Samples of seepage water for chemical analysis were   

CO11ected one week after installation of the mini－SeePage   

me七ers．Samples of groundwater vere also coliected after the   

pie21OmeterS Jere installed and 24 hours after 七he flushing   

process t）aS COmpleted． 8efore collecting t）ater from the  
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Pipes，250ml of water in 七he pipe was removed to collec七 the   

Vater Sample from the desired dep七h of the aquifer．  

The water sampl．e vas collected by applying gentle   

SuCtion（Appendix V．2）or directly using collectors with a   

gas stopcock（Fig．4（C））．At the same time，Samples oflake   

Water Vere COllected．Samples of groundwater were collected   

once a month from July to October, 1987 and from July,,,,, 

Augus七1988 and again in August′1989．  

All samples of water collected were anal．yzedin the same   

manner as describedin the section（4－l－3）．  
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CHAPTER 5  

RESULTS AND DISCUSSION  

5－l．EvaLuation of the seepage meter 七echnique  

5－1－l．Effects of the collection device on seepage flux  

As seen in Figure12J七he seepage amount vas nearly conM   

stantinespective of 七he diameter of the tube（or stopcocks）   

at the site with low seepage flux（Sta．33）．However，it   

increased linearly with increasinginside diameter（＝．D．）of   

七he tube until 七he diameter of 8 to lOmm at Sta．4（medium   

seepage flux） and Sta． 5 （high seepage flux）．It then   

remains constant inespec七ive 七he diarneter．The amounts of   

seepage obtained with a smalldiameter tube（4mm ＝・D．）at 七he   

rnedium and high seepage sites vere about 30％ and 50％lower   

than those with largc diame七er tubes，reSPeCtively．  

This indicates that seepage fluxes calculated from 七he   

results obtained with small diameter tubes are ex七remely   

underestimated′ particularly a七 the high seepage site．The   

lover seepage flux obtained from smaildiameter tubeis pro－   

bablY due to resistance to flow through the 七ube in七o 七he   

ba9．  

Lee（1972）observed 30％lover flows vi七h O．32cmI．D．tube   

七han vi七h ei七her O．64 0r l．4crn I．D． tubes． Fellows and  
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Brezonik（1980） also shoved tha七 inaccuracy in SeePage   

measurement is minimi21ed by using 9mm ＝．D．pLastic 七ube・   

Thus，it can be concluded that the inaccuracy of seepage   

rneasuremen七s is minimized by using alarge diameter tube of   

lOmm 工．D．  

On the other hand′ the seepage flux obtained wi七h   

initially empty bag was usually about10～50％ higher than   

that obtained with a bag prefilled with 200ml of water   

（Table 2）．This seems to be caused by capillary action as a   

result of anomalous shorセーterm influx of water as described   

above in the section（4－1－2）．Tha七is，it was usualiy obser－   

Ved that the volume of water collected by initially emp七y   

bag increased significantlY Vithin a short duratiQn（5 ～10   

minu七es）after the s七art of measureTnent，particuLarly at the   

high seepage site（Sta．5）．However，it genera11yincreased   

linearly vithincreasing time intervalas seen in Figure13．  

As a resul七s， the seepage flux，Calculated from data   

COllected over a short duration is higher than that calcu－  

1ated over a half an hour or a ionger time interval．For  

example，the seepage flux calculated over alOO minutes was   

54％ of that calculated over a lO mirluteS．  

Shaw and Prepas（1989）suggested that the shortqterrnin－   

flux of waterinto the bag may be due to the mechanical pro－   

Perties of the pias七ic bag andi七 may a11eviate by par七iallY   

filling bag vi七hlOOOmlof water before they are attached 七0  
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Table 2．Comparison of seepage flux collected by bags vith  

initia11．y emp七y and with prefi11ed with 200rnlof water  

Seepage flux（いm・S‾I）  

Duration  Added volume of water（rnl，）  

ti．me（h）  

O  ZOO  

1．87  1．63   

1．93  1．53   

2．13  1．70   

1．91  1．49   

2．16  1．73   

2．10  1．67  

11 －12   

12 －13   

13 －14   

14 －15   

15 －16   

16 －17  

2．02  1．63  1．46   

0．13  0．10  0．08  

0．06  0．06  0．06  

Av8rag8   

S．D．   

C．Ⅴ．  

Each of S．D．and C．Ⅴ．shovs standard deviation   

and coeffic土ent of variatまon．  
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Seepage meter．However，it may be difficult 七o alleviate the   

mechanical properties of the plas七ic bag and there werein－   

Significant differences in seepage flux between 七he bag   

prefilled with 200mlof water and that with 500ml（Table 2）．   

Thus we employed the bag prefilled with 200rnl of water   

before they are attached to 七he seepage meters during the   

field observations．  

For the reproducibility of the seepage resul七s，a Small   

Change in seepage flux can be seen in a day 七ime．However，   

relatively good reproducibility was obtained as shown in   

Table 3．Fukuo（1992）reported 七hat a higher seepage amount   

is often ob七ained at the time of rough surface blown by   

wind．Zn 七his study，however，all measurements were carried   

out as much as possible under caLm surface condition．Thus   

the variability of seepage fluxin the day time may be small   

wi七h the coefficient of variation of seepage flux lower 七han  

O．1～ 0．2．  

5－1－2．Water quality of samples coILected by seepage meter  

As shown in Figure14．the vertical profiles of E・C・   

and the concentrations of major cons七ituen七S Of the ground，   

va七ers in the lake vere generally linear with dep七h in the   

iayer from 2．5m to 20－30 cm belov the bottom・Then，E・C・   

（or concentra七ion） decreased in 七he sedirnents jus七 Iying   

belov the sediment－Water interface．Such exponential convex－   

up profiles in thelayer close to 七he surface of the bottom  
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Table 3．Precision measurements and the variation of seepage  

fluxln a day t土me．  

S¢epagQ fluxく いm・S‾I）  

Seepage mcter number  Durat土on   

tlm8（h）  

SM3  SM4  SMI  SM2  

3．10  2．74   

3．32  2．95   

3．21  2．92   

3．76  3．43   

3．65  2．99   

3．82  3．04   

3．87  3．15   

3．81  2．88   

3．70  3．04   

3．68  3．10   

3．80  2．99  

5．47  5．56   

4．98  5．10   

5．97  6．10   

5．90  5．67   

5．56  5．53   

4．67  4．25   

4．24  4．40   

4．19  4．14  

10 －11   

11－12   

12 －13   

13 －14   

14 －15   

15 －16   

16 －17   

17 －18   

18 －19   

19 － 20   

20 － 21  

5．12  5．09   ′ 3．61  3．02   

0．71  0．74  0．16  0．27   

0．14  0．1ヱ  0．06  0．0了  

Avera9e   

S．D．   

C．V．  

Each of S．D．and C．V．shovs standard deviation   

and coefficlent of variatまon．  
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may be due to the mixing of the lake vater or biochemical   

reactions in that layer．The E．C．of seepage water was   

Clearly higher than tha七 of lake vater．However，it was 20－   

60％（average 26竜）lower 七han 七hat of the groundwaterin the   

layer O．3－2．5m below the lake bottom．Although the concenセー   

rations of K＋，Na＋ and Cl‾ of seepage water were compara－   

tively similar to those of the groundwater offshore（Fig．   

14B）′ these resultsindica七e that water collec七ed by seepage   

me七er a七 a relatively low seepage site is assumed to be   

equivalent to the groundwater just lying below sediment－   

Water interface but no七 to groundwater flowing through the   

aquifer at the bottom of thelake．  

On the other hand′ the ver七ical profiles of E．C．of   

groundwater at the site of high seepage（Sta．5）verelinear   

Vi七h depth in thel．ayer from the depth of 5m to the surface   

of the bottom（Fig．15）．The E．C．（or concentrations）of   

water samples showed fo1lowing relationships：lake water ≧   

Seepage Water ≧ groundwa七er．Hovever，there are inslgnifi－   

cant differencesin E・C・（or concentra 

vaters． The results indicate 七hat the quality of seepage   

water is not affected by sedimentMWater reaCtions bu七 by   

vertical diffusional mixing of the lake water．Thus，Water   

collected bY Seepage meter is assumed to be equivalent 七o   

that of groundvater fioving through the aquifer at the   

bottom of the lake at 七he site with high seepage．  
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Figtlre15．Electricalconductivity and concentrations of some  

major cons［ituentsin the wate［COllected by seepage  

meter andlake vater andits verticalprofiles of  

the grour）dvaterin thelake at Sta．5（Fig．1）．  
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5－2．Groundva七er flov into the lake  

5－2－1．Stratigraphical condi七ion  

Figure 9，aS Shown in the section（4－2－3）′is drawn by   

the core data（Fig．16）from 8 points along the transectline   

Y－Y and by es七ablished hydrogeoligical data．Coarse sand is   

the major constituent of the deepest part of the bed at the   

lakebed．The coarse sand is overlain by clay and silt layer   

Vhich is about 2m thick and 七hat renders 七he aquifer confin－   

silty sand′ eXCept for the upper thin claYlayer（about15cm   

thick）．Hovever′ SOme graVels were found in the upper part   

of 七his layer． Near the shore line， graVel，pebble and   

cobble were found．Thc bot七om sedimen七s offshore consist of   

mud（10－20cm thick）andis underlain by claY and siltlaYer・   

5－2－2．Groundwater flow process determined by groundwater  

potentialsin the aquiferin thelake  

Equipo七entiallines drawn by the distribution of hyd－  
I  

raulic heads in 七he aquifer and the inferred flov Lines are   

shown in Figure17．As the hydraulic head of the shallow   

groundvater on the shoreis usually higher than thatin 七he   

aquifer in the lake, the shallow groundwater evidently seeps 

into the Lake through the lake bottom．The distribution of   

equlpOtentiallinesin 七he upper zone nearshore and thatin   

the lower zone above 七he impermeable layer are generally   

vertical．However，the equipoten七iallines in the middle  
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ZOne Of the unconfined aquifer in the lake concaved upward  

and the flow lines are concentrated near the shore within  

about 20m from the shore line．  

The results of these measurements are nearly identical   

and were quite similar to those obtained at differen七 dates   

（F土g．17（C），（D＝．  

5－2－3． Groundwater flow process determined by 七racer by  

pollutan七s  

The distribu七ions of the quality of seepage vater are   

presented in Figures18 and19．The maps of isolines for Cl‾   

COnCentrations illustrated in Figure19 as enclosed by a   

quadrila七eral are the shallov groundwater da七a sampled from   

piezometers a七 the dep七h of O．6m nearshore．  

Seepage water near the shore were mostly Ca－Cl or Ca－   

HCO3－Cl七ypes and had higher concentrations wi七hin the zone   

about 15m distance from the shore line． The contaminated  

ZOne， Which had higher Cl‾ concentrations， eXtended also  

approxirnately to about 60m in length along the shore line   

（Fig．19B）．However，Cl‾ concentrations decreased to back－   

groundlevel（10mg・l，l）far七her offshore from abou七 20m dis－   

tance during the study period．The distribution pa七tern of   

Ci－ concentrations of the sha1low groundwa七er near the shore   

forJuly（Fig．19A）is different from thatin August（Fig．19   

8）．There are vater masses，having high Cl－ concentrations   

at each position（close 七o the well and the shoreline）of  
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July and the enclave of con七our lines extend 七o the direc－  

tion parallel to the shoreline． Hovever， the wa七er mass   

Close to 七he shoreline disappears and the enclave of contour   

lines are projected to the vest－eaSt direction．  

This could be explained that the shallow groundwater   

SeepS Out in the lake during frorn July to August．al七hough   

the direction of groundwater flow changes．  

Each pa七tern of 七he distribu七ions of Cl‾ concentrations   

in the shallow groundva七er is consistent with that of see－   

page water collected by mini－Seepage meter．Seepage water   

Close to the shoreline in Juiy have much higher levels of   

Cl～ than tha七in August and the degree of expansion of iso－   

1ines for Cl‾ concen七rations in July are smaller than 七hat   

Of August．  

These results show clearly that 七he sha11ow groundvater，   

Vith high CaCl2 COnCen七rations，mOVeS tOWard the lake and   

SeePS Outin a narrov zone nearshore：As to 七helow concen－   

tra七ions of seepage va七er close to shore．i七 may be due to a   

mixing or a diffusion of lake water downvard into the bottom   

Sediments．Because near shore areas have been usually affec－   

ted by a wave motion or seiche and the lake water infiltra七e   

through the sediments nearshore′ then the groundvater may be   

mixed with lake water．  

Figure 20 shows the distribu七ions of quali七y of the   

groundvater in the lake，Which are plotted against depth  
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Figure 20． Distributions of the quality of the groundvaterir）the  

lake along the transectline Y～Y for 30 0ctober1987；∧  

is plotted as Stiff diagram and B shows しheisolines for  

Cl‾ concentration（mg・1‾1）．  
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belov the lake bottom and beneath the water table．Waters   

With Ca－Cl or Ca－HCO3－Cl 七ypes occur up to about 3m belov   

the lake bottom and to about15m distance from the shore－   

1ine・Hovever，in the layer down to over 七he depth of 3rn   

below the lake bottom and off to 15m distance fronl the   

Shoreline，Water quality type is mostly Ca－HCO3′ Vith lov   

Cl‾ concen七ra七ions／although there arelocations having high   

Ca2＋ and HCO8－ concentrations（Fig．20A）．  

The vertical profiles of Cl～ concentrations are also   

Very Similar to those of 七he water quality types（Fig．20B）．   

Thus the groundwater near the shore，uP tO 3－4m below the   

lake bottom are apparen七Iy 七he con七aminated shallow ground－   

Vater・While／isolines for Cl－ concentrations over 20mg・l－1   

Veer VerticallY upVard on the shore line near 七he inflection   

point of the lakebed．The distribution pat七erns of isoline   

for Cl‾ concentrations were quite similar to those obtained   

at differen七 dates（Fig．21A～D）．The results of this study  
I   

also agree well with field measurements done by Frape and   

Patterson（1981）on the chernicalcompositions of the ground－   

Vater．  

These resul七s indicate that 七he groundva七er from the   

ShalLov aquifer moves horizontally toward the lake near the   

Shore and 七hen the flov veers upvard having an arcua七e shape   

nearshore，and seeps ou七 vithin about 20rn distance from 七he   

Shore．The groundvater from 七he deeper aquifer also enters  
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Figure 21．Isolines for Cl‾ concentration（mg・1‾］）of the ground－  

Vater in．亡he lake along the transectline Y－Y；∧ for  

JⅦ1ylう1989 and B for Aug那t 51989，re叩eCtively．  
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Fi即re 21．Isolines for Cl‾ concen【ration（汀曙・1‾リ of the groⅥnd－  

Vater in thelake alo叩 the［ra耶eC亡1ine Y－Y；C for  

Å牧畜ust ∋1988 and D forl了 Septemberlq8了，reSpeCtively．  

61   



the lake far七her off from 七he shore． The distributions of  

Cl¶ concentrations in 七he groundwater in the study area re－   

Veals clearlY grOundwater flov near the shore and a pattern   

Of seepage．  

5－2－4．Groundwater flow process es七imated by seepage  

patterns  

Seepage flux along the transectline Y－Y vas higher near   

the shore and decreased rapidly wi七h increasing distance   

within about 20～50m from the shore（Fig．22）．However，See－   

page fluxes remain cons七ant on the bottom of the low per－   

meable layer offshore to more than 60m（Fig．9）．AIso′ the   

Seepage patternS did no七 Show seasonal change on the whole．  

These results suggest that the seepage flov lines are   

COnCentrated near 七he shore and the confined groundwater   

SeePS Ouセ セhrough the clayey sil七Iayer offshore．  

＝n summary′ the distributions of groundwater potential   

Vere in agreement with those of the yater quality and see－   

page fiux measured with the seepage meter technique．Fur－   

thermore， the confined deeper groundvater discharges in七o   

the lake through a thin low permeable laYer Offshore．Ⅰ七is   

expected that the shallow groundwater in this area dischar－   

ges into 七he lake shoving the pattern as shownin Figure 23．  

＝n LakeI〕iwa，Similar seepage patterns have been observed   

as described in the sec七ion（5－3－3）．At the western shore of   

the lake， the geologlCal configuration，tOpOgraphy of the  
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1akebed and 七he bottom sedimen七s are generally similar．It   

is expec七ed that 七he shallow grourldwater in this region   

SeepS into the Lake vithin a narrow zone near the shore．In   

general，nearShore seepage zone is the area of more in七ense   

and effective pollutant transport when groundwa七er is con－   

taminated．A number of nearshore samplings of seepage wa七er   

Or grOundwater in 七he lake is necessary to evaluate a poliu－   

tantloading to thelake by groundwater seepage．  

5－3．Results of seepage measuremen七s  

5－3－l．Spa七ialvariation of seepage flux around the lake  

The results of seepage flux obtained from a single un－   

disturbed meter around the shoreline of 七he lake during from   

1984 to1985 are presen七ed in Figure 24．It is ob七ained that   

Seepage flux varied slgnifican七Iy from site 七o site，parti－   

Cularly around 七he vestern shore of the lake．AIong the   

WeStern and northern shores of the lake，Seepage flux varied ■   

from as Iow as O．04pm・S．1to 4．85 Llm・S‾l（Tables 4－6）．The   

Spa七ial variation of seepage flux was relatively low arourld  

the eastern shore of the lake and the Soutbern Lake． The   

average seepage flux varied from O・07いm・S－1to 3・15Llm・S～）   

at the eastern shore and from O・01いm・S－1七0 0・80pm・S－1 at   

the Southern Lake（Tables 4－6）．  

These significant spatial variation may be due to both   

七he differences of hydraulic conductivity in 七he bot七om  
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Fi帥re24・Spatialdistribution of an avera苫e Seep叩e flux around  
thelakein198ヰ．  
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Table 4．Sedinent type，SLope oflakebcd and scep8ge rlux at a singlc meしCr  

Site around thelake．  

亡  
0  
・Il  Sedime口t  Slopeof  Seep8geflux（pm・S‾1）  
ひ  

N腔   

t〉 〔宅   number  type  lakebed  ＾verage Haximum Minimum   

亡  
h  1  S ＆G  り20  0．0∋  0．13  0．02  ヰ   

○  sS  り2t  O．馴  0．08  く0．Ol  ん  

∽  3  fS£G  り30  0．02  0．0ヲ  ロ．81  ヰ   

亀（SMり  G  り 8  l．2ん  2．々9  0．釣  22  

（SM2）  G  り 8  0．もー  2．12  0．川  32  

（SM3）  G  り 8  0．bO  l．8了  0．07  20  

くSMり  fS  り30  0．4∋  0．了8  0．12  5  

（SM引  fS  り30  0．∋O  l．3†  0．0ウ  2l  

（S肌）  fS  り30  D．門  0．87  0．18  り  

¢  U  G左 S  り 了  3．12  う．29  ロ．bb  り   

h  
○  G＆ S  り川  1．33  l．門  
．d  

0．92  キ  

已  ∽  Gふ S  り 9  l．30  I．29  ロ．恥  3   

已  
h  
¢  Gふ S  l／9  0．叫  0．85  0．t9  ヰ   
＋J  

kmg9 
¢  

mS  りlん  0．門  0．了8  0．日  々   

き  
10  cS  り 9  0．82  l．2b  8．互t  ヰ  

ll  fS  り33  0．ラ3   0．89  0．12   ヰ  

12  mS 占 fS  l／33  0．1一  口．2了  0．Ob  ヰ  

13  mS 良 fS  り38  0．10  q．32  0．88  ち  

沌  cS 良mS  り3b  O．肋  0．0ヰ  0．03  ヰ  

lさ  SふG  りI1  0．53 ■  0．b了  0．川  4  

1も  S＆G  り20  0．1b  l．03  0．20  与   

Each of S▼ G†Pナ SSIfSlmSICS and Cindicates sandl冨raVeJpebbleISiLty  

Sand，fine samd，耶dium霹and coarざe Sand amlclay，re冨peCしively．NM★i亨 number  

Of measure爪entS．  
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（Continued）  

Table4・Sediment type▼ Slope oflakebed and seepage flux at a single meter  

site around thelake．  

亡  
0  Sediment  Slopeor  Seep叩e rlux（pm・芳一1）  
・J  

NM★   

ロl ¢    number  type  lakebed  ∧verag¢  Maximum  Minimum   

ヰJ  

h  S＆G  l／3  0．93   l．38  0．35  ん  
d  

n  mS  り b  O．一札  0．92  0．23  ヰ  

仁  
u  
¢  

mS  りI1  0．柑  0．2ん  0．0も  3  

Jコ  

＋J  S左G  り2∋  0，13  D．33  0．0一  
Lc 

々  

○ Z   PふG  り 8  l．33  2．30  0．40  4  

¢  
J亡  

巾  
J  22  霹S  りb3  0．り  0．ココ  0．07  4   

亡  
h  23  mS  り23  0．20  0．2了  0．1ラ  ヰ   

¢  
．d  
．1J  

2ん  mS  り23  0．25  0．ヰ0  0．15  4．   

む U  mS  り3ん  0．b9  0．80  0．48  ヰ  

0 ．d  
∽  8S  りも3  0．42  0．門  0．32  ヰ  

亡 h  Gふ S  り b  O．92  l．了0  8．帥  ヰ  

¢  
＋J  mS  り 9  0．50  0．門  0．んl  ヰ  

巾  
珂  eS  り53  0．与3  0．b3  0．フラ  ヰ  

l  ●  l●●  lll  l ●  

3l  mS  り37  l．0ヰ  l．∋8  0．関  々  

32  cS  り13  l．25  l．了1  0．†b  4   

○  C  り5も  0．18   0．門   0．沌   1b  
．冥  

rd 
J  （Sけ2）  s  り†30  l．27  3．88  0．51  川   

亡  
U  （SM3）   s  lハ30  0．了O   l．15  0∴‖  lb   

¢  
，d  s  りI1  0．80  0．9ヲ  0．b3  
＋I  

b   

コ ○  fS  り3も  0．3∋ 一 0．bl  O．19  4   

∽  

Average  … ‥・・・0．的  l．09  0．28   

Standard deviatiく川  … … ‥  0．58  l．03  0．2∋   

Coeffieient of variation・・・・…・ 0．8了0  0．9ん3  0．88う  
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Table 5． Sedim即t type，霹lo叩Oflakebed and se叩age†lux aL a si叩1e  

meter site around the western shore of thelake．  

Station  Sediment SIope of  Se叩age rlux  Date of  

number  type  lak¢bed   （pm・S‾l ）   observation  
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Each of S，G，P，eS，mS and fSindic8ヒes sand，graVelpebble，COar5e  

Sand，mediはm吉耶止and fiTle ちand，reSpeC【ively．  
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Table b・Sediment typeI霹lope oflakcbed and seepage flux at a single  

meter site arollnd the eastern shore and the northern part of  

thelakや．  

Sta【ion Sediment Slope of Seepage flux  pa【e of  

nⅥmber  type  lakebed   （pm・S，1） obさerVa［ion  

り93  1．ヰq   

り10T  l．2丁   

り129  l．38   

り129  l．仙   

り13b  l．33   

りl帥  0．8了   

l／132  l．ヰ丁   

り 3も  3．15  

15／り／85   

1ラ／9／8ヨ   

15／9／椚   

15／9／85   

1ヨ／9／8ヨ   

lりq／粥   

川／9／85   

川／9／8ヨ  

El  fS   

E2  fS   

E3  fS   

E阜  fS   

E∋  fS   

Eも  fS   

E了  fS   

E8  P ＆ S  

り17  0．ん∋   

り了  ん．03   

り 了  3．丁4・   

り 5  2．ヰ2   

1／7  2．9l  

川／8／85   

1り8／8う   

川／8／8う   

lり8／85   

川／8／85  

Nl  fS   

N2  苓S   

N3  sS   

Nヰ  sS   

がヲ  P ＆ S  

Each of fS，P，S and 罫SirIdicat朗 fine ざand，pebble，Sand and ぎilty   

Sand，用SpeCtively．  
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sedimen七s andlakebed configuration or the hydraulic gradi－   

ent of groundwa七er near the shore at each si七e，becauselow   

Seepage flux was observed at the bottom sediments which is   

COmpOSed of ma七erials withlov hydraulic conduc七ivity．How－   

ever，pebble．gravel and sand which has high hydraulic con－   

ductivity were dominant materials at the sites with high   

seepage fluxes（Fig．25 and Table 7）．Furthermore．a reason－   

able correla七ion exists between the seepage flux and the   

Slope of lakebed or the hydraulic gradient near 七he shore，   

the best correlation vas obtained with the slope of lakebed   

（Table 8）．  

5－3－2．Temporalvariation of seepage flux  

The temporalvariation of seepage flux obtained at varip   

OuS Si七es at Stas．4′ 5，W3 and 33is shown in Figure 26．  

A seasonal march of seepage flux can be seen at Stas．4   

and 5，although seepage flux sometimes fluctuate to a high   

Value．Seepage flux is generally high in late autumn and   

winter seasons vhile lov vaLues were observed at the begin－   

ning of summer season，eXCeptinJuly′．1985・At Stas，W3 and   

33′ a large peak is occasionally observed，however，Seepage   

fiux is generaily constant with time・The coefficients of   

variation（C．Ⅴ．）of seepage flux during the study period   

ranged from O．13 to O．53．The averages of C・Ⅴ・at eaCh site   

at s七as．4，5．33 and W3vere O．28（SM2）′ 0．34（SMl）′ 0．33（S   

M7）and O．20（SMl）′ reSpeC七ively（Table 9）・The average of C・  
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Table 9． Statisticalresults of seepage flux at four specirie sites durirほ  

from1984 to198了．  

S亡a【ion  Period of  Seepage rlux仁叩・S‾l）  NM★ Rem8rks  
number  measurements  ＾vera名e Maximum Minimum C．V．★★  

Sta．ヰ  

bm ofr胃hore  ＝日用（卜12）   

（SM2）   1985（卜I2〉  

川8b（ト12）  

川8了（卜 了）  

Ave用ge・  

3bm orfshore l勺84（ト12）  

（SM9）   川85（卜12）  

∧verage●1  

l．90  3．32  0．89  

2．08  3．08  l．川．  

l．9∋  3．2†   l．23  
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…・ 0．2う  Iayer  
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Average… … … … … ‥  0．ん∋  1ayer  
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5m（）ffshore 1985（3～12）   

（SMl）l朋沌い卜lり  

Average・  

10m offshore198∋（3－12）   

（SH3）198も（阜～11）  

Åvera苫e・・  

1．60  2．了8   l．04 ′ 0．2了  23 lov  

l・23   l・4b  ロ．93  0．13  用 permeable  

－ ＝ ＝ ＝ ＝  8．20  1ayer  

l・lキ   l・69  0・了1   0・フラ  2コ high  
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冊★ and C・Ⅴ・景★indieate the number of mea5urementS and eoefficien［of  
Variation，re叩eetively．  
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V．of all the sites was small（about O．30）compared to that   

（0．9）of the spatialvariation（Table 4）．  

Generally′ the groundwater seepage into 七he lake res－   

ponds to the varia七ions of rainfall，lake water level and   

Water level near shore．However． the seepage flux at two   

Stations（Stas．4 and 5）can be seen aninverse rela七ionship   

between rainfall and the lake water level， eXCept With   

Short－term heavy rainfaliperiodin July1985（Fig．26）．  

Zn Lake Biwa，the hydraulic gradient nearshore a七 each   

Site would not have been affected bY rainfall，because the   

lake water level generally fluctuate sYnChronously with   

rainfall and with vell water level（Fig．27）．Thus the tern－   

poral change of seepage flux at a single meter site may be   

due to the change of variation of the distance from the   

Shore（or wa七er depth）．Thatis，at 七hese sites，the seepage   

flux decreases with increasing distance from the shore as   

described in the section（5－3－3）．The’seepage flux at the   

undisturbed me七er decreases（or increases） when the lake   

Vaterlevelis high（orlow）and the distance from the shore   

of the meter increases （or decreases）vith increasing（or   

decreasing）lake wa七erlevel（Appendix Ⅵ）．  

High value of seepage flux obtained from late June to   

midJuly1985（the end of the Baiu season）may be caused by   

the heavy rainfa11．This occurred only in one occasion vhen   

there was unusua11y heavy rainfa1l of about 500mm in one  
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month period in total．  

＝n general，the heavy rainfall caused a more rapid res－   

ponse of 七he groundwater level than 七he lake water level   

（Fig．3）．The heavy rainfall caused the development of a   

groundwater mound near the shore at each si七e，reSultingin   

increased seepage flux． Such phenomena have also been   

Observed by severalvorkers．  

Fellows andI〕rezonik（1980）showed tha七 after a short－   

term rainfall even七S the nearshore seepage flows increased   

rapidly and decreased to near pre，rain flow．Cherkauer and   

Zager（1989）also indicated that the growing mound causes a   

localgroundwa七er seepagein七0 七helakein an expanding zone   

along 七he down gradien七 shore．  

For the other 七wo si七es（Stas．W3 and 33）where evident   

temporal changes in seepage flux were no七 observed′ rainfall   

rnay not influence the fluctuation of seepage except in un－   

usua11 heavY rainfali event．This is probabLy due tQ the  

effect either the position of seepage meter or the charac一   

七eristics of the bottom sediments at each meter site．  

8ecause the meters at these sites were instailed far七her   

Offshore andin relativelylow permeablelayer consisting of   

S土1ty sand or sil七．  

As wi11be describedin the section（5－3－5），however，the   

total seepage flux fl．uctua七ed in relation to the lake water   

Level and precipitation for most of 七he studY period（Fig．  
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28）．The average total seepage flux was obヒained usuallyin   

summer or at the time vhen the lake water levelis‡ zero．  

工n Lake Biwa，SeaSOnal change of the lake vater ievelis   

COrrela七ed with precIPitation except for March 七o April   

（＝keda et al．1979）．Thus，a Change in precipitation rnaY   

have caused the observed increase or decrease in groundwater   

Seepage into 七he lake．  

5－3－3．Seepage patterns along 七he transect  

At six of the eight transects，al七hough the position of   

highest flux 之One differs from si七e to si七e，Seepage flux   

decreased abruptly vith increasing distance from the shore   

（Type A，Figs．29（A～D）and 30′ Appendix Ⅶ）．However，for   

Sta． W3， COnStant low seepage flux consistently occurred   

beyond about 40m offshore（Fig．22）．As described beforein   

the section（5－2－1）′ the site is underlain by thin clayey   

Silt offshore and the confined groundwater seeps into the   

lake 七hrough the low permeable layer． Seepage pattern  

Obtained offshore at this site is a result of hydraulic   

COnneCtion between the underlying aquifer and the lake   

bottom sedirnents．For Sta．5（Fig．30），a ZOne Of relatively   

high seepage flux exists at about 30－35m from the shore．As   

Observed from the geological cross section（Fig．30）′ the   

bottom sediments consist of graveL and sand with high   

hydraulic conductivity and this aquifer is veakly confined   

（Kayane et al．，1984）．Therefore′ Seepage Which did not  
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decrease uniformlY Offshore must be a七tributed to the   

heterogeneitY in 七he flow system．  

On the other hand．at the rernaining tvo transects（east－   

ern shore of the lake），SeePage Shoved different pat七erns   

from the other si七es．One difference is that seepage flux   

Showed constant distribution within about 200m distance from   

the shore（Type B，Fig．31）．The result indicates 七hat the   

Seepage fLow lines at this site are more horizontal than   

Verticalin the o七her site around 七he lake．The Type B pat－   

tern may be the result of the effect of the con七our of the   

iakebed．The bottom sediments at this site consist of gravel   

and sand．Howcver，thelakebed has much gen七Ie slope（1／100）   

compared to that（l／10～1／40）at the site where TYpe A pat－   

ternis observed（western shore）．  

Pfannkuch and Winter（1984）predic七ed 七hat the slope of   

the lakebcd vouid have an effect on 七he configuration of the   

groundvater flow field beneath alake／A gentler slope tends  
I   

to cause depression of flowlines offshore and steeper slope   

causes compression closer 七o shore・These resul七Sindicate   

theimpor七ance of configuration（slope）oflakebed on seepag   

pattern．  

Another finding is tha七 seepage exhibits a relatively   

constant distribution in the area nearshore and reaches a   

peak at about150m from 七he shore and 七hen decreases expo－   

nentia11y away from the shore（Type C，Fig・32）・For Type C  
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pattern，the seepage profile was consisten七 with the hydro－   

geologicalheterogeneity in 七helakebed．That is，relatively   

COnStant low seepage fluxes occurred in areas near the shore   

Where non－uniform clayey silt lens exists beneath the lake   

bottom．The highest offshore seepage occurred a七 the meter   

Placed at the contact between 七he lake and the confined   

aquifer．This confined aquifer whichis extendinginfinitely   

toward the shore is exposed to the iake bottom beyond about   

150m from 七he shore as shown in Figure 32． Fukuo and   

Kaihotsu（1988）indica七ed that mos七 of the groundwater flows   

into the lake 七hrough between 七he lake and the confined  

aquifer where a confined aquifer is exposed to a lake bottom  

With a gentle slope．  

＝n surnmary．seepage patterns along the transect at vari－   

OuS Sites around the lake classified into 七hree different   

patterns（Types A′ B and C）and the pat七erns at alltransects   

Were COnSistent 七hroughout rnost of 七he s七udy period．Similar ＞   

patterns of Type A and Type C have been observed by other   

researchers（Fellovs and Brezonik．1980；Cherkauer and Nader，   

1989a；Shaw and Prepas，1990b）．However，TYpe B pattern has   

not been observed．Where Type A pattern was observed′ the   

lakebed has relatively steep slope and the bottom sediments   

consisted of high perTneable materials（sand and gravel）as a   

Vhole．Type B and C patterns were observedinlakebed vith a   

gentle slope and vith heterogeneities both in the bottom  
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Sediments and in the groundwater flow system．  

Cherkauer and Nader（1989）pointed out 七hat these anoma－   

lous seepage patterns（Types B and C）are much rnore common   

With larger wa七er bodies． The seepage pat七erns obtained   

（Types A and C）also concurred wi七h that predic七ed by mathe－   

matical simulations by other researchers．  

These results showed tha七 the slope of the lakebed and   

the heterogeneities both in the bottom sedimen七s and flow   

SyS七em have a significan七 effect on seepage pattern．It   

SeemS loglCal 七hat bo七h the hydrogeological he七erogeneity   

beneath the lake bottom and the variation in the sediment  

thickness are the cause of the observed seepage patterns．  

5－3－4．Calcula七ion of the amount of seepage into 七he lake  

To estimate the amount of seepage into the lake′ it is   

necessary to caiculate the total seepage flux at each site．   

The total flux of seepage into the lake was calculated using   

a computer program developed by McBride and Pfannkuch  
）   

（1975ト  

To apply 七his method′ Ve determined the relationship   

between seepage fiux and distance from 七he shore or water   

dep七h．For the sites where seepage flux decreased exponen－   

tially avay from shore，We made a number of seepage flux   

measuremen七S，and determined the regression lines as a func－   

tion of dis七ance from the shore or water depth．  

Some representative results obtained are given in Table  
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10，in which a reasonabLe correlation exists betveen the  

log．of seepage flux，and that of distance from the shore or   

the log．of water depth throughout the Year．The best corre－   

lation vith distance from the shore was obtained for 4 0f 6  

Sites and with water depth for two sites．Even so，七here   

Were insignificant differences in regression coefficients  

between log．of seepage flux 七o distance from the shore and   

that of water depth．  

＝n general，a reaSOnable correlation exists between see－   

page flux and dis七ance from the shore at which the measure－   

rnents were made（Lee，1977；John and Lock，1977；and Fellows   

and‡〕rezonik′1980）．However，Brock e七 al．（1982）and Lewis   

（1987）reported 七hat seepage flux is correlated with water   

depth．It seems reasonable to use the equation of log．of   

Seepage flux and 七hat of water dep七h for calculations of the   

total seepage flux．Thus，We have employed the equation of   

log． seepage flux and water depth，aS follows． Then the   

bottom of 七he lake is subdivided into strips of lm wide and   

extending perpendicularly from the shoてein七o 七helake・  

S ＝ eXp （一王ID ＋ b）  … … （2）   

Where．  

S：Seepage flux毎m・S‾リ   

D：Va七er depth（m）  
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a：Slope of the regTeSS土on line   

b：intercept  

Thus，七he totalflux of seepage（Q）is obtained bY Summ－   

ing up 七he seepage flux at each strip by the equa七ion below：  

Q ＝ Jnn exp（”D ＋ b）＝ eXp（b）／a・tl－ eXP いat）n） ）・・ （3）  

and  

Dn ＝（－1／a）・1n（1－ α）  （4）  

Vhere．  

Q：the totalseepage flux（um・S‾l）   

Dn：SPeCific vater depth（m）  

a：fraction of the total seepage flux  

The slope of regression line affects the calculation of   

the total seepage flux extending perpendicularly from the   

Shore．As given in Tableslland12，the slopes of 七he flux－   

dep七h curve varied significantlY OVer the Year．However，it   

is shown tha七 the variation in slope has only a small effect   

On the seepage calculation for over a vide range of medium   

Value slope（t3rock et aL．，1982）．Thus we have empLoYed the   

average siopes to calculate the total seepage flux and to  
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Table ll．Annual variation of slopc，intercept and regression  

COefficien七 calcula七ed for the equation of log．of  

SeeP争ge flux vs．vater depth at Wanibeach（Sta．4）．  

Re肝eSSion  Ml川ber【）r  

COCrricicnt  mcaSllrcmen ts 
Slope  Interce卯  

川／川／け帥  

08／＝〃け帥  

2丁／12ハ9帥  

lり馴／M椚  

09／02ハ9附  

ヱ2／ロコ／川83  

川／0り198】  

2丁／椚／I98j  

ヱ8／Ob／198】  

ロー／ローハ985  

11川了／198さ  

lり○†／198∋  

20／ロー／1985  

21／07／198∋  

3ロ／0丁／I9日  

qり88／t983  

2吋09ハ9附  

2吋09／198】  

几Yer8gモ   

S．p．   

C．†．  

－0．99T  o．823  

－l．もー9  I．29l   

一口．9も9  l．2川   

－t．†ユー  t．3亨ロ   

ーl．H3  l．bち2   

－0．9帥  2．り0   

－q．81b  l．～Tl   

－q．811  0．9吊   

－0．8ql  l．馴‖   

－0．2ココ  0．門ヰ   

一口．門9  l．コ9ロ   

ー0．柚2  l．119   

一口．ヰ89  ロ．9川   

－0．へ33  q．8日   

－0．38ヰ  0．門8   

一口．丁，T  t．1了2   

－0．9祁  l．1ココ   

－I．3：拍  l．ロコ8   

－0．882  l．13ラ   

ー0．帰8  〃．392   

0．5q8  0．3ヰ5  

ん
 
上
り
 
口
 
b
 
ヨ
 
8
 
コ
 
b
 
O
 
b
 
b
 
b
 
b
 
れ
 
9
 
ヲ
 
∋
 
電
ノ
 
 

－q．998  

－0．989   

一口．りb9   

一口．9丁ヱ   

ー8．り8ル   

ーロ．9丁ん   

－り．99l   

－0．98ら   

岬q．9丁ラ   

ーり．8帰   

一0．椚l   

一口．81l   

－0．9ロコ   

－8．一門   

一口．b机   

一口．9bb   

．一口．りコ8   

一口．925  

S．p．：Standard devlaヒlonIC●Y－‥C叩ffl亡1entロー v8rlation・  
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Table12・Annual varia七ion of slopelintercept and regression  
COefficient calculated for the equa七ion oflog．seepage  

flux vs．vater depth a七 Matsunoura beach（Sta．5）．  

Pcgrcssion  Nllmbcr oT 

COefficie11t  measl】rementS  

Slope  Intercept  

I5／08／19帥  

lO／川ハ9的  

20／川／I9帥  

0†／＝ハけ帥  

0†／I2／I9帥  

0も／03／1985  

川／抽／198∋  

2了／帥／I98ヲ  

27／05日98，  

II／ロー／I98，  

2q／○了／198】  

23／0†ハく柑5  

02／88／川85  

0コ／09／＝川ほ  

∧verage   

S．D．   

C．Ⅴ．  

｛
J
 
 
了
 
 
q
′
 
 
ロ
U
 
 
【
J
 
 
8
 
 
′
○
 
 
弓
ノ
 
 
ー
 
 
′
0
 
 
8
 
 
ロ
U
 
 
了
 
 
d
U
 
 

－0、了b2   

－0．939   

－ロ．9丁9   

－0．8り0   

一口．998   

－0．8純   

一ロ．了83   

－0．9丁4   

－0．99も   

ー0．9ヰ8   

｝ －0．903   

－8．T16   

一口．9bT   

一口．9Tb  

一口．12ゴ  ー．b32   

－q．118  l．も3ユ   

ー0．363．  2．ロコも  

ー0．門8  t，†0ヨ   

ーI．川丁  2．192   

－0．3Tl  t．一丁ヰ   

ー0．亀38  l．828   

－0．309  l．3日   

－0．ん90  l．鵡丁8   

－0．3耶  I．I帥   

－0．ヱ83  l．ヰ84   

－0．2年9  l．2一々   

ー0．＝ほ  l．219   

－0．410  2．0ココ   

－0．3も3  l．8‘丁  

－0．2き3  0．328  

0．も95  0．I9も  

S．D．！Standar止血やYlatlon，C．Ⅴ．！Coefflclent of varlation  
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define the width of the zone of active seepage flux at each   

SpeCific site（Table13）．The active seepage fLux zone is   

defined by equation（4）．  

At eachintegrationinterval（lm depth），the flux at that   

depth and the area between that depth and the previous dep七h   

Were meaSured・The area sectioned around the periphery of   

the lake for each siteis measured using planimeter and the   

map of Lake Biva（1／10000）．Allthe seepage arnounts（m3・S‾1）   

Were then summed up to obtain the 七otalseepage for the area   

SeC七ioned for that site  

For the sites vhere such transect data were not obtain－   

edr regression equations were de七erTnined for eachinput of   

the seepage flux and the depth of TneaSurementS uSing 七he   

representative average slopes which were obtained a七 the   

SpeCific sites（Table13）．The slope for each site was selec－   

ted in proportion 七o the nearshore sediments and the slope   

of Lakebed（Tables 4－6）．  

The boundary condi七ions are：＝）it was assumed 七hat the   

flux a七 the shore line is zero，and（2）七he width of the   

ZOne Of active seepage flux（99竜 of to七al seepage flux）is   

within a depth of 3－10m（Table13）．  

On 七he other hand′ for sites（Stas．29 and 33）where such   

discernible pa七terns were not obtained′ the average flux   

along■ eaCh transect vas calcul．ated by multiplyings the area   

under the curve of rneasured seepage flux by dis七ance from  
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Tablも13・Average sIope and thc width of the zone of high－  

8St SeePa9e flux for calcul．ations（】f ヒhe annual  

amount of seepagclnto t：hel．ake at 8aCh sitc．  

Statlon  ＾ver叩e  Yldth or the7：OnC SLatlon再 rOr ar，P＝ca   

仙mber  苫lopetH）★， 0【r8pid5eepage  （）r aVer叩e Slope  

flux＝  

Vl，V3．糾，椚～ll，Vl了（b卜21  

l．3，Vl．W2，椚～8，V2b（8），t∋   

N∋．19．20   

VI2～Vt8．V22～2在tT），V2う．  

V2了－2q（9），V30－ココ，   

川，N卜づ（lT），柑，2†，30．32   

1b，門－28．コl，椚～8   

I2，川，22～2石   

ココ′  

－0．門0（り  甘ん   

St8．ヰ（V5）  －0．882（用）  

S［a．ヲ（別々）  －0．3も3（t4）  ＝】  

St8．1l  －0．883（り   

Sヒa．13  一口．532（コ）   

S［8．34  －I．8川（り  

（N）＊：Nunber of me8Z；urementS，＊＊Yldth of the zone or r叩id sc叩叩C rJux vas  

e81icu18tモd for the明uatlon oId印Lh（m）＝トりs】ope）・10g（トり；αis seヒ0．99．   

＾1though the depth vas determined each or18，5，13，5，q れnd 5m，WC hcre   

も雷ヨumed 88 above．  
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the shore line and dividing the results by the length of the   

transect．Thus， the average seepage flux weighted for 七he   

distance from the shore and individual fluxes were then  

Summed up 七0 0btain 七he total seepage amount for that site   

using the area sectioned．  

The annual total amount of seepage was caLculated using   

the total seepage amounts of all 七he si七es over one year   

Period．Data collected in summer season in1984 and1985   

Were mainly used for calculations．It seems reasonable to   

assume tha七 these measurements can be used as average for   

七he vhole year，because the average total amount of seepage   

was obtainedin summer season（5－3－2）．  

5－3－5．Groundwa七er component of the water balance  

An annual amount of seepage into the lake at each si七e   

WaS Calcula七ed from the integrated to七al amounts of seepage   

for12 month periods of measurements and summed up for sec－   

tioned areas．The groundwater discharge for each sectioned  
I  

area and the specific discharge（groundwater discharge（km3・   

y－1）／area of drainage basin（km2））calculatedin terrns of   

water depth（mm・d●1）are shownin Figure 33 and Table14．  

The groundvater discharge around the eastern shore is   

about twofold larger 七han 七hat around the western shore of   

the lake．The specific discharge（SD）varied from region to   

region in 七he same manner as seepage flux．The SD in the   

areas NO．2 and NO．5 vas higher（about 2～3mm・d‾1）than thatin  

97   



∫
●
「
‥
・
∫
・
●
㌧
・
．
 
 

▼、 －●●   

－－■■●‥●－●－●   

GroundYater Discharge  

くXlO－3km8・y‾1）  

Figure 33． Groundvater dizscharge for each sectioned area around  

the lake．＾nr）ual amount of seepage into thelake for  

each sectior）ed area vas summed11p from theintegrated  
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Surement Sites．  
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the other regions（0．7～1．O mm・dqI）around the lake except   

With areas NO．1and NO．7．The high SD rnay be due to the high   

amount of surface water seepage for the area NO．1and of   

PreCipitation for the area NO．5．Because，alluvial fan are  

distributed videly around 七he Hira mountains and seepage   

amount from the rice paddy field in this area is high・For   

example，the seepage amount from the paddy fieldis maximum   

50rnm・d‾1in theirrigation season（Sugawara，1973）．AIso high   

amount of precipi七ation occurs on the northern end of the   

lake．  

RelativelY low values on the Echi and Seri river basins   

rnay be due to the following reason・That is，a COnfined   

aquifer with high permeabili七y is distributed in this   

region，hovever，COnfined groundvater seepageinto thelake   

wasignoredin 七he calculations of seepage arnount・  

The annual total amount of seepage into the lake was   

es七ima七ed at 270mm・y‾1（0．85km3・y‾l）whichis calculated for   

the land surface area and the totalseepage area of the lake   

bo七tom calculated was 97．24km2 which is14％ of the lake   

surface area（674 km2）．This result suggests that ground－   

wa七er contributed about 25％ of the annuaL inflow（including   

of the surface water and groundwater）into the lake（about   

lOOO～1200mm・y‾l（4～4．5km3・y－1′ Tablel）・This seepage value   

is quite cIose to the average value of 322mm・y‾L（l・Okm3・   

y‾l）by Fujino（1980）．Our estimationis smaller than that  
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of Kawabata（1982b）bylO～15％（Tablel）．Kyoto Agricultural   

Land Administration Office（1951）estirnated the groundwater   

inflow by hydraulic calculations of about1500mm（5．7km3・   

y‾l），about 7－fold higher than our value（Tablel）．  

The calculated amount of seepage into the whole lake rnay   

be underes七imated because of the following reasons：   

（1）The point offshore where seepage flux decreased toin－  

Slgnificant amount was not rneasured．Even so′ 七he width  

Of the zone of active seepage flux for all sites was  

defined from the equation using average slopes a七 only  

Six specific sites and was assumed to be within the  

depth shal．lower than lOm．Thus the seepage area seerns  

to be underestimated．   

（2）The confined aquifer wi七h high permeabil．ity exposed to  

the iake bottorn surface offshore around the eastern  

shore of thelake（Takataniand Nishida，1964）．However，  

it was lgnOred in the present calcula七ion・   

（3）Although seepage fiux is verylowin the bottom sedi－  

ments vhich consists of mud and sil七y sand．groundwater  

SeepS Out eVidently into 七helake 七hrough anlov perme－  

able layer．＝n such a condition′ the amoun七s of ground－  

Water SeePage COuld be expec七ed 七o be slgnificant be－  

cause of thelarge bot七orn area（about 20竜 of the total  

bottom area of 677km2is covered by mud and sandY mud  

to 七he depth shallower than 20m；Kotani，1971）．  
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Thus the groundwater discharge into the lake in the   

Whole year would be higher than this value・However′ it   

Seems uSeful for providing a preliminarY indication of the   

relative importance of groundwater contribution to the water   

balance of 七he lake based on the seepage calculations for   

the whole lake by using a comparatively large data set ob－   

tained from measurements around the periphery of the lake．  

To es七imate the amount of seepage into a lake accura－   

tely．it is desirable to define the point where seepage   

decrease to an insignificant arnount and to deterrnine the   

Seepage patternS along the transects offshore at a number of   

Sites．  
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CHAPTER 6  

SUMMARY AND CONCLUSIONS  

Ficld measurernents were carried out to studY the ground－   

Water Seepage into Lake I〕iwa using seepage meter，Piezo－   

meter′ COre drilLing and we11waterleveltechniques．Before   

regular data collec七ions were started， SeVeral tests were   

firstly done to evaluate the usefulness of 七he seepage meter   

technique and secondly the process of groundwater flowin七0   

七helake was investigated．Thirdly，the spatialand temporal   

variations of seepage flux were deterrnined around the lake．   

Using 七he results of seepage observations，the annualamount   

Of seepage into thelake was obtained・  

The results indicated the follovings：   

（1）seepage meter 七echnique is found to be reliable when  
J  

used with alarge diame七er tube（10rnm 工．D．）and vith a  

baggle COllector vhichis prefilled with 200mlof water・  

The quality of water collected by seepage meteris quite  

similar to that of groundvater in the aquifer in the  

lake only at the site where seepage flux is high，but  

did no七 provide a good indication of composition of  

groundwater entering thelake at the site vhere seepage  

flux is relat土Vely lov．  
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（2）The distributions of the groundwater potentialin the  

lake，the quaLity of groundwa七er and the seepage flux  

Show that the shallow groundwater moves horizontally  

toward the lake and the flow veers almost verticallY  

upward on the shore line near the inflection point of  

the lakebed and seeps out within about 20m distance  

from the shore．Confined groundwater seeps out into the  

Lake through a thin Low permeable laYer Offshore．  

Furthermore，SeePage pat七erns obtained also agree with  

the flov model predicted by a mathematical simulation  

（McBride and Pfannkuch，1975）．   

（3）seepage fluxes measured a七 76 sites around the lake  

ranged from O・01to 4・9Llm・SVl・The significant spatial  

Variability can be attributed 七o either the heteroge－  

neity of the lake bottom sedirnents or the difference of  

lakebed configuration or hydraulic gradient of ground－  

Water near the shore．Discernible seasonal changein the  

totalamounts of seepage is found andit might be caused  

by precIPitation．   

（4）The seepage distribution patterns can be classifiedinto  

three groups：TYpe Ain which the seepage decreases with  

increasing distance from the shore；Type Bin which see－  

PageS are distributed uniformly offshore； Type C in  

Which a uniform seepage nearshore area increases measur－  

ably a七 some distance from the shore 七hen decreases  
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abruptLy farther offshore．The Type B must be attributed  

to 七he heterogeneity of configuration of the lakebed  

because the slope of thelakebedis rnore gentle than the  

CaSe Of TYpe A・For Type C，the detailed coring data  

Show that a perfec七 correlation betveen 七he distribu－  

tions of seepage flux and the hydrogeological heteroq  

genei七y within the flow systemin thelake．   

（5）The groundwater discharge around the eastern shore was  

twofold larger than 七hat around the western shore of the  

lake． However， 七he specific discharge in the areas  

around the Hira TnOuntains and the northern end part of  

the iake was higher than that in the other areas around  

the lake．The amount of seepage into Lake Biwa is esti－  

mated to be 270rnm・y‾l（0．85 km3・y‾l）．This value accounト  

ed for about 25％ of the annualtotalinflow（including of  

the surface water and groundwa七er）to thelake．  

As a resuits／七he seepage me七er technique emploYed could ノ   

be useful for inves七iga七ing groundwater seepage into alake′   

and the applicability of the 七heoreticalmodels forinvesti－   

gating groundvater discharge into a lake with hornogeneous   

lakebed sediments is confirmed through the fieLd measure－   

ments′ and also the shape of the bo七tom profile and the   

hydrogeologlCalheterogenei七yin the groundva七er flow system   

have a sigmificarlt effec七 on seepage pat七ern．  
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Appendixl・Seepage meters．  

一■ Box type  

Cylinder type   



Appendix Ⅱ・ Sample of vater collected by seepage meter and the bottom  
Sediments．  

Sample VaS COllected at Sta．4（duration timeis12 hours）・  

und the   



AppendixI・Observation site（Imajyuku beach．Sta＿ V3）for groundvater flov  

into the lake．  

Transectline of Y－Y extended offshore along the polesin thelake・  
●  

pleZOmeter array－  
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Appendix Ⅳ．Installation view of stand pipes and hydraulic heads of each  

Piezometer near the shore．  
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＾抑endix V・Mini－Seepage meter and the viev of sampling of groundvaterizlthe  

lake（Vanibeach）．seepage TneterSin thelake（血ite）．  

Bottom sediments vere dug up by vave motion・  

2  

′▲、ト  

習町▲‾「’  

Samples of vater vere collected by geDtle suction by vaccum・  
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AppendixⅥ・Lake vaterlevelchange atImajyuku beach（Sta．V3）．  

Heavy rainfallpefiod（BaiⅦSeaSOfl）  

2
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Appendix Ⅶ・ Samples of vater collected by seepage meter along the transect  
offshore at Wanibeach（Sta．4）．  
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