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ABSでRACで  

Groundwater quality ev01ution in groundwater flow   

system has been studied on microscale in a small valley head 

basin′ 10Cated on an upland with multilayered ge0loglCal   

formations．The study area has been chosenin Dejlma uPland   

area，IbarakiPrefecture．Japan・The groundwater circulation   

is active and annualirrlgation wateris three timeslarger   

than pricIPitation in the studY area・ Comparing with the   

Priclpitationin which each of ma］Or elementsisless than 2  

mg／l，theirrigationwater qualityis ClニS042－－Na＋tYPe・＝t  

is found that groundwater is mainlY reCharged byirrlgation   

Waterin quantity and quality．  

Both pleZOmeterS and soil water samplers were used to   

C01lect water samples once in one or two weeks from April，   

1985 to June，1987．Water samples from wells were also   

C01lected at the same time．The chemicalcompositions of the   

SamPles were analyzed． Piezometers were also used to   

measure hydraulic potential． X－raY method was used to   

identify the clay mineral compositions of soils in stuay   

area・＝t was found that there are Joso Clay Bed and clay of   

Narita Formationin the study area，the clay mineralsin the   

former being ha1loYSite，Vermiculite and mica，and thatin   

the latter being montmorillonite．Moreover，the laboratorY   

experiments were done to studY the ciaY－Waterinteracetion   

土n deta土1．  

Hydraulic head distribution revealed that the   

groundwater flow system in the study area is composed of  

Vl   



localandintermediate groundwater flow systems．The clay of   

Narita Formation sparates these two flow sYStemS． The   

groundwater quality evolution processes occur both in local 

andintermediate groundwater flow sYStemS．  

Groundwater quality has its own characteristics with   

little changein each aquifer，butis different greatly from   

aquifer to aquiferleXpeCially where clay exists・Thereforel   

distribution of groundwater qualitY is stratified in the   

Study area．  

0n the other hand，StruCture and mineral compositions   

Of clay contr0l not onlY the concentrations of cations and   

Silica in the groundwater，but 尋Iso that of chloride ion．   

From the field observations and laboratory experiments，it   

WaS found that chloride ion is concentrated where the clay   

Of Narita Formation exists．This phenomenon dose not occur   

in theJoso Clay Bed．  

Groundwater qualitY Varies greatly and the movements   

Of groundwater and chemicals in the groundwater are   

different from each other where clay exists．Therefore，ClaY   

layer in the groundwater flow sYStem is one of the most   

important factors to contr01 the groundwater qualitY   

ev0lution processesin the study area．  
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工  工NTRODUCT工ON  

1．1Review of previous studies  

Study on the relationship of groundwater flow system  

and groundwater qualityis animportant topICin groundwater  

research．This relation may be very complexin generall  

depending on its ge0loglCal and hydr010glCal conditions・  

Many investigations have been done separately in groundwater 

flow system and groundwater quality, but there is only a few 

WOrks in their relationship．  

＝tis commonly believed that early studies of the water   

quality were concerned entirely withits classification and   

utilization．Laboratory experiments by Thompson and Way   

（reference in paper written by Renick，1924）in the middle   

1800ts demonstrated that some properties of clay and other   

materials could change the composition of water passing   

them．  

The process of cation exchange in groundwater bodies   

has been observed extensively since early studies by Renick   

（1924）who called attention to natural softening of   

groundwater by cation exchangein seaiments underlylng the   

northern Great Plains area of the United States．  

During this period，the correlation andinterpretation   

Of the many variables associated with the chemical character   

Of natural waters led to a need for suitable graphical   

techniques for data presentation．The three graphs most   

COmmOnly usedin north America were orlglnally described by   



C011ins（1923）and Piper（1944）．  

Since19607s′ aS enVironmentalproblems were getting   

more and more serious′ COntaminants mlgration in the  

groundwater became the most important topIC On Which  

hydroge0loglStSI SOil scientists and environmental  

PrOteCtOrS have focused their attention・  

工n field situation，however，the aquifers through which   

contaminants mlgrate are invariably heterogeneous on the   

macroscoplC SCaleJ hence some hYdroge0loglStS like to use   

advection－dispersion models for groundwater p01lution   

assessment．  

Various models have been developed in order to arrive   

at a mathematical descrlPtion of the s01ute transport   

PrOCeSSeS． Fried（1975）has classified these models into   

three groups：（1）geometric models．0f which the work of   

Taylor（1953）is perhaps the best known example for s0lute   

mlgration in a single capillary；（2）probabilistic models，   

SuCh as the random－Walk model described bY Scheidegger   

（1954）；and（3）statistical geometric models，aS described   

bY Bear and Bachmat（1967）and Bear（1972）．However，these   

models can only be used in the very simple groundwater   

SYStem Without considering complex chemical reactions that   

OCCur naturallyin the system．  

Development of the equilibrium approach gave a   

rev0lutionarYimpact on chemicalhydroge0logY・This approach  

hadits beglnning in the late19401s′ and brought the   

attention of the ge0loglC prOfession to many of the concepts   

Of chemicalthermodynamics・The first of these concepts was   



the Nernst equation which related electromotive force／PH／  

temperatureJ and diss0lved species in the groundwater   

（Krumbein and Garrels′1952）．  

Tw0 0f the most commonly used computer codes，known as   

WATEQ and SOLMNEQ，Were developed by Turesdell and Jones   

（1974）and Kharaka and Barnes（1973）′ reSPeCtively，for   

interpreting concentrations of ma］Orions・Ball（Jenne and   

Nordstrom（1979）modified WATEQ for analysis of equilibria   

inv0lving minor and trace elementsin water・Although models   

such as WATEQ and SOLMNEQ can be useful in interpreting the 

behavior ofinorganic contaminantsin groundwater，they are   

not deslgned for predictive purpose・  

Predictive－equilibrium chemical models for aqueous   

SYStemS′ Which have manY Of the ingredients of WATEQ，have   

been developed by Plummer，Parkhurst and Kosiur（1975）and   

Plummer，Parkhurst and Thorstenson（1983）．Other models of   

this tYPe Were described bY Westall，AcharY and Morel（1976）   

and Mattigod and Sposito（1979）．These models are predictive   

in the sense that theY prOVide computed－equilibriumliquid－   

Phase concentrations for inorganic species′ PrOVided that   

the s01id phases（thatis．minerals or amorphous compounds）   

With which the water reacts by way of precIPitation or   

diss0lution are asslgned and the reaction sequence and・   

thermodynamic data in the form of equilibrium constants or   

free energleS are SPeCified．Although the emphasisin these   

models is on s0lubility contr0ls，Other liquid－S01id phase   

interactions such as oxiaation－reduction and ion exchange   

Can be includea．These equilibrium models are not transport   



models，in that they do not include velocitY Or dispersive   

terms．  

0n the other hand， SOil scientists and mineraloglStS   

have focused their attention to the relationship between   

S01id and liquid interface on micro－SCale，Without   

COnSidering groundwater flow system．  

Alreadyin the early1900’s，Chapman（1913）derived an   

equation describing the ionic distribution in the diffuse   

layer founded on a charged planar surface．Schofield（1946）   

re－introduced the Gouy－Chapman theory for the calculation of   

the thickness of water films on mica surfaces． The work of   

Schofield（and c01laborators）has contributed significantly   

towards the introduction of the Gouy－Chapman theory as a   

basic t001in soil chemistry．B01t（1979）suggested to   

explain properties of the liquid layer adjacent to the solid 

Phase with so called diffuse double layer theory．It is   

COnSidered that the soilpossesses a fairlY COnStant Surface   

Charge densitY， and the concentration distribution of   

COunterionsin thislayer f01lows the B01tzmann equation．BY   

evaluating both the electrostatic and the chemical   

PrOperties of s01id surfaces．a substantialimprovement in   

understanding specific adsorption effects should be   

POSSible． Rigorous application of electrical double layer   

（EDL）theorY has thus far been limited to rather simple   

OXide surfaces′ but application to more complex mineral   

SYStemS Should be feasible．An EDL model for computing   

PrOPerties of oxide surfaces and predicting behavior of   

Sulfates was described by Davis．James and Leckie（1978）．A   



review bYJames and Parks（1982）described EDL concePtS and  

their applicability to variousliquid－S01id systems・  

Hydroge0loglStSISOilscientists and mineraloglStS are  

veryinterestedin the ev0lution of water quality where clay  

exists．Experimentalstudies have shown that clay membranes  

give rise to electr00SmOSis（Srivastava and Avasthi，1975），  

hyperfiltration（Ⅹharaka and Smalley，1976），and regula  

（chemical）osmosis（Young and Low．1965；Kemper and R011ins，   

1966；OIsen，1969）．Osmosis through clays has beeninvoked   

to explain such disparate phenomena in the subsurface as   

anomalous hydraulic heads（Marine．1974）．thrust faulting   

（Hanshaw and Zen′ 1965），and breaching of clay liners of   

SeePage POnds h01ding saline waste（Hudec．1980）．  

A membrane is a semi－Permeable barrier which permits   

the transport of some components of a s0lution and not   

Others（Tuwiner，1962）．＝t rejects solutes on the basis of  

Size and／or electricalrestrictions（Gregor and Gregor，  

1978）・Ge0logic membranes have generallYlarge enough pore   

Sizes to accommodate thelargest hydrated radii of ions   

COmmOnly foundin groundwater・Thus the salt－eXClusionary  

behavior of claY membranes depends on electrical   

restrictions operating within the interstices of cl・ay  

membrane structures．  

The surfaces of claY minerals have a net negative  

Charge which is mainlY a reSult of substitution of lower＿   

Valence cations for higher－Valence cations within the   

StruCture（Grim，1968）・This charge deficiencYis manifested   

at the surface of the platelets where neutralization takes   



place by absorption of cations in the vicinity of the 

negatively charged substrate・The charged surface of the  

clay andits cation－dominated absorptionlayer together  

define the GuoY doublelayer（Stumm and Morgan，1970）・  

The salt－eXClusionary properties of claYS arise when   

the compaction of a clay slurryinduces overlap of double   

laYerS Of adjacent platelets．This overlap results in the   

pore space between claY Platelets which have a negative   

electricalpotential・Anions attempting to mlgrate through   

SuCh pores are repelled because the cations must remain with   

their anionic counterparts to retain electrical neutralitY   

in the outer，Or ‖freeT．s0lution．Water，Of course，is   

freely admitted to the membrane structure． All clays are   

non－ideal membranes′  but the efficacy of their salt   

exclusion is greatest when a high CEC clay of I_ow porosity 

SeParateS dilute s0lutions（Marine and Fritz，1981）．  

However，SOme Other soil scientists have researched the   

miscible displacement in porous materials with loam and   

Clay・The results bothin field（Dyer，1965）andlaboratorY   

（Dyer，1965；Thomas and Swoboda，1970；Smith，1971）have   

Shown that anionsin some cases can rnove through soilfaster   

than the average velocity of the water m0lecules present．  

Most of the research works′ aS described above′ Were   

Only concerned with one aspect about groundwater quality．   

Therefore′ mOre Studies need to be done in future．  

1n order to make clearly the characteristics of   

groundwater flow system ana groundwater qualityl SOme   

researchers（＝kegawa and Tase，1984；Kurata and Tase′1984；   



Kurata，Tase and KaYane′1984；Shindou and ＝shikawa，1985；   

Shindou and Tang，1986；Tase and MaYila′1986；Bae and   

Kayane，1987）carried out their investigations in Dejima   

uplanal＝barakiPrefecture（Japan・The results of their   

research works show that the groundwater flow systemis very   

COmPlex／and the groundwater qualityisinてIuenced not only   

by the natural conditions but also by the agricultural   

activities． Since these influences obscure general   

hYdrogeochemicalrelationships，mOre detailedinformationis   

required about the specific contributions of land use and  

the compositions of ge0loglCalsetting to the chemistry of   

groundwater．  

1・2 Purpose of the present study  

1t is very important to interpret or predict the   

COntaminants movementin groundwater．A studY Of this tすPe   

is multidiscIPlinaryin nature′ butis primarily concerned   

With hydrogeology（mineralogy and geochemistry．From this   

POint of view／the present paper（Perhaps（is the first one   

to studY in detail about the relationship between   

groundwater flow system，ge0loqlCal condition and behavior   

Of chemicalsin the system．  

For the purpose of this studyl f01lowing items were   

investigated．  

（1）The characteristics of groundwater quality provided   

that the groundwater flow system and ge0loglCalconditions   

have been well known．   



（2）The behavior of ma〕Or ions of groundwater where   

Clays exist・  

（3）The relationship between the groundwater flow   

SyStem and groundwater quality on microscale・  

1n order to investigate these items，the f01lowing   

StePS need to be carried outin present study・  

（1）To make clear the groundwater flow system and   

geological conditions, which control the migrations of 

Chemicalsin grounawater；  

（2） To make field observations and analyses of   

groundwater qualitY；  

（3）To d01aboratory experiments to evaluate the effect   

Of claYS On the groundwater quality；and  

（4）To explain the relationship between the groundwater   

flow system and groundwater qualitY．   



＝＝  STUDY AREA AND PROCEDUR  

2．1Description of the study area  

2．1．1Geographicalposition and topography  

The area under investigation is situated at the central 

Part Of Deコ1ma uPland reglOnin a peninsula of Kasumlgaura  

Lake′ and located in140020－E and 36051N（ ＝baraki  

Prefecture，Japan；about 70 km northeast of Toky0．This flat   

uplandis surrounded by two smallrivers′ R．Ichinose and R．   

H土shlk土（F土gurel）．  

The Dejlmairrlgation channel，SupPlied bY the pumplng   

Station with water from Lake Kasumlgaura，runS through the   

Study area from east to west，irrlgateS Paddy fields from   

MaY tO August，and makes a notable irnpact on groundwater   

bothin qualitY and quantitY．  

The total study area is about140 ha．＝ts altitude is   

between 24 t0 29 meters above sealevel．The topographical   

features are fiatin the centralpart along the irrlgation l  

Channel and descend in northeast and southwest directions，   

forming two sma11valleys・From the hydr0loglCal systemls   

POint of view′ the study area could be aivided into two   

PartS bY theirrlgation channel・＝rrlgation channelplays as   

a watershed. The north part is a relatively integrated basin 

With typICalland use pattern・More strictlY（it can be said   

that the studY area is an artificial basin rather than a   

naturalbasin，becauseitisinfluenced slgnificantly by the   
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irrlgation water．This basin could be separated into three   

areas，COnSidering both topography and land use．The first   

Oneis the recharge area nearirrigation water channel，and   

is mainlY COrnPOSed of paddy fields．The second one is the   

discharge area in the valleY，Of which areais very sma11．   

The third one is the transmitting area between the areas   

described above，and is used for producing chestnut and   

Planting wheatin autumn and cornin spring（Figure 2）．   

2．1．2 Ge010gy  

Ge0loglCal condition of the study area has been   

investigated by field survey and X－ray methodinlaboratory．   

Its geologlCal structure can be represented by the A－B－C   

SeCtion shownin Figure 3（reference to Figure 6）．  

As shown in Figure 3, the upland is composed of the 

V0lcanic ashlaYer（named Kant010am Formation）of 2－3 m，  

Clay or siltlaYer（NamedJoso ClaY Bed）oflm，Sandlayer  

（named RyugasakiFormation）ofl－2m，Claylayer（upper par  

Of Narita Formation）of 2 m，and sandlayer（a member of  

Narita Formation）in a descending order．Therefore，the  

ge0loglCalconaitionin the studY areais t00 COmPlex to  

Study the groundwater qualitY by the models which we have   

known at present．  

Masuda and Shindou（1986）described the ge0logY Of  

Kasumigaura region. According to their works, Joso Clay Bed 

is fl00ding sedimentlSandin RyugasakiFormationis fluvial  

11   
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sediment and the clayin Narita Formationis swamp deposits．   

But the sand in Narita Formation is considered to be formed   

in estuary environment・  

According to the hydraulic conductivity（Tablel）．it   

could be considered that there are two aquifers in the   

study arealSO－Called upper aquifer andlower aquiferlWhich   

are divided by the claylayer of Narita Formation・  

Moreover，Ⅹ－ray analysis method was used to identify   

clay mineral compositions of soils in the study area. From 

Tablel′it can be found that there are mica and vermiculite   

in Kant0loam Formation，mica′ Vermiculite and halloysitein   

Joso Clay BedJ halloysite in sand layer of Ryugasaki   

Formation and montmorillonite and micain Narita Formation．  

Figure 4 shows some results of X－ray method for the   

SOilsin the study area．  

2．1．3 Hydr010g■y  

＝n the study area，irrlgation wateris transported from   

Lake Kasumigaura through Dejima irrigation channel from the 

end of Aprilor the beginning of May to the end of August or   

the middle of September every year（ Which make great   

influence on the groundwater flow sYStemin the study area・   

Therefore, in this study, the period between the end of 

Aprilto the middle of Septemberis called theirrlgation   

Period（and the other months in the year is called the   

nonirrlgation period．  

The sources of groundwater in the study area are  

14   
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precIPitation on theland surface that has workedits way  

downward by gravity through the soil and into the underlying 

layers（andirrlgation water from paddY fields・  

The local hydr0loglC CyCle is explained by the   

f01lowing hydr0loglC budget equation：  

P＋エーE－R＝△S   

Where  

P＝PreCIPitation  

E＝eVaPOtranSPlration  

R＝tOtal runoff  

＝＝irrlgation water，and  

△S＝Changein groundwater storage・  

The nearest meteor0loglCal station with a suitable   

Period of recordis at Tsuchiura City，located aboutlO km   

WeSt Of the study area．Frorn1956 t01987，the average   

annual precIPitation at Tsuchiura City was l190．7 mm．   

PrecIPitation in the area occurs mainly during the rainy   

SeaSOn in June，SO Called Bai－u SeaSOn．and during the   

typh00n SeaSOn fromlate summer to autumn．  

Evapotranspiration has been calculated using the   

Penman’s method．The potentialevapotranspiration from the   

Vegetated surface is estimated from the calculated open   

Water eVapOration by applying an emplricalconstant．  

For the missing values of meteor0loglCal data at   

Tsuchiura CitY，meteOr010glCaldata at Tsukuba Science City．   

Whichislocated at about16 km west of the study area，Were   

used to calculate the evapotransplration．The resultant   

estimate of average annua 1 potential evapotranspiratian is 
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610 mm．According to a previous study（Noguchi，1973）of the   

water balance in this area， the direct runoff coefficient   

ranged fromlO t0 20 ％・Assuming on average direct runoff   

COefficient of15 ％，the average annualrechargein the area   

is estimated as 422 mm（Bae and Kayane1987）．  

Frorn1985 t01987，PreCIPitation was also recordedin   

the study area（Figure 5）．During Bai－u SeaSOn Or tyPh00n   

SeaSOn， the daily preclpitation was large． During   

nonirrlgation period，the precIPitation in the studY area   

WaS also small．From February to March every Year，the   

PreCIPitation was theleast through the year．  

As described above, irrigation activities influence the 

variation of water table．Aboutl．1Ⅹ107 cubic meter   

irrlgation water is used for rice planting everY year．＝t   

means that there is 28 mm water per d．aY during the   

irrigation period in average（Shindou and Tang，1986）．   

During this period，Water table shows severalmounds in   

Paddy fields・ The groundwater is recharged bY irrlgation   

Water，flows forward to valleyland part of which flows out   

the basin as spring water．0n the other hand，grOundwateris   

recharged only by the precIPitation during nonirrlgation   

Period and the g■rOundwater tablein this periodis t00low   

that no spring water occurs at valleY・  

Table 2 shows monthly average preclpitation and   

irrlgation waterin the study area．The annualaverage year  

21   
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PreCIPitationisl190・7 mm and annualtotalirrlgation water   

is 3696mm・ During irrlgation period， mOnthlY aVerage   

irrlgation water is one to six times of monthly   

PreCIPitation・ On the other hand， preCIPitation in   

nonirrlgation period occupleS Only 35 percent of annual   

average precIPitation．  

2．2Instrumentation  

Figure 6 shows the observation points．A totalof 30   

0bservation wells were installed within the study area．   

0ther than these wells，five sets of pleZOmeterS Were also   

installed along the section A－B－C to monitor the potential   

Variations of groundwater．Three sets of soilwater samplers   

Were Sited at three points（Pl′ P3 and N0．26），Which   

represent different environrnental conditions．There werelO   

SOilwater samplersin each set and theY Were Set at 30 cm／   

50 cm，100 cm，150 crn，200 cm′ 250 cm，300 cm，400 cm，500   

Cm and 600 cm in depth．At point Pl′ SOil water samplers   

Were Set tO gain the water in recharge area．Both of N0．26   

and P3 were chosen to monitor the waterin the transmitting   

area・At P3，eXPeriments were done to study theinfluence of   

SOilwater quality on to the groundwater quality and to   

COmPare the chemicalanalysis results of water samples taken   

from soil water samplers and pleZOmeterS・Two sets of   

tensiometers were set at N0．26 and P3．At N0．26，there were   

five tensiometers located at 40 cm，80 cm，120 cm，160 cm   

and 200 cmin depth．At P3，tenSiometers were set atlO cm′  

24   
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20 cm，40 cm′ 60 crn，80 cm，100 cm′120 cm′140 cm，160 cm，   

200 cm，250 cm and 300 crnin depth．  

Water table was monitored by automatic water table   

recorders at both P3 and N0．24 0bservation wells．Rain   

recorder was also set at P2．  

2．3 Analysis methods  

Water samples were obtained once in one or two weeks   

during study period directly from piezometers and   

Observation wells，Or from soil water sarnplers by vacuum   

SuCtion technlque．At the same time，Water level，Water   

temperature，PH，D0．ORP and electric conductivity were also   

measured．  

The in situ groundwater temperature was measured at   

each depth after sampling． Measurements for pH were made   

With a combination electrode using the double buffer   

technique，With the estimated error about O．05 pH unit．  

Water samples were c01lected in pre－Cleaned glass   

bottles・＝n laboratorY，theY Were PaSSed through O．45 pm   

filters and refrlgerated at 4Oc untilthe analYSeS Were   

COmpleted．Calcium，magenSium，SOdium，POtaSSium and silica   

Were aetermined by ＝nductive Coupled Plasma Quantometer  

（ICPQ）lCl－・NO3－and SO42－bylon Chromatographic AnalYZer  

（＝CA）in the chemical analysis center， University of   

Tsukuba．  

The reliability of these analyses was checked bY meanS   

Of charge balance contr0l． Data analysis was not started  
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unti195％ of the samples deviated by less thanlO％ from   

electroneutrality．  

Besides，X－ray method was used toidentify the minerals   

in the soils c01lected at different depthin the study area．   

X－ray analysis was performed on the samples after each of   

the f01lowing treatments：（1）air drYing，（2）glyc0lationin  

an ethylene glyc01atmosphere；and（3）heating at5500c for  

lhour．The samples were x－rayed on a diffractometer using   

nickel filtered Cu Kα radiation．The scanning rate was two   

degrees per minute・  

Clay minerals were identified by observing changes of   

the basalreflections of treated ana untreated samples．  

Verrniculite can be tentatively identified by a p00rly  

O o  

defined peak between13・5 A and14・5 A・This peak expanas  

O upon glYC0lation to about15 A and produces a broad to sharp  

peak that c01lapses to aboutlOÅafter heating t0550Oc for  

l hour．  

Montmorillonite is identified by a broad peak between  

Oo 13．39A and15．53 A．This peak expands to about17鼠upon  
√）  

glycolation and subsequently collapses to 10 A after heating 

t0 5500c forlhour．  

Ka01in minerals display a sharp．first order peak  

O between 7．14 R and 7．25 A，and a second order peak between  

O 3．58A and3．59丘．These peaks are unaffected by glyc01ation  

but disappear after heating t0 5500c forlhour・  

Chlorite is identified by a sharpJ Symmetric peak  

between13．31芸 and14．28 P？．se。。nd。rder at 7 且 and  

O reflections at 3・5 A disappear or undergo partialc011apse  

27   



after heating．  

0ther minerals in the 〈2pm fraction of the soils   

include quartz and mica（Which has two sharp peaksla minor  

O peak at4．23A and major peak between3．3A and3．42Å．  

28   



＝I＝  SUBSURFACE WATER FLOW SYSTE  

3．1Variation of groundwater flow  

The continuity pattern of the flow system is   

demonstrated by the distribution of hydraulic heads rneasured   

from the wells and pleZOmeterS．  

The princIPal groundwater flow directionin the study   

area is in north direction．The hydraulic gradient in the   

l PrincIPaldirection of flowis the greatest．This Ylelds a  

specific flux of O．7 m／aayin upper aquifer（Shindou and   

工Shlkawa，1985）．  

3．1．1Groundwater flow during nonirrlgation perioa  

Figure 7 shows contour map of water table during the   

nonirrigation period（Feb．6，1986）．The undulation of water   

table was coincided with that of topographY．＝n Figure 8，   

equlPOtentiallines were drawn along the B－C cross section   

based on the water table contour map and topography map．The   

equlPOtentia11ines were distributed densely in clay layer   

Of Narita Formation． According to the distribution of   

equlPOtentiallines，Water in lower aquifer was supplied   

from upper aquifer・During this period（the water table was   

t0Olow that there was no groundwater flowing out frorn the   

Study area as the spring water．＝t is considered that the   

morph0loglCalfeatures contr01the groundwater flow system（   

Since thereis noinfluences ofirrlgation from paddy fields                                                                                                                                              I  
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during this period・Because of no irrlgation and less  

precipitation（the water tablt felldown t0 25・6 metersin  

height at the recharge area and 23・3meters at the discharge   

area．  

3．1．2 Groundwater flow duringirrlgation period  

Figure 9 shows the water table contour map during the   

irrigation period（May 31′1985）・The pattern of groundwater   

flow was contr01led by the irrlgation water，and coincided   

with the distribution pattern of paddy field．＝n FigurelO，   

equlPOtentiallines were also drawn along the B－C cross   

section．As described above．groundwater flowed horizontally   

towards the valleY in upper aquifer，because hYdraulic   

COnductivitY Of the claY laYerin Narita Formation is very   

Small compared with other layers・Howeverl COmParing with   

the nonirrlgation period，mOre Waterin upper aquiferleaked   

down to the sand laYer in Narita Formation，eSpeCially at   

recharge area．At the valley′ the potentia10f groundwater   

WaS SO high that some part of groundwater flowed out as   

SPring water．  

Because of irrlgation activities，the water table rose   

t0 28 meters in heightin the recharge area and 24．7 meters   

in the discharge area．  

By comparing the distribution of equlPOtentiallines   

during theirrlgation period with that of the nonirrlgation   

Periodr it was found that the rising of water tablein the   

recharge area was the largest， and decreased downstream・  
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Therefore′it can be said that theirrlgation wateris the  

greatest recharge sourcein the studY area・   

3・1・3 Response of hydraulic heads to rainfallin different   

aquifers and different periods・  

As describedin section 2・1・21the upper and lower   

aquifers are divided by the claylaYerin Narita Formation．   

So the responses of the hydraulic headin these aquifers to   

the rainfallanairrlgation are different．  

At the beglnning of irrlgation period， When the   

irrlgation water had been put into paddy fields， the   

hydraulic head increased rapidly． The variations of   

hydraulic heads in the piezometers in the upper aquifer were 

the same．However，the variations of hYdraulic headsin claY   

layer and the lower aquifers were t00 Small，therefore   

hYdraulic head differences between the upper aquifer and   

lower aquifer became large．About one month later，the   

hydraulic heads in the claY layer of Narita Formation and   

the lower aquifer increased， Whereas the large hydraulic   

head difference between the upper aquifer andlower aquifer   

remained． During the nonirrlgation period． the hydraulic   

heads in pleZOmeterS in the study area decreased・＝t was   

found that the decrease rate of hydraulic headin the upper   

aquifer waslarger than thatin thelower aquifer・  

On the other hand，the response of water table to   

rainfall during irrigation period was more rapidly than of 

during nonirrigation period. As reported by Tang, Tase, 
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Shindou， Tanaka and Kurata（1987）′ there existed a  

converglng ZerO flux plane for soilwaterin the unsaturated  

zone′ thus the rapid response of waterlevelto the rainfall   

during irrigation period was caused by transmitting pressure 

from paddy fields・Howeverlduring the nonirrlgation period，  

the response of water level to the rainfallwas slow′  

because there was no transmitting pressure from paddy field   

in the study area．  

3．1．4 Seasonalvariation of groundwater flow．  

Figure 8 presents the tYPICal distribution of   

equlPOtentialline during nonirrlgation period′ Whereas   

Figure 10 presents the typical distribution of equipotential 

line during irrlgation period，and Figurellpresents the   

tYPICal distribution of equlpOtentialline after a heavY   

raln （○Ver 50 mm／daY）during the irrlgation period．   

Comparing with these fiqures，it was found that the   

irrlgation activities caused the variation of wh0le   

groundwater flow system，and the preclpitation caused the   

localgroundwater flowin the valley（discharge area）during   

theirrlgation period．  

Figure 12 shows variations of hydraulic head．in   

PleZOmeterS along the B－C section from April，1985 to June，   

1987． The recharge pattern in the study area was very   

differentinirrlgation period and the nonirrlgation period．   

As a wh0le， the hydraulic heads remained high during the   

irrlgation period andlow during nonirrlgation period．There  
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existed a one－year period cycle for the groundwater flow・  

The differences between the hydraulic heads in the  

irrigation period and that in the nonirrigation period were 

about 2．5－3 metersin the upper aquifer andl・5－2・5 meters  

in the lower aquifer. The difference between the upper 

aquifer andlower aquifer also variedin space and time・1n  

generallthe difference duringirrlgation period waslarger  

than that of nonirrigation period, especially in recharge 

area．0n the other hand，the differencesin each sub－area   

were as f0110WS：about 2 meters in recharge area，aboutl   

meter in transmitting area and a few centimeters in   

discharge area・＝n other wordsl the vertical flux of  

groundwater was the greatestin recharge arealgettingless   

in transmitting area and theleast in discharge area．After   

a heavy rain during Bai－u SeaSOn Or tyPh00n SeaSOn，however，   

the distribution of hydraulic heads in valley（P5）shows an   

OCCurrenCe Of the upward flux in the lower aquifer．   

Therefore，the spring water was recharged mainly by upper   

aquifer before a heavY rainfall，and onlY Part Of spring   

Water WaS SuPPlied fromlower aquifer after the rainfall．  

3．2 Soil water movement  

Figure13 shows the mean profile of hydraulic potentia  

duringirrlgation period and nonirrlgation periodin No・26・  

＝t can be said that the soilwater fluxin unsaturated zこOne   

is upward during irrigation period, and downward during 
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nonirrlgation period・This means thatit would take a long   

time for the water in unsaturated zone to move into   

groundwater． Permitted that the average preclpitation be   

l191mm per year， the half of which would be lost by   

evaportranslplration and no runoff occurs，SO it would take   

more than 2 0r 3 years for the rain water infiltratinginto   

groundwater by water balance method．  

Tang，Tase，Shindou，Tanaka and Kurata（1987）observed   

the behavior of soil water in a crop field（N0．26），Which   

WaS affected byirrlgation to surrounded paddy fieldsin the   

Study area．＝t was found that the behavior of soilwater in   

a crop field near paddy fields is slgnificantly affected by   

fluctuation of water table，rainfall，and evaporation．The   

flux of soilwateris genera11Y downwardin surface zone and   

upwardin and above capillary zone and convergent zero flux   

Planeis formedin and after rainfa11during theirrlgation   

Period・But during the nonirrlgation periodlthe convergent   

ZerO flux plane disappears．  

3・3 Estimation of groundwater flow system  

Figure14 shows a schematic diagram of subsurface water   

SYStemin the studY area．Accoraing to the results described   

in section 3・1′ the groundwaterin upper aquiferis mainly   

SuPPlied by the irrlg・ation water・The groundwater in the   

lower aquiferis only supplied by the upper aquifer（Since  
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there is a high hydraulic head difference between these   

aquifers through the year・However（after a heavy rain in   

Bai－u SeaSOn and typh00n SeaSOn，there exists a flux from   

the lower aquifer to upper aquifer in valley，COnSidering   

distribution of the hydraulic heads．  

On the other hand，Bae and KaYane（1987）showed that   

groundwater ageinlower aquifer of the study areais about   

7 0rlO years．The groundwaterin upper aquifer flows faster   

than that in the lower aquifer．＝t can be consiaered that   

the upper aquifer forms a local groundwater flow system and 

the lower aquifer belongs to a larger groundwater flow   

SYStemin the Dejlma uPland．  
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IV SUBSURFACE WATER QUALITY  

4．1Characteristics of water qualityinirrlgation water and  

preclplta七土on  

Theirrlgation water was carried from Lake Kasumlgaura   

into the study area for paddy cultivation from April to   

September every year・As a wh0le′ the irrlgation water   

quality was sodiurn－Chloride type．The analyses ofirrlgation   

water are shown in Table 3． The characteristics of   

irrlgation water could be summarized as f01lows：   

（1）The dominated cation was sodium and the dominated anions   

Were Chloride and sulfate．   

（2）The concentration of silica wasless than 2 mg／l．  

Another maコOr natural source of s01utes to groundwater   

is rain fallingin the study area・The average chemical   

COmPOSition of precIPitation shown in Table 3 was derived   

from 23 reliable analYSeS Of rain water c01lected bY rain   

C01lector at P3 0Ver the research period from April（1985 to   

June′1987・The f0110Wing conclusions could be drawn：   

（1）The chemical composition of all rainfallsamples was  

un土form．   

（2）The water qualitY Variationin precipitation was small．   

The concentrations of each maコOr elements wereless than 2  

m冒／1．   

（3） Comparing with the chemical composition in the   

irrigation water, precipitation contributed little chemicals 

for the groundwater sYStemin the studY area．  
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4．2 Characteristics of groundwater qualitY  

4．2．1The Seasonalvariation of groundwater quality  

（1）Electricalconductivity and water temperature  

During theirrlgation period，electricalconductivity   

and temperature of the groundwater were high along the   

irrlgation channel and around the paddy fields・ 1n   

transmitting area and discharge area，the temperature and   

electrical conductivity were lower than that in recharge   

area．  

On the other hand，the distribution of groundwater   

temperature and electrical conductivity during the   

nonirrlgation period were verY different from that of the   

irrlgatlon per土od．  

Figures 15 and 16 show seasonal variation of   

groundwater temperature and electrical conductivitY in the   

aquifersin P2，reSPeCtively．  

From Figure15，it can be found that the groundwater   

temperaturein the upper aquifer varied greatly′ eSPeCially   

during irrlgation period． During this period， the   

groundwater temperature in Xant0loam Formation varied from  

120c t018・20c・Some time－lagsin the groundwater  
temperature were founa in the other parts of the aquifer，   

Where the variations of groundwater temperature were also   

Smaller than that in Kant010am Formation．  
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＝n the upper aquifer，electrical conductivity of  

groundwater was the highestin the Kantoloam Formation，and   

decreased t0 200UE？／cm in the sand layer of Ryugasaki   

Forma亡土on．  

As a wh0le． both of groundwater temperature and   

electrical conductivity in the upper aquifer had a sharp   

Variation at beglnning ofirrlgation period・This variation   

is considered as the result ofirrlgation activity・At the   

beglnning of irrlgation period，the groundwater temperature   

is lower than irrlgation water temperature． ＝t can be   

COnSidered that the water stored in soil during winter is   

PuShed down into groundwater by the water recharged from   

paddy f土elds．  

0n the other hand，in the lower aquifer，both of   

groundwater temperature and electrical conductivity had  

lower values and changedlittle through the year・  

（2）Cations and Anions  

Soils can act as a buffer to reduce the range to which  

the maコOrions varYin the groundwater．＝t was founa that  

the concentration of maコOrions varied greatlyin the  

recharge area，andlessin other area．  

1n the upper aquifer（COnCentration of sodium was about  

30 mg／lin theirrigation period and about 20 mg／lin the  

nonirrlgation period・The concentrations of calcium and   

magnesium were highinirrlgation period andlowin the  

nonirrlgation period・ The seasonal variations of cations   

COnCentration were greaterin the upper aquifer than thatin  
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the lower aquifer・Concentration of silica in groundwater   

Variedlittlein upper andlower aquifers．  

The concentration of sulfate acid was up t0 40 mg／lonly   

in the upper aquifer of the recharge area（but wasless than   

lO mg／lin the upper aquifer of other area and lower   

aqu土fer．  

The high concentration of nitrate was found onlyin the   

upper aquifer effected bylivestock activities・1n thelower  

aquifer，it wasless than 5mg／lin concentration．  

Figure 17 shows that chloride ion had a highhh 

COnCentration zone in and above the clay laYer Of Narita   

Formation whereits concentration was more than 50 mg／l．  

4．2．2 Verticaldistribution of maコOr elements  

Figure18 shows the verticaldistribution of chloride，   

Silica，Calcium and sodiumionsin groundwater（P2）．  

＝t was found that the concentration of chloride had two   

peaks in altitude of 27 meters ana 23 meters．The former was   

located at boundary between Kant0loam Formation ana Joso   

Clay Bed，and the latter between sand layer of Ryugasaki   

Formation ana clay of Narita Formation．  

Concentration of silicaincreased with depth．Below the   

altitude 23 meters（in Narita Formation），the concentration   

Of silica raised up to above 20 mg／l．  

The vertical distribution of calcium and sodium ions   

Showed a sYmmetrical relationship to each other． The   

Changlng POintslocated exactly at the claYlaYerin Narita  
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Formation where the high concentration of chloride ion   

ex土sted．  

It was apparent that the groundwater quality changed   

greatly across the claYlayer．   

4．2．3 The three－dimensional distribution of groundwater   

qual土ty  

Figure19 shows the groundwater quality pattern diagram   

in the B－C section．Considering the characteristics of   

groundwater quality described above， the distribution of   

groundwater quality in three dimensional space can be   

Classifiedasf01lows．  

（1）The first group－－Water With Na＋＋K＋＋Cl－＋N03‾ tYPein  

Kant0loam Formation：＝t was directlY effected bY the   

precIPitation andirrlgation water． 1   

（2）The second group －－ Water With Na＋＋K＋＋Cl－ typeinJoso  

Clay Bed：＝t was the first clay that the groundwater  from   

recharge area flowed through．  

（3）The third group－－Water With Na＋＋Ca2＋＋Cl－tYPein sand  

layer in Ryugasaki Formation：The standard deviations of   

maコOrionsIconcentration were theleast compared with that   

in other layers, which means that the groundwater quality 

COmpOSitionsin thatlayer were stable；  

（4）The fourth group －－ Water With Ca2＋＋Cl－ typein the  

boundary zone between the sand layer of Ryugasaki Formation 

and the claylayer of Narita Formation：Groundwater quality  

COmPOSitions varied greatlY；and  
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（5）・・The fifth group…Water With Ca2＋＋HC03－tYPein Narita  

Formation：Therel grOundwater quality compositions varied   

l土ttle．  

0n the other hand，from recharge area to discharge   

area，the chemicalcomposition of groundwatersin the same   

aquifer variedlittleJbut verY different from aquifers・＝n   

other words（the groundwater quality are distributedin   

Stratification along the aquifers．  

Opposite to the waterin thelower aquifer where the  

Water quality had the same characteristics everywherelthe   

Water in the upper aquifer was different in water quality   

due to theinfluence ofland use types．  

1n most parts of the study area，the concentrations of   

the diss01ved s0lutes were similar to those of the  

irrlgation water with  Na＋＋Cl－＋S042－  type・The  

COnCentrations of ma］Or ions did not show any slgnificant   

trends withincreased distance from theirrlgation channel．  

Livestock greatly effected in the compositions of   

irlearby groundwaterin which high concentrations of N03－N and  

PO4－P were found・＝n general，the groundwater quality was  

Na＋十Cl－＋HNO3－tYPe・  

＝n the area far from the recharge area and without the   

influences of livestock activities， the water quality  

2－ remained Na＋＋Cl－＋NO3－＋S04type′ but the concentration of  

eachion was not more thanlO mg／l．  

The concentration variations of maコOr elements in   

PleZOmeterS from April，1985 to June，1987 were shown in   

甘able 4．  
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Table 4．Average concentration of ma〕Orions  

in ple2：OmeterS during Aprilt1985 to  
June，1987．  

Pi8乙Q  Å1ti亡ud  Cl  NO〕  SO42  h⊂03  払2十   SlOコ   

K十 叫2十   Na十    ーm18亡aご  （m）  （爪9／1）  （mq／1）  （m9／1）  （mg／1）  （mg／1）  （mg／1）（m9／1）   （爪q／1）  （mq／1）   

P2  26．8  

く25．5）  （42．7）  （コ．94）  （15．1）  く5．48）  く18．9）  （4．87）  （8．14）  （1．85）  

p2  25．8  

（7．19）  （22．8）  （2．68）  （0．4）  （1．99）  （4．81）  （1．56）  （7．55）  （5．18）  

P2  24．8  

（12．1）  （6．23）  （1．21）  （16．5）  （1．23）  （コ．ら61  （0．99）  （5．19）  （1．48）  

アユ  ユ3．8  

（7．87）  （4．78）  （3．01）  （22．6）  （2．13）  （4．ユ6）  （1．2コ）  （2．94）  く1．58）  

P2  ユ2．8  

（9．77）  く1．56）  く〕．45）  （21．4）  （2．77）  （4．37）  （1．55）  （4．45）  （3．24）  

P2  ヱ0．8  

（8．24）  （0．4）  （9．9）  （19．5）  （1．64）  （3．99）  （1．23）  （3．91）  （2．54）  

P2  13．8  

（4．07）  （0．04）  （3．59）  （4．88）  く1．2）  （之．47）  （0．36）  （0．56）  （0．65）  

P3  ヱ5．5  

（14．2）  （24．1）  （0．96）  （18．9）  （3．78）  （6．08）  （ユ．79）  （6．67）  く1．5B）  

p3  23．5  

（13．0）  （9．04）  （1．16）  （15．3）  （〕．02）  （5．23）  （2．64）  （3．68）  （9．87）  

p3  22．0  

（8．61）  （2．65）  （1．03）  （15．9）  （ヱ．コ5）  （8．49）  （1．36）  （11．3）  （3．25）  

P3  20．5  

（2．98）  （8．63）  （0．55）  （14．6）  （0．5白）  （7．コ0）  （0．76）  （1．22）  （0．50）  

p4  25．5  

（5．73）  く3．88）  （0．73）  （9，76）  く0．99）  （3．9β）  （0．白〕）  （2．04）  （1．39）  

P4  24．8  

（9．19）  （9．57）  （0．84）  （15．9）  （1．57）  （6．11）  （1．51）  （3．1一り  （2．41）  

p4  23．5  7．7  

（4．58）  （5．77）  （0．95）  く16．5）  （2．13）  （4．る7）  （6．14）  （1．54）  く1．ユ6）  

p4  エコ．5  21．96  

（7．1ユ）  （4．05）  （0．69）  （19．5）  （ヱ．4）  （4．95）  （1．62）  （1．3）  （3．37）  

p4  20．8  

く7．02）  tO．25）  く3．26）  （15．3）  くユ．つ6）  （5．62）  （1．13）  （1．4コ）  （2．18）  

p5  23．2  

（4．55）  （2．81）  （0．62）  （13．」）  （1．87）  （4．52）  （1．15）  （0．89）  （2．08）  

p5  22．0  

（19●コ）  く2．45）  く0．73）  （15∴＝  （1．94）  （9．15）  く1．BO）  くユ．66）  く4．2も）  

p5  21．0  

（15．9）  （6．74）  （0．69）  （27．5）  （2．13）  （9．69）  （0．97）  （5．4）  lく1．89）  

P5  20．0   

（4．62）  （3．81）  （0．47）  （14．6）  （つ．34）  （3．72）  （1．00）  （1．0－1）  （2．58）   

（）；the stanaard aeviation  
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Sodium concentration was the highest in paddy area and   

thelowestin discharge area andlower aquifer．  

The concentration of potassiumin groundwater was less   

than 5 mg／leverYWherein the study area．  

The concentrations of calcium and magnesium were highin   

thelower aquifer andlowin the upper aquifer．  

Silica analyses of groundwater from various aquifersin   

the study area have been carried out．The results indicate   

that the range of silica concentration is relatively narrow, 

between 5and30mg／lSi02，and the majority of values were  

less thanlO mg／lin the upper aquifer andrnOre than 20mg／l   

in the lower aquifer. From the chemical equilibrium point of 

View／the range of observed silica concentrations suggests   

that variations of a few milligrams per liter may be   

regarded asimportance although the slgnificance of any   

Variation cannot be assessed in this study・＝n addition，   

hYdroge0loglCalprocessesr such as groundwater mixingl   

leakage of groundwater between formations／may COntribute to   

the variation of silicain the groundwater．  

4・2・4 The ev01ution of groundwater qualitY eXPlained bY  

StabilitY diagrams  

From the hydrochemicalpoint of view′ the reaction   

between groundwater and rock can be monitored by the changed  

Chemicalcomposition of the groundwater・Recharge wateris  
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chemically aggressive towards the silicates and this   

aggressiveness willdecrease as the groundwater reacts with   

the minerals．＝ts process can be illustrated by stability   

d土a9ramS．  

The important sources of silica in the aquifer are   

montmorillonite and ka01in minerals．Using the reactions in   

Table 5 and revised thermodynamic data，Stability diagrams   

for the CaO－A1203－Si02－H20 and MgO－A1203－Si02－H20 systems  

have been constructed．The method of construction is glVen   

by Garrels and Christ（1965）．  

＝n the f0110Wing example，the stabilitY diagrams are   

used to indicate the change in chemical composition of the   

groundwaters which will contr01 the breakdown of the   

Silicates and in turn the level of silica released to   

SOlutlon．  

The groundwaters have been plotted on the stability   

diagrams using activity ratios．The activities of the   

different species were calculated using the extended Debye－   

Huckel equation． From the plots， Clear trends of the   

groundwater quality ev0lution can be deducea．  

The groundwatersin the upper aquifer have been between  

3－10mg／lSi02and show a scattered points（Figure20）・The  

SCattered of points may be attributed to variations in the   

Carbonate chemistrylWhich commonly comes from recharge   

WaterS and can be thought to be derived predominantly from  

the soil zone．Comparable silica levels were measured in   

S0lutions equilibrated with soils from the discharge area．  

In this sand laYer Of Ryugasaki Formation，Silica  
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COnCentrationin waters shows anincrease t010 mg／lSi02  

and these groundwaters fall mostly in the ka01inite   

Stability field．They are lying adjacent to the stability   

fields of the higher order silicates．This fact indicates   

that these waters have lost some of their chemical   

aggressiveness as a result of increased reaction with the   

Silicates within the aquifeコ′ due toincreased residence   

time． ＝n some cases， equilibrium with the ka01in mineral   

Phase has been established，SuggeSting that any further   

increase of silica can only come from the breakdown of   

montmorillonite．  

Many chemical features of waters in the lower aquifer 

indicate that theY are SlgnificantlY 01der than that of the   

Other groundwaters and thisis confirmed bY tritium date of   

up t010 YearS（Bae and Kayane1987）．  

Silica concentrations of these waters have increaseddd 

Value，Often exceeding 20 mg／l．The majority plots fallin  

the stability fields of theleast stable silicates（Figure   

20）′ indicating equilibrium between these groundwater and   

the matrix minerals・From the chemicalcomposition of these   

groundwaters，it is clear that continued reaction with the   

Silicate minerals presentin the aquifer can not occur，   

PreVenting any furtherincreasein silica concentrations．  

The development of equilibrium between the groundwater  

and the silicate minerals is indicated by a series of  

hydrochemicalsections．Thelines of the sections are shown   

in Figure 20（and the groundwaters are plotted on the CaO－  

A1203－Si02－H20and MgO－AL203－Si02－H20stability diagrams・  
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Geochemical studies have shown that montmorillonite   

WOuld be quantitativelv the most important silicate in the   

ClaY Of Narita Formation．The results of the present study   

Show that the extent to which this mineral undergoes   

Chemical reactions with the groundwateris a maコOr COntr0l   

On the level of silica concentrationin the groundwaters．   

Silica will continue to be added to s0lution while   

disequilibrium exists between the groundwater and the   

SmeCtite minerals． The development of equilibrium between   

the groundwater in Narita Formation and silicates is   

favored′ aS the montmorillonite is most stable in   

environments of limited groundwater flow and breakdown by   

aiffusion processes，Which willbe reduced in areas of low   

flow．  

S0lution of siliceous minerals is not thought to   

Slgnificantly contribute silica to s0lution as the   

groundwaters rapidlY become saturated with respect to  

quartz・Although the s0lubility of amorphous silicais not   

exceededlits concentrationin the clay suggests thatitis   

an unimportant source of silica．  

The final concentrations of silica in groundwater 

reflect the extent to which the groundwaters have reacted  

With silicate minerals within the aquifer． This is  

COntrO11ed by many factorsincluding kinetic rate contr0ls，  

the nature and chemistry of the mineral phases′ the  

groundwater chemistrY，and the surface area of the minerals   

exposed to circulating groundwatersIWhichisinfluenced・bY  

POrOSitY，Permeability and pore size・＝n addition，the  
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flushing rate contr0ls the removalof s0luble phases（open   

Or Closed conditions）．the presence or absence of more   

reactive phases，time，and the historY Of the groundwater   

including hydroge0loglCal processes such as groundwater   

mixing．Many of theseinfluences are specific toindividual   

aquifer sYStem and cannot be determined without detailed   

investigation．Carefulinterpretation of the reactions，   

OCCurred between the groundwater and the aquifer matrix，   

SuCh as demonstration by using stability diagrams，may allow   

Silica concentration to be used to indicate relative   

groundwater residence times and to help chronicle   

groundwater ev0lution．  

4・3 Characteristics of spring water qualitY  

The groundwater flowed out from the studY area in two   

WayS …  SPring water and groundwater．The water quality   

Varied greatly in the former and little in the latter．As   

describedin Chapter 31duringirrlgation periodr some part   

Of groundwater discharge from the study area（P5）． The   

Spring water samples were analyzed・ ＝ts pH and water   

temperature were als0 0btained．  

Figure 21shows the concentration variations of calcium   

and sodiumin spring water fromJune，1985 to August，1986，   

Where the data was not available from October，1985 to   

March11986（because no spring water existed・＝tis very   

interesting that sodium and calcium in spring water varied 
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With time．  

Referring t・：1Figure 12，it was found that the   

Variations of sodium and calciumin concentration responded   

Well to the heavy rain． Before the heavy rain， the   

concentration of calcium was low and that of sodium was   

high． But after heavy rain，the concentration of calcium   

increased whereas sodium decreased． Moreover， the   

COnCentration of silica after rain was higher than that of   

before rain．  

Spring water acts as the groundwaterlloutcropll・It can   

help us more clearly to know the groundwater flow system．   

The stabilitY diagrams are also used here to indicate the   

Changein chemicalcomposition of spring waters．Allspring   

WaterS fallin the Gibbsite－ka01in minerals－mOntmirillonite   

Stability fields and areindicated on the CaO－A1203－Si02－H20  

and MgO－AL203－Si02－H20stability diagram（Figure22）・  

Before a heavy rainlthe spring waters occupY the par  

of kaolin minerals stahility field. On the other hand, they 

fall mostly in the montmorillonites stability field after 

the heavy rain・Comparing with figure 20，itis notable that   

the spring waters before and after a heavy rainfallin the   

same stability fields as the waters in upper aquifer and 

lower aquifer（reSPeCtivelY・  

Figures 10 and 11 show the equipotential lines 

distribution in the valley where there was a spring. Before 

the rainl the equlPOtentiallines were distributed   

Verticallyin the aquifer，thus／Only the waterin upper  

aquifer was considered to be available for the springWater．  
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However，after the rain，the equlPOtentiallines were   

distributed closely at the valley． Therefore′ the spring   

water was recharged by waters from the upper and lower   

aqu土fers．  

From the observed data， the response of groundwater   

flow system to the rain events contributes the variation of   

Spring water quality・It can be considered that the spring   

Water is supplied only by the groundwater from the upper   

aquifer before a heavy rain， and by the mixing of   

groundwaters from upper aquifer andlower aquifer after a   

heavy ごa土n．  
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V LABORATORY AND F＝ELD EXPERIMENTS  

Two experiments，Water－rOCkinteraction experiment and   

C0lumn experiment，have been doneinlaboratory to study the   

effects of soils on the groundwater quality．As describedin   

Chapter 4． the groundwater quality in field changes   

dramatically when clays exist．Therefore′ the attention has   

been focused on claysinlaboratory experiments．  

0n the other hand，in order to study mass flux in   

unsaturated zone，traCer eXPeriment was donein the field．  

5・1Water－rOCkinteraction experiments with claY  

The soilsamples were taken from the Narita Formation，   

from which claYS Were C01lected by standard method（Starkey′   

Blackmon and Hauff，1984）．The clay constituents were   

identified by X－ray method・This experiment has carried out   

for14days・The experiments began by putting O・5 g dry clay   

into the test tubein which there was 5mlNaCIs0lution（24  

mg／lof sodiumion）．Then，SamPles were taken after O hour，  

1hour，2 hoursJ4 hours（8 hoursJ16 hoursJlday／2 daYS（  

7 days and14 days．  

Figure 23 shows the result of the experiment with the   

Clay in Narita Formation・During the first16 hours，the   

COnCentration of maコOrionsin the s0lution varied greatly．  

Two days after the experiment began′ the water－ClaY  

interaction seemed to approach equilibrium state and the   

COnCentration of maコOrionsin the water showed only a  
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11亡tle varlat土on．  

In the experiment，the concentration of chlorideionin   

s0lutionincreased only 2 percentin comparison with thatin   

Orlginals0lution，andit was hardly to be considered that   

it was a meaningful variation because of the instrumental   

error． The concentration of sodium decreased， Whereas   

Calcium and magnesium increased．The reliability of these   

analyses was checked by means of charge balance contr0l．＝t   

may be considered that theion－eXChange reaction between one   

value ions and two value ions occurred．The concentration of   

the silica alsoincreased from O mg／lat the beginning of   

the experiment to about lO mg／l at the end of the   

experiment．＝t was inferred that the increase of silica   

COnCentration in water mlght be caused by the silicate   

SOlution reactionin the clay．  

Therefore，the nature and behavior of silica in the   

groundwater can be considered as f0110Wing：  

Silica existsin s0lution as the form of Si（OH）4andis  

known as stable species and chemically unreactive under   

normal groundwater conditions．Silica concentration in the  

Study area ranged up t030mg／lSi02With aninputlevelfrom  

lesslmg／lin rainfallto about 2－3 mg／lin theirrigation   

Water・The output concentration was derived from hydr01YSis   

Of silicates and the s0lution of siliceous minerals within   

SO土1 zone．  

Detailed investigations of silica in the aquifers of   

the studY area have shown that the development of observed   

Silica levels reflected the degree to which reactions  
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between groundwater and silicate mineralsin the matrix   

could take place・The finalconcentration was attained when   

the groundwater reached equilibrium with the least stable   

S土1土cate．  

Silica concentrations are conservative and may be as a   

diagnostic of groundwater bodies／SO Variations of a few   

mg／lmaY be regarded as significantininterpretation of the   

Water－rOCk reactions and the final equilibrium between the   

groundwater and silicate minerals．  

The variation of observed silica concentrations reflects   

the extent to which silica is added to s0lution by the   

breakdown of silicate minerals． The s0lutions of siliceous   

minerals such as quartz and opalareless slgnificant．  

The breakdown and weathering of silicate minerals in   

aqueous environments are complex and contr01led by many   

PrOCeSSeS including kinetic rate laws′ the composition of   

the attacking s0lution，and the nature and habit of the   

mineral phase・ The extent of the weathering is also   

dependent on the time′ the flushing rate and the presence of   

more reactive phases．Essentially，the release of silica to   

S01ution will depend on the degree of contact between the   

groundwater and suitable silicate minerals and the chemical   

abilitY Of the groundwater to cause the mineral to   

breakdown．  

As described in Chapter 4′ the concentrations of all   

major elements in precipitation are less than 2mg／l．   

Therefore, rainwater rapidly attacks the minerals including 

Silicates． The release of silica in the soil zone can be  
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examined by the silica level difference between recharge   

waters and the waters that have passed through the soil   

zone．Measured silica concentration in rainwater in the   

Study areais negligible．The data shownin Table 6indicate   

a rapid and slgnificant release of silica to recharge waters   

from the soil zone．The level released from soils in Narita   

Formation is higher than that in other formations， Which   

SuggeStS that the presence of claY Of Narita Formation is   

Slgnificantinincreasing thelevelof silica released． 1  

The experimental results are supported by the recorded  

backgroundlevelof4－5rng／lSi02PreSentin the gr。undwater  

Of upper aquifer area，SuggeSting that this concentrationis   

the minimum derived from the soil zonel although locally   

higherlevels may be released from the soil．  

1ncrease in silica concentrations during groundwater   

movement through the aquifer depends on the continued   

breakdown of silicate minerals presentin the rock matrix．   

With continuing reaction between the groundwater and the   

aquifer matrix, it is possible that the groundwater may show 

an ev0lutionary sequence，that is′ from these waters that   

Show a high degree of disequilibrium with respect to the   

matrix minerals，tO WaterS that have achieved chemical   

equilibrium with the appropriate silicates．  

From the results of field andlaboratorY WOrks，it can   

be found that cations exchange occur where clay exists．  

The irrigation water is the source of recharge for the 

groundwater・As describedin Chapter 4′ theirrlgation water   

in the study area came orlglna11y from the Kasumlgaura Lake．  
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工ts composition is represented by Table 3． However，10n－   

exchange reactions in aquifers have changed the relative   

concentrations of cations in s0lution．  

From the field observations，it is known that cations   

COmPOSitions of groundwater vary greatly when it flows   

through the claY Of Narita Formation from the upper aquifer．   

Montmorillonite′ Whichis the maコOr Clay mineralof Narita   

Formation′is alayered mineralacquiring negative charges，   

because of substitution of ions in the lattice．At the same   

time．these negative charges are neutralized by cations on   

the surface． These cations are also free to move in a   

diffuse swarm at the surface．  

When sodium passes through the clayin Narita Formation   

With the groundwater，the sodium ion will then replace   

Calciumion or magnesiumion as shown below：  

Ca－rnOntmOrillonite＋Na＋（aq）－－〉Na－mOntmOrillonite＋Ca2十  

Mg－mOntmOrillonite＋Na＋（aq）…〉Na－mOntmOrillonite＋Mg2＋  

ClaY aS an eXChanger is a reservoir for various ions．   

＝f a s0lution of constant ionic composition is passed   

through a clayltheion exchangerin the clay willattain a   

Certain composition of cations・During the transient state′   

i.e. when the ion exchanger is adjusting itself to the 

COmPOSition of the s0lution passed through it， the   

perc0lating s0lution is also changlng in composition． As   

S00n aS theion exchanger attainsits finalcomposition，nO   

Change in the perc0lating s0lution will be seen，It can   

explain not only why cation composition changes little in   

the upper and lower aquifers／ but also great when  
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groundwater flows from upper aquifer t0lower one・Because   

theion exchange substances act as reservoirs，the upper and   

lower aquifers willdamp time fluctuations in the ionic   

COmPOSition of water passing through a soil．  

＝t was found that the variations of all elements in the   

experiment，eXCluding chlorideion，have the same tendency   

as that observedin the study area．  

5．2 C0lumn experiments of chlorideion mlgrating through  

Clay  

＝n the water－rOCk interaction experiment described   

above′ the results can not explain the variation of chloride   

ions observedin study arealbecauseit was only concerned   

With the chemicalreaction between water and clay．Thus the   

C0lumn experiments had been done in order to investigate   

both phYSicaland chemicalr01es of claYin water quality   

format土on．  

Figure 24 shows the c01umn apparatus．The undisturbed   

core soil samples taken from the piezometers set up in the 

Study area were used in the experiments． Before the   

experiments beganlthe soil samples were washed by NaCI   

S01ution untilthe concentration of chloride in effluent was   

invariable and approached that ofinput s0lution・During the   

experiments．the difference of hYdraulic potentialbetween   

the upper and lower sides of the soil sample was controlled 

bY the manometer and vacuum pump．When 60 mlNaCIs0lution  
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was putinto the upper tanklthe water samples were taken  

from both upper andlower tanks at the same time・Another 60   

mlNaCI s01ution was put into the upper tank again when   

there was not enough NaCl solution in the upper tank for the 

experiment．  

Figure 25 shows the result of c0lumn experiment with the   

claYin Narita Formation・Before the experimentlthe soil  

sample was washed by NaCIs0lution（32mg／lof chlorideion）   

and the concentration of chloridein theinput NaCIs0lution   

during the experiment was 64mg／l．During the experiment，the   

COnCentration of one－Value ions were higher in the upper   

tank than that in the lower tank．The concentration of two－   

Value ions increased greatly after s0lution flowed．through   

the soil sample．The concentration of silica was up t0 20   

mg／lin effluent．The most interesting result was the   

Variations of chloride ion concentration in the upper and   

lower tanks．  

The variations of chloride concentration ratios with   

time in both of upper tank and lower tank were shown in   

Figure 26． The concentration ratio in the lower tank   

increased untilit reached aboutland after thatit changed   

little．On the other hand，the concentration ratio in the   

upper tank was always larger thanl．The result means that   

Chlorideion was concentrated onlyin the upper tank．  

The same experiment also has been carried out with soil   

in Joso Clay Bed．＝n this experiment，the soil sample was   

WaShed by NaCI s0lution（64mg／lof chlorideion），and the   

COnCentration of chloride in the input NaCI s0lution was  
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32mg／l．The compositions of the waterin the upper tank and  

thatin thelower tank were the same（and the concentration  

of maコOr elements showedless changes・Especially，in this  

case′ nO Chlorideion was concentratedin the upper tank   

（F土gure 27）・  

A theoretical model of the cation adsorption process   

can be developed from electrostatic considerations（B01t，  

1979）．As noted earlier，the surface of a minerals01id   

immersed in a s0lution normally has a net negative   

electrostatic charge that attracts cations from the s0lution   

to maintain electroneutrality． The charge tends to   

immobilize a HfixedlaYerH of cations at the s01id surface・   

At greater distances from the surface the chargeintensitY   

islower，butions of charge opposite to that of the surface   

will be present in larger concentrations than in the bulk 

s0lution．This ‖diffuselayerTlofions extends outward until   

the distance from the surface is great enough that the   

Surface potentialn0longer affects the s0lution properties・   

The concept oflayer of charge near theinterfaceis broadly   

termed as the T－electricaldouble－laYer‖（EDL）theory．  

Because the surface of clay has negative charges，the   

anions can not move into clay until they have connected with 

other cations to form an electronuclear combination．0n the   

Other hand′ the water can moveinto claY eaSier than anions   

d0．＝n the c0lumn experiment，the concentration of anionsin   

the upper tank would get higher and higher when the s0lution   

flows through clay of Narita Formation．Among cations that   

move into clay with anions，SOme Of them take part in ion  
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exchange reaction with the cationsin the clay，Whereas the   

Other part moves with anions continually．  

Chlorideions may be c〇nCluded characteristically to be   

retainedin s0lution through most of the processes that tend   

to separate out other ions．Because the chloride ionis   

PhYSicallYlarge compared with many of the other maコOrions   

in water，it could be expected to be held back in   

interstitial or pore water in clay while water itself was   

transmitted．  

The differential permeability of claY may be a maコOr   

factor in the behavior and composition of groundwater   

associated with fine grained sediment．For example．chloride   

held back while water m0lecules passed through a claylayer   

mlght accumulate until high concentration was reached．The   

Selective behavior of such a laYer also influences the   

residual concentration of cations・ The more stronglY   

retained ions in such a s0lution would be the ones most   

StrOngly attached to cation exchange sites．Calcium is   

COmmOnly theion preferentially held．Thus．a mechanismis   

SuggeSted for the orlgln Of calcium chloride observedin the   

Study area．  

＝n TablelJthe hYdraulic conductivity ofJoso ClaY Bed   

is verY large comparing with．that of clay in Narita   

Formation・ Mineral compositiorlS Of Joso ClaY Bed is   

different from that of clayin Narita Formation・Therefore′   

Joso Clay Bed glVe mOre paths for the groundwater flows than   

the clayin Narita Formation can do′ Which make possible for   

the chloride moving throughJoso Clay Bed freely● From the  
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field observations and the experiment results，it has been   

found that chloride can not be used as a tracer where the   

Clay exists・  

As described above′ mOVement Of chloridein soil can be   

influenced by both charge on the soil surface and the   

hydraulic conductivity of the soil．Therefore，COnSidering   

the synthetic effects of the charge on the soil surface and   

the hYdraulic conductivitY，the behavior of chloridein the   

SOil can be estimated．  

5．3 Field tracer experiment with NaCIs0lution  

From the results of other researchers and the present   

experimental results described above′ it can be concluded   

that both Kant0loam Formation and Joso Clay Bed have no   

influence on the chlorideion moving through them・＝n these   

SOils，it can be considered that chloride ion moves with   

Water（and can be used as a tracer for studylng the movement   

Of chemicals in soil．  

As described in Chapter 2, about three fourth part of 

the studY area Were the fields producing chestnut，Wheat and   

COrn．＝n order to make clear how these fields influence the   

groundwater quality（it was necessary to know the movement   

Of maコOr elementsin the unsaturated zone．  

At the plot P3，the salt（NaCl）was putinto the soil   

Surfacein the August，1985．＝n order to trace the movement   

Of chlorideion，the soilwater samples were c01lected by  
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vacuum technique with soilwater samplers twice a month・  

Figure 28 shows the profile variation of chlorideion   

concentration during the experiment・＝n April（1986， the   

peak concentration of chloride was found at 40 cmin depth，   

and reached at 80 cmin depthin Marchr1987・＝t was found   

that in spite of irrlgation period and precIPitation（the   

Peak concentration of chloride moved slowly，With the rate   

less than 40cm／year．Therefore′ eXClusive of recharge area，   

the soil water contributes little to seasonal changes in   

冒rOundwa亡er qual土ty．  
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Ⅴ＝  DISCUSS＝ON  

The characteristics of groundwater flow system and   

groundwater quality in the study area have been analyzed by 

the c01lected datain chapter 3 and chapter 4′ reSPeCtively・   

1n addition，Chapter 5 reported the results oflaboratory  

and field experiments・Here／SOme reSults willbe discussed   

further．  

The geochemical properties of various groundwater  

bodies are determined bY the chemistrY Of waterin recharge   

areas as well as by different geochemical processes taking 

Placein the subsurface・The ev0lution of water quality   

along the course of its underground movement is thus   

dependent upon the chemical and phYSical properties of   

SurrOunding rocks′  the quantitative and qualitative   

PrOPerties of flowing water bodies，and the products of   

human activity． According to Mercado （1977）． a   

Ilhydrogeochemical sYStemlIis a complex natural framework   

includingliquid，gaSeOuS and（several）mineralphases．The   

input of s0lutions and the physicaland chemical reactions   

OCCurring in the hYdrochemical system of an aquifer define   

the chemicalproperties ofits groundwaters．  

Therefore，eV0lution of water qualitY Can be explained   

S土mply as f0110W土ng●：  

input water ＋ reaCtant Phases  

－－〉 output water ＋ PrOduct phases  

A few studies about water quality has been donein this   

Way．This study has been done to trY tO bridge the gap  
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between the groundwater flow system and groundwater quality   

ev0lution in a small area．  

The results of this study have revealed the complexity   

and variability of groundwater in chemical quality at the 

microscalelevel．When many variables of quantitylquality  

and periodicity of the input waters′ aS Well as the  

multidimensional flow．are considered，Variations in water   

quality at a single sampling site are to be expected・The  

findings reported herein are unlquein：（1）the range of  

variations of chemicalqualityis within microscale（0・5－500   

meters）parcels of water， and（2） the sharpness of   

boundaries between these parcels exists．  

Piezometers vere used to monitor the hydraulic head   

variations in aquifers，then groundwater flow system could   

・be estimated．Some groundwater supplied byirrlgation water   

and precipitation flow in the upper aquifer, forming a local 

groundwater flow sYStem，and the other flows across the clay   

Of Narita Formation，entering a larger groundwater flow   

SyStemin the Dejlma uPland．  

The understanding of transport phenomena of p011utants   

in the water of an aquifer requires detailed real－time   

distribution of chemical species with a high spatial   

res0lution．Such data have been unavailable until soil water   

SamPler and pleZOmeter Were uSed in the study． These   

techniques are effective in the investigation of p01luted   

aquifers that underlies cultivated fields．  

The ten measured elements of hydrochemicalconstituents   

in water samples have been used to characterize the  
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groundwater quality in groups・＝t is found that the  

groundwater quality are distributed in stratification in 

space（Whichis believed to be contr01led by ge0loglCal  

setting・Stability diagrams have been used to explain the  

ev0lution of groundwater quality・From the results of this   

study／ StabilitY diagrams is a very powerful t001to   

estimate the ev0lution of groundwater quality・  

The results obtained from the field and laboratory   

experiments show that groundwater quality changes greatly   

When clay exists・＝t has been known that some clays havelow   

Permeability；Subsurface environments which are composed of   

these media and lacking well developed secondary   

Permeability form the groundwater sYStem With many   

distinctive characteristics．Moreover，grOundwater flow in   

these environments appears to influence the ev0lution of   

Certain hydr010glC，ge0loglC，and geochemical systems． On   

the other hand，the composition and nature of clay contr0l   

not only groundwater flow′ but also the chemical reaction   

Which occursin the groundwate 

between groundwater and the media can reachin a short time，   

it is believed that microscale heterogeneity will be found   

in most p01luted aquifers．  

As a wh0le，the ev0lution of groundwater qualityin the   

Study area can be considered as f01lows．  

Theinput of s0lutes may come from severalsources：   

（1）S01utes originating inirrigation water recharging the   

aqu土fers．   

（2）S0lutes originating in rain water recharging the  
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aqu土fers．   

（3）Diss0lution of salts occurringin the aquifer materials   

bY flowing groundwaters・   

（4）Diagenetic processes， SuCh as hydration， hydrolysis，   

○Ⅹidation－reduction andion－eXChange reactions．   

（5） Agricultural activities′  SuCh as fertilizer，   

agriculturalchemicals′ andlivestock activities．  

Groundwa te r moves down across the different layer or 

along the same aquifer．Therefore′ the chemicalcomposition   

Of groundwater in each layer depends upon the chemical   

COmPOSition of water leaking vertically from the above   

iayer or recharglng laterally from upstream and the   

PrOperties of soilthe water flowing through．Espeピ土allY，it   

Varies greatly between the claylayer and overlaid aquifer．  

The relationships between hydr0logy，Clay mineralogy of   

Weathered plaglOClase products and aqueous geochemistrY are   

analYZed and summarized systematicallyin Figure 29．  

The Kant0loam Formation is located at upper part in   

the study area，Where the waterin this soilis influenced   

greatlY bY the human activities．Allma〕Orions can be found   

here， and the standard deviations show that variations c）f   

a11ma〕Orions are thelargestin the study area．  

The groundwater flows down from Kant0loam Formation   

intoJoso Clay BedlWhichis the first claylayer that   

groundwater rneets whenit flows frorn the recharge area．   

Little of potassium was detectedin Joso ClaY Bed；it is   

COnSidered that potassiumis absorbed by soilin Kant0loam   

Formation whenit moves through with groundwater．Calciumin  
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groundwateris exchanged by sodiumin this claylayer and   

causes the increasing of concentration of sodium in the   

groundwater up t0 30 mg／l． At the same time， the   

concentration of nitrate decreases to aboutlO mg／l．This   

decrease might be caused by biochemical reactions in the   

SOユ1．  

The groundwater quality in sand of Ryugasaki Formation 

has the same characteristics as that in Joso Clay Bed．   

Considering the groundwater flow sYStem，the groundwaterin   

the sand of Ryugasaki Formation is recharged by theee 

groundwater in Joso Clay Bed． Because velocitY Of   

groundwater in the sand laYer is high，there is no enough   

time for chemical reactions to take place when the   

groundwater flows through thislayer．0n the other hand，it   

Can be said that the sand had no influence onto the   

groundwater quality because of its composition and feature   

in mineralphase．  

The dramatic variations take place when the groundwater   

flows through the clay layer in Narita Formation．The   

COnCentration of silicaincreases t0 20 mg／l，because the   

Silica diss0lves from the clay．0pposite toJoso Clay Bed，   

SOdium in the groundwater is exchanged by calcium，and   

CauSed the concentration of calciurn in the groundwater  

increases t0 20 cm／l．The mostinteresting phenomenais the   

increase of chloride concentration in this laYer． As   

described in the Section 2 0f Chapter 5，the synthetic   

Operations of physics and chemistry of clay in Narita   

Formation may resist the chloride ions moving through it，  
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andlet only groundwater flowing freely．According to this   

fact，it can be concluded that the velocity of groundwater   

is different from that of chemicals， eVen Chloride ion，   

When clays existin the groundwater flow system．  

After the groundwater flowed through the clay layer in 

Narita Formation，the groundwater quality ev0lution is   

COntr01led only by the mineralogy．Sodiumin the groundwater   

is continually exchanged by the calcium．Concentration of   

Chloride is less than 20 mg／l．0n the other hand，the  

COnCentration of HC03‾increases up t0100mg／l，because of  

the diss0lution of the minerals in the Narita Formation．  
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V＝1  CONCLUS＝ONS  

Groundwater quality ev0lution in groundwater flow   

system has been studied on microscale in a small valley head 

basin，located on an upland with multilayered ge0loglCal   

Formations．The study area has been chosenin Dejlma uPland   

area，Ibaraki Prefecture，Japan． Studies were undertaken   

through field observations andlaboratory experiments．  

The results are summarized as f01lows：  

（1）Annualirrigation wateris three times larger than   

PricIPitation in the study area． Comparing with the   

PricIPitationin which each of maコOr elementsisless than 2  

mg／l，theirrigation water qualityis Cl－－S042－－Na＋ type・  

Therefore， grOundwater is mainly recharged by irrlgation   

Waterin quantity and quality．  

（2）＝t was observed that the study areais dividedint0   

local and intermediate groundwater flow system by clay of 

Narita Formation・ The groundwater quality ev01ution   

PrOCeSSeS OCCur bothinlocalandintermediate groundwater   

flow sYStem．  

（3）Each aquifer has its own groundwater quality   

Characteristics′ but groundwater qualitY is different from   

aquifer to aquifer・ExpeciallY（the groundwater qualitY   

Varies greatly where clay exists．Therefore，distribution of   

groundwater qualityis stratifiedin the study area．  

（4） On the other hand， StruCture and mineral   

COmPOSitions of clay contr0lnot only the cations and silica   

COnCentrations in the groundwater，but also movement of  
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Chloride ion． From the field observations and laboratory   

experiments，it was found that chlorideionis concentrated   

Where the clay of Narita Formation exists．This phenomenon   

dose not occurin the Joso Clay Bed．  

（5）Claylayerin the groundwater flow systemis one of   

the most important factors to contr01the variation of   

groundwater quality in the study area－，and in turn the   

movement of chemicalsin the groundwater system．  

（6） The ion exchange reactions that occurred in   

groundwater and claY laYer through which groundwater flows   

influence the concentration variations of both 1 va luee 

Cations and 2 value cationsin groundwater．   

（7）The Ca2＋／Na＋ ratio variationin spring wateris  

COntr01led by the mixing ratio between the groundwater in   

the upper aquifer andinlower aquiferinirrlgation period・  

Although the conclusions arelocaland confined to the   

aquifers in the upland, the proposed methods may have 

applicabilityin otherlocations．  
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