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PRECISE RELATIVE MEASUREMENTS OF GRAVITY

IN KINKI DISTRICT，JAPAN

Mikio SATOMURA＊

Abstract Gravity measurements have repeatedly been carried outin the area around

Lake Biwa since1971in order to detect the secular change of gravity．In addition，

throughthe examination on characteristics of LaCoste＆Romberg gravimeters，We

proposedthemethod ofmeasurement atthe stationswith almostequalgravity valuein

order to carry out the gravity measurement more accurately．And therefore，anOther

precisegravitymeasurementhasbeencarriedoutatstationswherethe gravityvalueis

almostequaltothatofreferencestation（GeophysicalInstituteofKyotoUniversity；979．

70775gals），alongthelevellingrouteintheareacoveringLakeBiwaandtheKiiPeninsula

since1972．Besidesthem，theprecisegravitymeasurementhasalsobeencarried outat

stationswiththegravityvalue979．686galsindueconsiderationoftheirdistribution．

The accuracy of the results wasinvestigatedin many points of view，andit was

ascertainedtobeusuallyaboutlOjLgalsinstandarddeviation．

The results obtained by the gravity measurements were compared with the results

obtained．bylevellingsurveys，bywaterlevelobservations ofthelake，bシoceanictidal

Observations，byundergroundwaterlevelobservationsandbygeodetic contrblsurveys．

Thegravitychangewasnotinagoodcorrelationwiththeverticalmovementobtained

fねmlevellingsurveys，butitwaswiththemovementsobtainedfromtheobservationsof

waterlevelandoceanictides．Theprecisegravitymeasurementislessaccuratethanthe

levelling survey when the vertical movementis to be obtainedin a short distance．

tJowever，itisavbryざreatadvantagethattheprecisegravitymeasurementcandirectly

COnneCttWOStati・OnSWhicharelocatedfarapart．Thelevellingsurveycannotrealizethis

advantage，Whiletheobservationsofwater－leveland oceanic tideshave this advantage．

Theresultsofthepresentinvestigations・品aybeascribedtothisadvantage．

Ontheotherhand，thegravityincreasewasfoundatthetipoftheKiiPeninsula，and

thismaybepartlyexplainedbythearealcontractioncausedbythepushofthePhilippine

Sea Plate．
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Appendix（Notes）

1．1ntroduction

Thegravityvalue at a point ontheearthde－

pendsonthefollowings；

a）attractionbytheearth’smassincludingthe

OCeanWaterandatmosphericgas，

b）centrifugal force by the rotation of the

earth，and

C）attractionbythecelestialbodies．

It had been thought for along time that the

gravityfieldontheearthiseternallyunchanged

With thelapse of time，but the advancement of

gravitymeasurementchangeditsthought．When

periodicvariationsuchastidalandatmospheric

effectsis not considered，the change of gravity

valueatapointontheearthcanbeproducedby

thefollowings；

a）Change of the dimension and mass of the

earth，

b）changeoftherotationoftheearth，

C）Changeofthegravitationalconstant，

d）change of mass distribution of the earth

interior，aS a Whole，

e）redistributionofmassesjustundertheearth

Surface，and

f）movementoftheearthsurface（thepointof

measurement）．

In all cases mentioned above，the secular

Change of gravity can be substantiallyinvesti－

gated by the absolute measurement of gravity．

In fact，the accuracy of the absolute measure－

ment ofgravity recently reached at an order of

JLgalsbyanemploymentofthemethodoffree－fall

（e．gl，HAMMOND，1978，FALLERetal．，1982）Orfree

riseandfallobservation（e．gl，SAKUMA，1973；00E

etal．，1982）inordertoexaminenon－tidalgravity

change．SAKUMA（1973）foundachangeofgravi－

tyamountingtoabout30FLgalsbyhisabsolute

measurementsbetween1966and1972at Sevres．

At the present time，however，itis not easy to

carry out an accurate absolute measurement

of gravity at many stationsin the world・The

hypothesisonthesecularchangeofgravityfield

derived from the movement of earth core was
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introduced forits cause（VoGAL，1968；BARTA，

1971；1978），but either absolute measurement or

worldwide relative measurement of gravity

shouldbeperformedforsuchinvestigation・

On the other hand，relative measurement of

gravityinlocalorregiOnalareacanbeusedonly

toinvestigate thelast two cases mentioned

above；i．e．，redistribution of masses just under

theearthsurfaceandmovement（practicallyver－

ticalmovement）oftheearthsurface．However，

SuCh relative measurement of gravityis easier，

morerapidandinawiderareatot光Carriedout

accuratelyatmanystationsthanabsolutemeas－

urement or worldwiderelative measurement．

The vertical crustal movement can be meas－

ured by thelevelling survey．When both the

gravitymeasurementandthelevellingsurveyare

simultaneouslycarriedout，Weareabletoobtain

theinformationonmassredistributionordensity

Change just under the earth surface．Levelling

SurVeySuSually take a great deal oflabour and

muchtime．Onthecontrary，arelativemeasure－

mentofgravitycanbecarriedoutoverawider

area，inashorterperiodoftimeandatacheaper

COSt than thelevelling survey．Itis therefore

thought that repeated precise relative measure一

mentsofgravitymaybeoneoftheeffectiveand

economical methods for detecting the vertical

CruStal movement，though the gravity measure－

mentis originally not a method to detectit，if

their accuracyis comparable with that ofleve1－

1ing surveys．As a result，investigations on

whetherthesecularchangeofgravitydifference

among some stationsis detectable or not have

recentlybeenmadeinmanyregionsoftheworld

（e．g．，MoRELLIandHoNKASALO，1975）．

Asitwasimpossible to obtainthe highpreci－

Sionin gravity measurements，nO Substantial

Study on secular change of gravity appeared

before1950exceptafewpioneerresearches（e．g．，

IsHIMOTOandTUzI，1929）．

The employment of a portable gravimeter of

3

springtypeenablestherelativemeasurementof

gravitytobecarriedoutmoreeasilyandrapidly．

Some detections of secular change－FOf gravity

were reported by means of Worden and North

AmericangravimetersinJapan（e．g．，IIDAetal．，

1950；1952；JITSUKAWA and TAJIMA，1962；KU－

BOTERAandSUMITOMO，1965）．

In KinkiDistrict，graVity measurements were

carried out several timesbetween1950and1962．

0ne gravity change amounting to O．1～0．3mgal

WaS Observed during the period of1950～1953

（IcHINOHE，1955），andtheotheramountingtoO．3

～0．6mgalwasalsoobservedduringtheperiodof

1952～1962（IcHINOHEet al．，1963）．Bothresults

Showthatgravityvalueincreasedonbothshores

Of the southern part of Lake Biwa during the

periodsconcerned．

TheemploymentofLaCoste＆Romberggravi－

meterin the gravity measurements has enabled

themmoreaccurate，andinvestigationstodetect

timechangeofgravitydifferencehavebeenmade

notonlyinJapanbutalsoinmanyregionsofthe

WOrld．InJapan，time change of gravity by a

LaCoste＆Romberggravimeterwasfirstdetect－

edinIzu－00ShimaIsland（FUJIIetal．，1964a），but

itwasachievedbycomparingtheresultobtained

byaLaCoste＆Romberggravimeterwiththatby

aNorthAmericangravimeter．Anothergravity

measurement was carried out by a LaCoste＆

Romberg gravimeterin1967inIzu・00ShimaIs－

land，and gravity decrease of0．8～0．9mgalwas

detectednearthevoIcaniccrater（INOUYEet al．，

1968）．

Matsushiro Earthquake Swarm，Which began

inAugust1965inthecentralpartofJapan，prO－

Videdanappropriatetestfieldtoinvestigatethe

timechangeofgravitycausedbyseismicactivity．

A series of gravity measurements were carried

Outinthe area ofactivecruStaldeformationby

the Geographical　SurveyInstitute（GEOGRA－

PHICAL SURVEYINSTITUTE，1967；1968），the

GeologicalSurveyofJapan（SEYA，1968）andthe
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Earthquake ResearchInstitute ofthe University

OfTokyo（HAGIWARA and TAJIMA，1973；TAJI－

MA andIzUTUiA，1974）．A dilatancy water

diffusion model was applied to the Matsushiro

EarthquakeSwarmanditwasdiscussedfromthe

dataofgravitymeasurements（FUJITAandFUJII，

1974；NUR，1974；KISSLINGER，1975）．

Thestudiesontimechangeofgravitywerealso

reported by many overseas researchers（e．g．，

BARNES、，1966；HUNT，1970；ScHLEUSENER and

ToRGE，1971；BoULANGERandScHEGLOV，1971）．

Needle岳stosay，amOStaCCurategravitymeas－

urementishighlyrequiredin orderto detectthe

time change of gravity．Test measurements

Were Carried out to check the accuracy of a

LaCoste＆　Romberg gravimeter（FUJII et al．，

1964b）．A special case to carryit was experi－

mentally constructed to reduce the drift of the

gravimeter（HAMILTONandBRUL宜，1967）．

Ontheotherhand，theoreticalstudieswerealso

made on the secular change of gravity as the

result of crustal deformation and underground

massmovement（e．g．FUJII，1969；TAZIMA，1970）．

TheInternationalAssociationofGeodesy（IAG）

recognized theimportance ofimproving gravity

measurements，and a Special Study．Group on

ttSpecialTechniques of Gravity Measurements”

WaSeStablished at the GeneralAssembly ofthe

IAGheldatLucernein1967，andmanyresearch－

ersengagedinthisstudy（HoNKASALO，1971）．

UnderthesecircumStanCeSOfresearchesonthe

precise gravity measurement and on the secular

Change of gravityin the world，We Started the

precisegravitymeasurementsinabout1970．

2．PurposeoftheInvestigations

As we have mentionedin the Chapterl，tO

detectthetimechangeofgravityhasbeenoneof

themostimportantaimsofinvestigationingravi－

metrysince1960’S，andmany pioneerresearches

Ontimechangeofgravityhavebeencarriedout．

Theprecisionofthegravitymeasurement，how－

ever，hasnotalwaysbeensufficientlyreliableto

detect small gravity changes．We started an

investigation for detecting the time change of

gravityin the area near Kyotoin1971．Two

areasaroundLakeBiwaandintheKiiPeninsula

WereChoseninKinkiDistricttocarryoutprecise

gravitymeasurements．

We wereinterestedin the area around Lake

Biwa；first，itis close to Kyoto，and therefore

the gravity measurements can be carried out

easily，aCCurately and within a short time；SeC－

Ondly，inKinkiDistrictincludingthisarea，graV－

itymeasurementshadrepeatedlybeencarriedout

between1950and1962byusingNorthAmerican

andWordengravimeters，andtheresultsshowed

thatgravityvaluehadincreased ontheshore of

Lake Biwa，but the results obtained by such

gravimeterswerenotsoaccuratethattheycould

nottellwhetherthegravityincreasewasrealor

not；thirdly，inthisareatwomoreprecisegravi－

ty measurements were carried outin1964and

1967by using LaCoste＆Romberg gravimeters，

butthemethodsofprecisegravitymeasurements

Were nOt yet refined and such data had some

questions on the accuracy to detect the secular

Changeofgravity．Westartedtheprecisegravi－

ty measurements along the route around Lake

Biwain1971with LaCoste＆Romberg gravi－

meterG－196（NAKAGAWA et al．，1972；SATOMU－

RA and NAKAGAWA，1972），and they have been

Carriedoutalmosteveryyear．

Next，Wepaidattentiontotheareainthe Kii

Peninsula．ItisnotfarapartfromKyoto，andin

thisareathereismuchpossibilitytoprovethata

largegravitychangeaccompaniesalargescaleof

CruStal movements．According to geophysicaL

Studies made so far，the ground gradually sub－

Sides at ordinary times，While an abrupt uplift

OCCurSqtthetimesofgreatearthquakes，inthe

Kii Peninsula（MIYABE，1955）．Therefore，itis

highlyexpectedtomeasurethegravitychangeof
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alargescaleinthisarea．Ⅰngeneral，thesouth－

ernpart ofthe KiiPeninsulahas ahighgravity

anomaly，Whilethenorthernparthasalowone．

We could，therefore，find many gravity stations

With a similar gravity value all over the area．

Therectilineardistancebetweenthetwoextreme

stations was about　200kmin north and south．

Gravity stations werespecially chosen from the

firstorderbenchmarkswithsma11gravitydiffer－

encesin1970，alongthelevellingrouteofthearea

COVeringLake Biwa andtheKiiPeninsula（NA，

KAGAWAandSATOMURA，1973）．Suchmeasure一

ments became the topic of conversations of re－

SearChersongravimptryofthosedaysinorderto

increase the accuracyln gravity measurements，

because they were almost relieved from their－

regularity of dial screw of the gravimeter，the

determination error of scAIe values and others．

We had tried to examine the validity of such

measurements through　performing the gravity

measurements（NAKAGAWA and SATOMURA，

1971）．Similar precise gravity measurements

have been carried outin the Muroto Peninsula

andin T6kai District（SHICHI et al．，1983）in

Japan，and alsoin some overseas areas（e．g．，

KIVINIEMI，1974；GROTEN，1975；ELSTNER et

al．，1978；HIPKIN，1978）．

The Geodetic Society ofJapan organized a

Working Group for Gravity Measurements and

Precise Leve11ing，and held three symposia on

ttGravityandPreciseLevelling”in1969，1970and

1971．Manyreports were presented atthe sym－

posia（e．g．，WoRKING GROUP FOR CoMPARING

THE GRAVIMETERSINJAPAN，1969；NAKAGA－

WA and SATOMURA，1971）．The necessity for

makingfundamentalexaminationstoinvestigate

thecharacteristicsofLaCoste＆Romberggravi－

meterswasemphasizedatthesympOSia（NAKA－

GAWA，1971）．

Afterthesymposia，WeeXaminedcooperative－

1y the characteristics of LaCoste　＆　Romberg

gravimeters（modelG）atKakiokain1973（NAKAT

5

GAWAet al”1973）andatMizusawain1974（NA－

KAGAWA et al．，1974）．The following points

wereinvestigated for nine LaCoste＆Romberg

gravimeters；

a）scalevaluesofthegravimeters，

b）effectbyturningthemeasurescrewofthe

gravimeters，

C）effect due to voltage change of the con－

nectedbattery，

d）effect due to meteorological disturbances，

and

e）influenceduetovibrationduringthetrans－

portation．

Similar examinations were also carried outin

many countries（e．g．，KIVINIEMI，1974；DU－

CARME et al．，1976；HIPKIN，1978；GERSTNECK－

ER，1978；KANNGIESER，1982）．

We also carried out the precisegravity meas－

urements cooperativelyin East Hokkaidb（IzU－

TUYA et al．，1976；OHKAWA et al．，1976），inthe

MiuraandB6S6Peninsulas（TAJIMAetal．，1976），

in T6kaiDistrict（IcHINOHE et al．，1983）andin

the Muroto Peninsula（TAJIMA，1975）；Where

large earthquakes periodically occur byinterac－

tionofoceanicandcontinentalplates．Notonly

CO－Seismic gravity change but alsointer－Seismic

One are eXpeCtedin those regions（FUJIJ，1972；

FUJII and NAKANE，1972）．Large co－Seismic

ChangeofgravitywasobservedduringtheEarth－

quake off Nemuro Peninsula of1973（M＝7．4）

（FUJITAetal。1975），butitwaslaterfoundtobe

not co－Seismic change but either after－Seismic

Change or a measuring error（OHKAWA et al．，

1976）．Izu Hant6，0ki Earthquake（M＝6．9）oc－

Curredin1974．Afterthis earthquake，theeast－

ern part ofIzu Peninsula became tectonically

active，andsomegravitychanges weredetected

there（HAGIWARAetal．，1976a；1976b；1977；1978；

1980）．

Agravityincreaseamountingt00．1mgalwas

reported on both shores of the southernpart of

Lake Biwabetween1964and1971（NAKAGAWA
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et al．，1972；SATOMURA and NAKAGAWA，1972）．

Hypothesesthatthebasement rises and that the

densityofsedimentsincreasesbycompaction，led

toaconclusionthataviscosityofbasementis6×

1020poises（NAKAGAWAandSATOMURA，1975b），

but there are few geologiCal evidences which

SuppOrt the hypotheses．The results obtained

between1971and1975Were consistent with the

results oflevelling surveys．They seemto sup－

porttheviewthatrepeatedprecisegravitymeas－

urements are substitutedlevelling survey as a

morerapidandeconomicalmethod（NAKAGAWA

and SATOMURA，1976；1977）．

We have also repeated the precise gravity

measurementsin voIcanic regions；thatis，Aso

VoIcano（KUBOTERA et al．，1974；1978；1984；

KUBOTERA and SATOMURA，1985）andIwaki

VoIcano（SATOMURAandIcHINOHE，1975）．

Wehaveconfirmedthevalidityofprecisegrav－

ity measurementsin order to detect secular

Change of gravity，throughour many perform－

ancesofthe gravity measurements．Werecom－

mendedthemethod oftheprecisegravitymeas－

urementstotheIAG（NAKAGAWAandSATOMU－

RA，1975a），preSentedtherelationbetweengravi－

ty changeandverticalmovement obtained from

thelevelling surveys，and recommended to both

theInternationalGravity Commission（IGC）and

theIAGthatsuchmeasurementswereeconomical

methods to detect the vertical movement．

ThroughSome recommendationsincluding ours，

theIAG recommended to develop the precise

gravity measurements（NAKAGAWA，1975），and

many researchers started the studies on precise

gravity measurement and on secular change of

gravityin response to the recommendation．Of

COurSe，Wehaveenergeticallycontinuedtocarry

Outtheprecisegravitymeasurementsintheareas

around Lake Biwa andinthe Kii Peninsula．

Wehavesuccessivelypublishedtheresultsand

discussed theirinterpretations．And now we

COllectively analyzed，in the present article，the

totalofourformerdata obtainedby LaCoste＆

Romberggravimeters around Lake Biwa andin

the KiiPeninsula and new data not only of the

measurements concerned but also scalevalues of

thegravimeters employed；and discussed on the

results of gravity change obtainedin the areas

COnCernedduringthepast decade，bycomparing

With some other data such aslevelling surveys，

OCeanic tidal observations and so on．

3．Location of Stations and Method of

Measurements

3－1．Around Lake Biwa

In the area around Lake Biwa，graVity meas－

urementshaverepeatedlybeencarried out since

1950，but a North American gravimeter and a

Wordenonewereemployedinthemeasurements

before1956．Theseresultsarelessaccuratethan

those obtained by using LaCoste　＆　Romberg

gravimeters，SO that we discuss only the results

Obtainedby LaCoste＆Romberg gravimetersin

the present article．Only one LaCoste＆Rom－

berggravimeterwasusedinthesegravitymeas－

urementsin1964　and1967．Measured stations

Were Chosen mainly from the first order bench

marks，Whilesomestationswerenotbenchmarks

butontheroadnearbenchmarkswhichcouldnot

be found，Or On the stone steps of shrines or

templeswhich，We judged，WOuld remainintact．

Thesestations arenotsuitableforthestationsof

repeated precise gravity measurements，because

the gravity change measured cannot be told to

result whether from the movement of measured

Stationorfromtheundergroundmassredistribu－

tion．

We started a new series of precise gravity

measurementsin1971at the same stations asin

1964and1967，butsomestationswhichwerenot

benchmarkswerechangedtothenearestbench

marks．Location ofthe main measured stations

isshowninFig．1，andtheirdetailsareshownin

both Tablel and Notel．
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Tablel．DescriptlOn Of the stationsin the area around Lake Biwa

7

L a titu d e L o n gi tu d e H e ig h t L a titu d e L o n g itu d e H e ig h t

K y o to U n iv ．
3 5 00 1：7 N 13 5 04 7 ：2 E 5 9 ．86 m

－B ．M ． 10 5 0 0 （fo rm e r）
3 5 。2 7 ニ2 N 13 6 0は 8 E ■ 10 1 ．2 1 m

B ．M ．2 4 1 3 5 0 1．6 13 5 4 6 ．4 5 3 ．5 8 K in o m o to 3 5 30 ．1 13 6 1 3 ．7 1 20 ．

K e a g e 3 5 0 0 ．5 13 5 4 7 ，4 6 0 ． B ．M ． 10 5 （裕 3 5 3 2 ．5 13 6 1 2 ．5 14 7 ．4 5

B ．M ．2 15 ．1 3 5 00 ．4 13 5 4 7 ．4 5 8 ．9 2 H a n n o u r a 3 5 30 ．0 13 6 1 1 ．4 14 0 ．

B ．M ．2 15 3 4 5 9 ．6 13 5 4 8 ．2 6 3 ．16 Y a n o k u m a 3 5 30 ．7 13 6 0 9 ．1 10 5 ．

K y o to C o l．P h a r m ． 3 4 5 9 ．2 13 5 4 8 ．8 5 5 ． S a k a e b a sh i （f o rm e r ） 3 5 30 ．1 13 6 0 8 ．1 9 0 ．

B ．M ．2 13 3 5 0 0 ．1 13 5 5 2 ．4 9 0 ．4 7 S a k a e b a sh i （n e w ） 3 5 30 ．1 13 6 0 8 ．1 餅）．

S et a （K a r a h a s h i） 3 4 5 8 ．2 13 5 5 4 ．5 8 9 ． 6 u r a 3 5 29 ．2 13 6 0 7 ．6 9 5 ．

B ．M ．2 1 1，1 3 4 5 8 ．2 13 5 5 4 ．5 9 1 ．3 5 K a iz u （F u k u ze n Tji） 3 5 27 ．6 13 6 0 4 ．6 9 0 ．

B ．M ．2 10 ．1 3 4 5 9 ．2 13 5 56 ，6 1 0 9 ．4 9 K a iz u （S a ie i－ji） 3 5 27 ．6 13 6 0 4 ．4 餌）．

Y a s a k a S h rin e 34 5 9 ．2 13 5 56 ．0 1 00 ． 2 n d　 O rd er　 B ．M ．3 8 5 1 3 5 2 7 ．2 13 6 0 4 ．0 8 7 ．3 0

2n d　 O r d e r　B ．M ． 1 3 30 3 5 0 1 ．2 13 5 5 5 ．9 8 6 ．9 5 M a k in o 35 2 7 ．7 13 6 0 2 ．6 10 5 ．

K u s a ts u J H S 3 5 0 0 ．7 13 5 58 ．0 9 5 ． K ita s h in p o 35 2 6 ．7 13 6 0 2 ．2 10 5 ．

B ．M ．2 0 9 ．1 3 5 0 0 ．9 13 5 57 ．8 9 7 ．0 7 Y 豆 35 2 4 ，2 1 3 5 5 9 ．4 14 0 ．

K u s a ts u （D e n ta l） 3 5 0 0 ．8 1 3 5 57 ．7 9 7 ． B ．M ． 1 3 28 35 2 4 ．2 13 6 00 ．4 12 4 ．0 0

B ．M ．2 0 9 35 0 1 ．7 1 3 5 58 ．5 9 3 ．8 6 B ．M ． 1 3 26 35 2 3 ．8 1 3 6 0 2 ．4 8 7 ．2 4

B ．M ．2 0 8 ．1 （fo rm er ） 35 0 2 ．7 1 3 5 59 ．2 9 7 ．2 2 B ．M ， 1 3 23 35 2 0 ．7 13 6 0 1 ．9 9 6 ．7 6

B ．M ．2 0 7 ．1 35 0 3 ．6 1 36 0 1 ．4 9 9 ．2 7 B ．M ． 1 3 22 35 19 ．6 1 3 6 0 1 ．7 9 1．1 7

B ．M ．2 （謁 35 0 5 ．0 1 36 04 ．8 1 1 3 ．9 5 B ．M ． 1 3 20 35 17 ．7 13 6 0 1 ．0 8 6 ．9 5

B ．M ．2 0 5 ．1 35 0 5 ．6 1 36 0 5 ．9 9 9 ．5 9 B ．M ， 1 3 16 35 14 ．8 13 5 5 8 ．4 9 1．3 4

B ．M ． 2 0 4 ．1 35 0 6 ．7 1 36 08 ．0 10 0 ．3 8 B ．M ． 1 3 1 2 35 1 1．7 1 3 5 5 5 ．4 10 4 ．3 6

H ig a sh io is o （P a s s ．） 35 0 7 ．8 1 36 10 ．∩ 10 3 ． B ．M ． 1 3 1 1 35 10 ．8 1 3 5 5 5 ．0 9 7 ．9 2

B ．M ． 2 0 3 ．1 3 5 0 7 ．8 1 36 10 ．0 10 4 ．5 5 B ．M ． 1 3 10 35 10 ．0 1 3 5 5 5 ．4 8 7 ．1 2

G o k a s h 石 （Z e n j正一ji） 3 5 0 9 ．2 1 36 12 ，0 10 8 ． B ．M ． 1 3 09 35 0 9 ．1 1 3 5 5 5 ．5 9 5 ．5 0

B ，M ． 2 0 2 ．1 3 5 0 9 ．2 1 36 1 1 ．9 10 7 ．9 9 B ．M ． 1 3 08 35 0 8 ．4 1 3 5 5 5 ．6 8 9 ．2 4

B ．M ．訓 3 5 13 ．8 1 36 15 ．5 10 4 ．5 2 B ．M ． 1 30 7 3 5 0 7 ．3 1 3 5 5 5 ．3 8 7 ．8 0

H ik o n e 3 5 16 ．4 1 36 15 ．6 9 5 ． B ．M ． 1 30 5 3 5 0 5 ．3 1 3 5 5 3 ．8 8 7 ．2 1

B ．M ． 1 98 ．1 （f b rm e r ） 3 5 16 ．5 1 36 17 ．1 10 2 ．8 0 K a r a sa k i （S h r in e ） 3 5 0 2 ．7 1 3 5 5 2 ．6 8 7 ．

B ．M ． 1 98 ．1 （n e w ） 3 5 16 ．5 1 36 17 ．1 10 1 ．6 8 B ．M ． 1 30 2 3 5 0 2 ．7 1 3 5 5 2 ．5 8 6 ．3 6

E m p e ro r M e iji 3 5 18 ．7 13 6 19 ．0 1 18 ． B ．M ． B －2 3 5 0 9 ．3 1 3 5 5 4 ．4 2 3 0 ．

B ．M ． 1 9 7

S a m e g a i

K a sh iw a b a ra

S e k ig a h a ra J H S

B ．M ． 1 93

S e k ig a h a ra （S h r in e ）

Ib u k i

B ．M ． 10 4 9 5

U c h ib o

K o h o k u

35 18 ．8

35 19 ．6

3 5 2 0 ．5

35 2 1．4

3 5 2 1．5

3 5 2 1．6

3 5 2 2 ．9

3 5 2 4 ．7

3 5 2 5 ．6

3 5 2 6 ．7

1 36 19 ．2

13 6 2 1．3

1 36 2 4 ．5

1 36 2 8 ．1

1 36 2 8 ．2

13 6 2 8 ．3

13 6 2 2 ．8

13 6 2 0 ．1

13 6 17 ．9

13 6 14 ．6

1 14 ．7 9

14 0 ．

17 7 ．

12 0 ．

12 3 ．0 1

12 2 ．

18 0 ．

13 1 ．13

1 13 ．

9 9 ．

B ．M ． B －5 3 5 0 9 ．4 1 3 5 5 2 ，1 15 0 ．
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Sota211－1

0　10　　2㌔m

Fig．1．Location of the main measured

stationsinthe area aroundLake Biwa．
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Fig．2．Schemesofthemeasuredorderof

the stations．

（a）One－Waymeasurementsmakingthe

Smallloops．

（b）Goingandreturningmeasurements．

In1964and1967，One－WaymeaSurementSmak－

lngthesmallloopswerecarriedoutasshownin

Fig．2（a）．Thesemeasurementswerecompleted

atallstationsinafewdays．Tobeconcrete，We

measuredin1964asfollows；

first day：Kyot0－1station－6tsu－SetaN

6tsu－1station－Kyoto－Seta－4stations－

Shinohara－lstation－Seta－Kyoto，

SeCOndday：Kyoto－Seta－lstation－Shionoha－

ra－4stations－Gokash6－1station－Shino－

hara－Gokash6－2stations－Hikone－1sta－

tion－Gokash6－Hikone，

third day：Hikone－2stations－Kashiwaba－

ra－Hikone－Kashiwabara－3stations－Ki－

nomoto－Kashiwabara－Kinomot0－5sta－

tions－Imazu－Kinomoto－Imazu，and

fourth day：Imazu－4stationsLKitakoma－

tsu－1station－Imazu－Kitakomatsu－5sta－

tions－Ogot0－1stationLKitakomatsu－

Ogot0－1station－6tsu－1station－Ogoto－

Kyoto，

In1967wemeasuredasfollows；

first day：Kyot0－1station－6tsu－10sta－

tions－Gokash6－3stations，Kyoto，

SeCOnd day：Kyot0－1station－Gokash6－9

Stations－Uchibo－Gokash6，

third day：Uchib0－5stations－Kinomot0－3

StationsLImazu－Kitashinp0－1station－

Kinomoto－Uchibo，

fourth day：Kinomot0－1station－Kitashin－

po－Imazu－11stations－6tsu－2stationsL

Imazu，and

fifth day：Imazu－4stations－6tsu－Kyoto．

After1971，agOingandreturningmeasurement

WaS adopted asshownin Fig．2（b）；the connec－

tionwasmadedirectlyfromthereferencestation

（GeophysicalInstituteofKyotoUniversity）every

dayin order to determine gravity values at the

measured stations as accurately as possible．

Every measurementincluded atleast three so－

Called”connective stations”；i．e．，the reference

Station，the first station and thelast station of



PRECISEGRAVITY MEASUREMENTS

thatday．Anothermeasurementonlyatthecon－

nective stations was also carried out．For ex－

ample，in1977wemeasuredasfollows；

first day：Kyot0－6tsu－10stations－Hikone

（twice）一10stations－6tsu－Kyoto，

SeCOnd day：KyotopHikone－8stations－Ki－

nomoto（twice）－8stations－Hikone－Kyoto，

third day：KyotoL6tsu－HikonerKinomo－

torImazu（twice）－Kinomoto－Hikone－

6tsu－Kyoto，

fourthday：Kyoto－Imazu－8stations－Kin0－

moto（twice）－8stations－Imazu－Kyoto，

and

fifth day：Kyotop6tsu－9stations－Imazu

（twice）－9stations－Otsu－Kyoto．

Since1971，We had measured almostin the

Same Way aS this；SOme Other measurements

were added to these measurements when some

troubles took place．Almost all measurements

WereCarriedoutbymeansofasinglegravimeter；

namely，G－83in1964，G－29in1967，G－196in1971

～1977andJuly1980，andtwogravimetersG－196

andG－534after1979exceptJuly1980．

3－2．1n Kinki District

When westarted the precisegravitymeasure一

mentsin1971，We had never carried out precise

calibrations on scale values of LaCoste＆Rom－

berg gravimeters，SO the obtained results con－

taineduncertaintyofanorderoflO‾40nthescale

Values．As for gravity measurementsin Kinki

District，We had to select the gravity stations

Wherethegravitydifferencewaslessthanabout

l mgalin order to obtain the gravity difference

fromareferencestationwiththeaccuracyoflO

FEgalsorbetterbyavoidingtheirregularityofdial

SCreWOfthegravimeter，thedeterminationerror

ofscale values and others．

Asmentionedin the Chapter・2，We COuld find

gravity stations with a similargravityvalue all

OVertheKinkiDistrict．Alongthelevellingroute

Of the area covering Lake Biwa and the Kii

1350

N
f
T
I

●979．708gal

0979．686gal

Fig．3．DistributionoftheiS0－graVitysta－

tionsin KinkiDistrict．

9

Peninsula，SuCh first order bench marks were

Chosenin1970，aS graVity stations，aS graVity

differencesfromtheGravityStationofGeophysi－

CalInstitute of Kyoto University（reference sta－

tioninthe presentstudyanditsgravityvalueis

979．708gals）aresmallerthan4mgals（later，We

narroweddowntosmaller than■1mgal）－here－

inafter，referredtoast’theis0－graVitystation”in

thepresentarticle－（NAKAGAWAandSATOMU－

RA，1971）．Besides them，the first order bench

markswith the gravity value of979．686gals±1

mgalwereaddedtotheiso一graVitystationsindue

COnSideration of their distribution，in1973．In

another words，tWO SetS Of theis0－graVity net－

WOrkswereestablishedintheareacoveringLake

Biwa and the Kii Peninsula．One more first
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Table2．Description of theis0－graVity stations

L atitu d e L o n gi tu de H eigh t L atitu d e L o n gi tu d e H e igh t

ltl ．0 ．

　 N

3 5 0 0 1J 7

　　 E

13 50 4 7 ／2

　 m

5 9 ．8 6 3 3 ．1．

　 N

3 4 0 17 ／2

　　 E

1 36 0 2 2 ／7

　 m

15 8 ．3 6

1 1 ．1． 3 5　0 0 ．5 13 5　4 7 ．4 6 0 ． 3 3 ．2． 3 4 1 7 ．3 1 36　 2 2 ．8 15 5 ．

1 1 ．2． 3 5　0 0 ．4 13 5　4 7 ．4 5 8 ．9 2 3 3 ．3． 3 4 1 7 ．2 13 6　 2 2 ．9 1 5 7 ．8 6

1 1 ．3． 3 4　59 ．6 13 5　4 8 ．2 6 3 ．1 3 3 3 ．4． 3 4 1 7 ．1 13 6　 2 2 ．4 1 6 1．7 3

1 1 ．4． 3 4　59 ．2 13 5　4 8 ．8 5 5 ． 3，3．5． 3 4 1 6 ．9 13 6　 2 2 ．4 1 6 0 ．

1 1 ．5．

1 1 ．6．

12 ．1．

3 4 5 7 ．1

3 4 56 ．6

3 4 4 5 ．8

13 5 4 9 ．3

1 3 5 4 9 ．2

1 3 6 0 7 ．8

5 0 ，

3 1 ．8 1

14 7 ．9 4

3 3 ．6．

1 5 ．1．

3 4 1 6 ．6

3 3 4 5 ．4

13 6 2 2 ．0

1 3 6 0 1 ．6

1 6 9 ．1 2

8 ．7 7

1 5 ．2 ． 3 3　4 5．4 1 3 6　 0 1．6 1 3 ．

12 ．2． 3 4　4 5 ．9 1 3 6　0 7 ．6 14 5 ． 1 5 ．3．． 3 3　4 8 ．1 1 3 6　 0 2．5 4 0 ．

12 ．3． 3 4　4 5 ．7 1 3 6　0 7 ．5 14 0 ． 1 5 ．4 ． 3 3　4 3 ．6 1 3 5　 59 ．7 4 0 ．

1 2 ．4． 3 4　4 5 ．8 1 3 6　0 8 ．2 15 0 ． 1 5 ．5． 3 3　4 2 ．8 1 3 6　0 0 ．0 3 0 ．

1 2 ．5．

1 2 ．6．

3 1 ．1．

．3 4 4 5 ．7

3 4 4 6 ．4

3 4 4 8 ．9

1 3 6 0 8 ．3

13 6 0 8 ．5

13 6 1 2 ．1

15 0 ．

14 1．9 4

1 7 7 ．

15 ．6．

16 ．1．

3 3 4 2 ．0

3 3 3 0 ．2

1 3 5 5 9 ．5

13 5 3 5 ．8

3 5 ．6 4

7．3 4

16 ．2． 3 3　3 0 ．2 13 5　 3 5 ．5 15 ．

3 1 ．2． 3 4　4 8 ．5 13 6 1 2 ．5 1 8 0 ． 16 ．3． 3 3　3 0 ．3 13 5　 3 5 ．8 2 0 ．8 4

3 1 ．3． 3 4　4 7 ．6 13 6 1 2 ．7 1 9 5 ． 16 ．4． 3 3　30 ．2 13 5　 3 6 ．1 15 ．

3 1 ．4． 3 4　4 6 ．4 13 6 13 ．2 2 2 0 ， 16 ．5． 3 3　30 ．4 13 5　 3 5 ，0 5 ．

3 1．5．

3 1．6．

13 ．1．

3 4 49 ．1

3 4 4 9 ．5

3 4 4 9 ．1

13 6 12 ．8

1 3 6 13 ．2

1 3 6 3 4 ．9

1 8 5 ．

18 8 ．7 6

1 ．4 9

1 6 ．6．

3 4 ．1．

3 3 3 0 ．5

3 3 3 4 ．3

13 5 3 4 ．8

1 3 5 2 5 ．9

6 ．0 7

7 ．7 8

3 4 ．2． 3 3　3 4 ．1 1 3 5　2 6 ．1 5 ．

13 ．2． 3 4　4 8 ．9 1 3 6　3 4 ．7 2 ．7 3 3 4 ．3． 3 3　3 4 ．0 1 3 5　2 6 ．0 5 ．

13 ．3． 3 4　4 8 ．8 1 3 6　3 4 ．4 1 ．10 3 4 ．4 ． 3 3　3 5 ．3 1 3 5　2 7 ．0 1 5 ．

1 3 ．4． 3 4　4 8 ．8 1 3 6　3 3 ．7 5 ． 3 4 ．5 ． 3 3　3 5 ．6 1 3 5　2 7，2 1 5 ．

1 3 ．5．

1 3 ．6．

1 4 ．1．

3 4 4 8 ．6

3 4 4 8 ．5

3 4 2 4 ．6

1 3 6 3 4 ．2

1 3 6 3 4 ．1

1 3 6 2 7 ．9

3 ．

1．3 2

7 2 ．3 4

3 4 ．6，

3 5 ．1．

3 3 3 4 ．4

3 4 0 5 ．7

1 3 5 2 5．8

13 5 0 7．3

1 2 ．9 8

5 ．

3 5．2． 3 4　0 6 ．2 13 5　 0 9 ．2 1 5 ．

1 4 ，2． 3 4　2 4 ．4 1 3 6　2 7 ．7 7 5 ． 3 5 ．3． 34　0 6 ．6 13 5　 0 9 ．5 6 ．5 6

1 4 ．3． 3 4　2 4 ．6 1 3 6　2 8 ．0 7 0 ．2 0 ． 3 5 ．4． 3 4　0 7 ．0 13 5　 0 9 ．2 2 0 ．

1 4 ．4． 3 4　2 4 ．8 1 3 6　2 8 ．4 6 8 ．3 3 3 5 ．5． 3 4　0 8 ．5 13 5 1 1．6 2 ．6 9

1 4 ．5． 3 4　2 6 ．9 1 36　 2 6 ．4 1 0 0 ． 3 5 ．6． 3 4 1 0 ．0 13 5 1 2 ．6 7 ．7 2

1 4 ．6．

1 4 ．7．

3 2 ．1．

3 4 2 7 ．0

3 4 2 7 ．0

3 4 2 4 ．7

13 6 2 6 ．5

13 6 2 4 ．0

13 6 14 ．3

9 5 ．7 3

1 1 5 ．

2 0 9 ．4 2

3 5 ．7．

3 6 ．1．

3 4 09 ．1

3 4 18 ．8

13 5 1 2 ．7

13 5 3 6 ．5

2 ．4 0

8 4 ．5 7

3 6 ．2． 3 4 18 ．9 1 3 5　 3 7 ．3 8 8 ．5 1

3 2 ．2． 3 4　2 4 ．9 13 6 14 ．4 2 0 8 ． 3 6 ．3． 3 4 18 ．9 1 3 5　3 7 ．6 9 3 ．6 8

3 2 ．3． 3 4　2 4 ．6 13 6 14 ．3 2 1 0 ． 3 6 ．4． 3 4　2 2 ．2 1 3 5　4 4 ．8 1 3 8 ．0 1

3 2 ．4． 3 4　2 4 ．5 13 6 14 ．0 2 1 0 ． 3 6 ．5． 3 4　2 1．2 1 3 5　4 2 ．6 1 2 0 ．

3 2 ．5． 3 4　2 4 ．4 1 3 6 13 ．8 2 1 5 ． 3 6 ．6． 3 4　2 0 ．8 1 3 5　4 1 ．9 1 0 5 ．

3 2 ．6． 3 4　2 4 ．3 1 3 6 13 ．5 2 1 7 ．0 4 3 6 ．7．・ 3 4　2 0 ．8 1 3 5　4 1 ．9 1 0 4 ．0 0

（continued to the next page）
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Table2．（continued）

L a tit u d e L o n g itu d e H e igh t L a titu d e L o n g itu d e H e igh t

1 7．1．

　　 N

0
E m

3 8 ．1 ．

N E m
3 4 3 4 J 6 1 3 5 0 2 8 J 9 5 ． 3 5 0 1 1′7 1 3 5 0 5 5 r 4 1 0 4 ．3 6

1 7．2 ． 3 4　 3 5 ．0 1 3 5　2 9 ．1 2 ．9 5 3 8 ．2 ． 3 5 1 0 ．8 1 3 5　5 5 ．0 9 7 ．9 2

1 7 ．3 ． 3 4　 3 6 ．1 1 3 5　2 9 ．5 2 ．0 9 3 8 ．3 ． 3 5 1 0 ．0 1 3 5　5 5 ．4 8 7 ．12

1 7 ．4 ． 3 4　 3 5 ．4 1 3 5　3 0 ．5 10 ． 3 8 ．4 ． 3 5　0 9 ．1 13 5　5 5 ．5 9 5 ．5 0

1 7 ．5 ． 3 4　 3 5 ．5 13 5　3 1．9 10 ． 3 8 ．5 ． 3 5　0 8 ．4 13 5　5 5 ．6 8 9 ．2 4

1 7 ．6 ． 3 4　 3 4 ．8 13 5　3 1．8 13 ． 3 8 ．6 ．

2 0 ．1．

2 0 ．2 ．

3 5 0 7 ．3

3 5 0 2 ．2

3 5 0 2 ．6

1 3 5 5 5 ．3

1 3 5 3 3 ．1

1 3 5 3 4 ．5

8 7 ．8 0

9 8 ．6 9

1 0 0 ．

17 ．7 ．

3 7 ．1 ．

3 4 3 4 ，4

3 4 5 9 ．2

1 3 5 3 1．9

1 3 5 5 6 ．6

1 4 ．7 4

1 0 9 ．4 9

3 7 ．2 ． 3 4　 5 9 ．2 13 5　 5 6 ．0 10 0 ． 2 0 ．3 ． 3 5　 0 1 ．2 1 3 5　3 5 ．6 1 0 0 ．

3 7 ．3 ． 3 5　 0 1 ．2 13 5　 5 5 ．9 8 6 ．9 5 2 0 ．4 ． 3 5　 0 0 ．9 1 3 5　3 1．7 1 5 0 ．

3 7 ．4 ． 3 5　 0 0 ．7 13 5　 5 8 ．0 9 5 ． 2 0 ．5 ． 3 5　 0 1 ．4 1 3 5　3 2 ．6 1 3 0 ．

3 7 ．5 ． 3 5　 0 0 ．9 13 5　 5 7 ．8 9 7 ．0 7 2 0 ．6 ．

2 1 ．1．

2 1．2 ．

3 5 0 2 ．6

3 5 0 6 ．0

3 5 0 6 ．3

1 3 5 3 2 ．8

1 3 6 4 6 ．9

1 3 6 4 6 ．1

1 0 0 ．5 0

－0 ．5 4

－0 ．5

3 7 ．6 ．

1 8 ．1 ．

3 5 0 1 ．7

3 5 1 8 ．8

1 3 5 5 8 ．5

1 3 6 1 9 ．2

9 3 ．8 6

1 1 4 ．7 9

1 8 ．2 ． 3 5 1 8 ．7 1 3 6 1 9 ．0 1 1 8 ． 2 1 ．3 ． 3 5　 0 5 ．9 1 3 6　4 6 ．5 －0 ．5

1 8 ．3 ． 3 5 1 9 ．6 1 3 6　 2 1．3 1 4 0 ． 2 1 ．4 ． 3 5　 0 5 ．2 1 3 6　4 6 ．6 －0 ．5

1 8 ．4 ． 3 5　 2 1 ．4 13 6　 2 8 ．1 1 2 0 ． 2 1．5 ． 3 5　 0 4 ．8 1 3 6　4 7．2 －0 ．5

1 8 ．5 ． 3 5　 2 1 ．6 13 6　 2 8 ．3 1 2 2 ． 2 1．6 ． 3 5　 0 5 ．7 1 3 6　4 5 ．6 －0 ．4 9

1 8 ．6 ．

19 ．1．

3 5 2 1 ．5

3 5 2 7 ．2

1 3 6 2 8 ．2

1 3 6 0 4 ．0

1 2 3 ．0 1

8 7 ．3 0

1 9 ．2 ． 3 5　2 7 ．6 13 6　0 4 ．4 9 0 ．

19 ．3 ． 3 5　2 7 ．6 1 3 6　0 4 ．6 9 0 ．

19 ．4 ． 3 5　2 7 ．7 1 3 6　0 2 ．6 1 0 5 ．

19 ．5 ． 3 5　2 4 ．2 1 3 5　5 9 ．4 14 0 ．

19 ．6 ． 3 5　2 4 ．2 1 3 6　0 0 ．4 1 2 4 ．0 0

order bench mark and four or five sub－Stations

weresubjointlyestablishedneareachbenchmark

in1973，inorderto keepthestationsaslongas

possible and also to confirm the accuracy of

gravitychange measured（NAKAGAWA and SA－

TOMURA，1973；1975a）．The distribution of the

stationsthusestablishedisshownin Fig．3，and

their detailed descriptions are shownin both

Table2and Note2．InFig．3，eaChcirclecon－

sists of six or seven gravity stations；namely，

twobenchmarks（wecallthem ttmainstations”）

and four or five sub－Stations．

11

Gravity measurements at the main stations

alongtherouteofKyoto－theKiiPeninsula－Kyo－

to were carried out both clockwise and counter－

ClockwisebymeansofthreeLaCoste＆Romberg

gravimeters G－34，G－196　and G－210during the

periodofthreedaysoneitherwayin1972（NAKA－

GAWAandSATOMURA，1972）．Similarmeasdre一

mentswererepeatedly carried out by means of

twoorthreeLaCoste＆Romberggravimetersin

1974（G－34，196and210），1975（G－34，196and210），

1978（G－118，196and210），1980（G－196，534andD－

36）and1981（G－196and534）atthemainstations
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Which were specially establishedin the area

COVerlng Lake Biwa and the Kii Peninsula．

Anothergravitymeasurementwascarriedoutat

twomainstationsandfourorfivesub－Stationsby

meansofasingleLaCoste＆Romberggravimeter

G－196inside of each circlein Fig．3in every

measuredyear．

Thegravimeterwasalwayssetupinthesame

direction（usuallynorthwards）atthesamestation

in order to avoid the geomagnetic effect to the

gravimeter．

4．Method of Calculation andIts Results

The scale value of the LaCoste＆Romberg

gravimeter was　given by the manufacturer．

Throughinternationalanddomestic connections

Ofgravity，ithadbeenascertainedthatthescale

ValueinvoIved errors with an order oflO‾4．

AcalibrationonthescalevalueofeightLaCoste

＆Romberg gravimetersincluding the G－29，G－

196andG－210，Whichwereemployedinthe pre－

Sentinvestigations，WaS Carried outin1976，in

Order not only to make clear the differences

among the scale values of the gravimeters but

alsotodeterminethemostreliablegravityvalues

at the measured stations．The calibrationline

WaSeStablishedbetweenHokkaid6andOkinawa，

referringtotheInternationalGravity Standardi－

ZationNet1971（IGSN71）（MoRELLIetal．，1974）

andtheJapanGravity Standardization Net1975

（JGSN75）（GEOGRAPHICALSURVEYINSTITUTE，1976），

anditsmaximumgravitydifferencewasabout1．6

gals．Thecorrectionfactorsforthescalevalues

Of the gravimeters were calculated using the

dataobtainedbythecalibration（NAKAGAWA et

al．，1977a）．The correction factor1．000473thus

Obtainedwasusedinthepresentcalculation，for

the G－210．

Aninternational gravity connection was car－

ried out withthree LaCoste＆Romberg gravi－

metersG－29，G－118andG－223in1974atgravity

Stationsin Tokyo，Moscow，Potsdam and Paris

（SETOandTAZIMA，1975）．Anotherinternational

COnneCtionofgravitywasundertakenby means

OftwoLaCoste＆RomberggravimetersG－29and

G－196in1975atgravitystationsinKyoto，Tokyo，

Oahu－Honolulu，Los Angels，Mexico City，Lima

and Santiago（NAKAGAWA et al．，1977b）．The

maximumgravitydifferencesofthebothconnec－

tionswereabout1．8galsand2．1gals，reSpeCtive－

ly．Usingthedataobtainedbytheseconnections

andreferringtoboththeIGSN71andtheJGSN

75，COrreCtion factors for thescale values ofthe

LaCoste＆RomberggravimetersG－29，G－118and

G－196were determined，by assuming that each

COrreCtionfactorforeachgravimeterisgiVenby

afunctionofseconddegreetothegravltyValue

（NAKAGAWA et al．，1978）．ReviSedtablesofthe

SCalevalueswere made andusedinthe present

Calculation for the gravimeters G－29and G－196．

Their values are shownin Tables3and4．

1n the case of the gravimeter G－83，GEOGRA－

PHICAL SURVEYINSTITUTE（1976）hadobtained

its correction factorin the calculation of the

gravityvaluesoftheJGSN75，anditwasfound

to bel．0005．No correction factors had been

Obtainedyet，incasesoftheG－34，G－534andD－36．

Theyweredeterminedin thepresentcalculation

Dy COnSidering the results of the simultaneous

measurementswiththegravimetersG－196andG－

210．Theirvaluesarel．0003fortheG－34，1．0005

forthe G－534andl．0015for the D－36，and were

usedinthepresentcalculation．

Tidalcorrectionsweremadeundertheassump－

tion that the tidalfactor ofgravity（6－factor）is

1．2andphaselagisOO；theyareobtainedfromthe

tidalobservationbyusinganAskaniagravimeter

at the reference station．The corrections ofin＿

Strumental height were made uslng the normal

Valueoffree－airgradient（3．086JLgals／cm）．

Drift corrections ofthe gravimeters employed

andthedeterminationofgravitydifferencewere

Simultaneously made throughcalculation of all
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Table3．Revised table of the scale values for LaCoste＆Romberg

gravimeter G－29

C ou nte r V alue in F a cto r for C o u n ter V alue in F ac tor fo r

rea d ing m illig als in terv a l rea d in g m illig a ls interv a l

0 0 0

13 0 0．0 0 0 1．0 4 8 5 4

3 2 0 0 3 3 9 6．9 5 9 1．0 4 8 9 0

10 0 3 3 0 0 3 5 0 1．8 4 9 1．0 4 8 9 4

2 0 0 3 4 0 0 3 6 0 6．7 4 3 1．0 4 8 9 4

3 0 0 3 5 0 0 3 7 1 1．6 3 7 1．0 4 8 9 9

4 0 0 3 6 0 0 3 8 1 6．5 3 6 1．0 4 8 9 8

5 0 0 3 7 0 0 3 9 2 1．4 3 4 1．0 4 8 9 8

6 0 0 3 8 0 0 4 0 2 6．3 3 2■ 1．0 4 8 9 7

7 0 0 3 9 0 0 4 1 3 1．2 2 9 1．0 4 8 9 2

8 0 0 4 0 0 0 4 2 3 6．1 2 1 1．0 4 8 9 1

9 0 0 4 1 0 0 4 3 4 1．0 1 2 1．0 4 8 9 1

10 0 0 4 2 0 0 4 4 4 5．9 0 3 1．0 4 8 8 5

1 10 0 4 3 0 0 4 5 5 0．7 8 8 1．0 4 8 8 0

12 0 0 4 4 0 0 4 6 5 5．6 68 1．0 4 8 79

13 0 0 14 0 4．8 5 4 1．0 4 8 4 9 4 5 0 0 4 7 6 0．5 4 7 1．0 4 8 74

14 0 0 1 50 9．7 0 3 1．0 4 8 4 8 4 6 0 0 4 8 6 5．4 2 1 1．0 4 8 69

15 0 0 16 1 4．5 5 1 1．0 4 8 4 3 4 7 0 0 4 9 7 0．2 9 0 1．0 4 8 63

16 0 0 1 7 1 9．3 9 4 1．0 4 8 4 2 4 8 0 0 5 0 7 5．1 5 3 1．0 4 8 63

17 0 0 18 2 4．2 3 6 1．0 4 8 3 7 4 9 0 0 5 1 8 0．0 1 6 1．0 4 8 57

18 0 0 19 2 9．0 7 3 1．0 4 8 3 1 5 0 0 0 5 2 8 4．8 7 3 1．0 4 8 52

19 0 0 2 0 3 3．9 0 4 1．0 4 8 3 1 ’5 1 0 0 5 3 8 9．7 2 5 1．0 4 8 4 6

2 0 0 0 2 1 3 8．7 3 5 1，0 4 8 2 5 52 0 0 5 4 9 4．5 7 1 1．0 4 8 36

2 10 0 2 24 3．5 6 0 1．0 4 8 3 0 53 0 0

2 2 0 0 2 3 4 8．3 9 0 1．0 4 8 2 9 5 4 0 0

2 3 0 0 2 4 5 3，2 1 9 1．0 4 8 3 4 55 0 0

2 4 0 0 2 5 5 8．0 5 3 1．0 4 8 3 9 56 0 0

2 5 0 0 2 6 6 2．8 9 2 ・ 1．0 4 8 4 8 5 7 0 0

2 6 0 0 2 7 6 7．7 4 0 1．0 4 8 5 3 5 8 0 0

2 7 0 0 2 8 7 2．5 9 3 1．0 4 8 6 2 5 9 0 0

2 8 0 0 2 9 7 7．4 5 5 1．0 4 8 6 7 6 0 0 0

2 9 0 0 3 08 2．3 2 2 1．0 4 8 7 1 6 1 0 0

3 0 0 0 3 18 7．1 9 3 1．0 4 8 8 1 6 2 0 0

3 10 0 3 2 9 2．0 7 4 1．0 4 8 8 5 6 3 0 0

thedataconcernedbytheleastsquaresmethod．

Theobservationequationsareasfollows；

gf＝釣十d＆＋α烏ff十占々

Where，i：aSerialnumberofthemeasurement，

j：aSerialnumberofthegravitystation，

k：aSerial number of the day when the

measurementwascarriedout，

gt：meaSured value corrected eafth tides

andinstrumentalheight（known），

g。：Valueofthefirstmeasurement atthe

13

reference station，free from the error

（unknown），

Agi‥　graVitydifferencebetweentherefer－

ence station（ノ＝1）and the j－th station

（unknownbut Agl＝0），

ak：drift rate of the kthday（unkn0wn），

ti：time difference txtween the first

measurementofthatday（k・th）and tth

measurement（known），and

bh：drift accumulation before the first
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Table4・Revised table ofthescalevaluesfor LaCoste＆Romberg

gravimeter G－196

C ounter V alue in F actor for C ounter V alue in F actor for
reading m illigals interval reading m illigals interv al

000

1100．00 0 1．0449 6

32 00 34 02．550 1．048 17

100 33 00 350 7．367 1．04825

2 00 3400 36 12．19 2 1．04832

3 00 3500 37 17．02 4 1．04840

4 00 3600 382 1．864 1．0 4845

50 0 3700 3926．709 1．0 48 48

600 3800 403 1．55 7 1．048 54

700 3900 4 136．4 11 1．048 60

800 4000 424 1．27 1 1．048 68

900 4100 4346．139 1．048 78

1000 4200 445 1．017 1．0488 3

1100 120 4．49 6 1．04508 4300 4555．900 1．0489 0

1200 1309．004 1．0452 2 4 400 4 660．790 1．04898

1300 14 13．52 6 1．04536 4 500

14 00 15 18．062 1．04553 46 00

1500 1622．6 15 1，0457 1 470 0

1600 1727．186 1．04588 480 0

1700 183 1．774 1．04605 4900

18 00 1936．379 1．04623 5000

19 00 204 1．002 1．04640 5 100

200 0 2 145．642 1．04658 5200

2 10 0 2250．300 1．04 676 5300

220 0 2 354．976 1．04 692 5400

2300 2 459．668 1．04 710 5500

2400 2 564．378 1．04 725 5600

2500 2 669．103 1．04 741 5700

2600 2 773．8 44 1．04 756 5800

2700 28 78．600 1．04 768 5900

2800 2 98 3．368 1．04 78 0 6000

2900 308 8．14 8 1．04 79 2 6100

3000 3 19 2．94 0 1．0480 1 6200

3100 329 7．74 1 1．04809 6300

measurementofthek－thday（unknownbut

∂1＝0）．

Whentwoorthreegravimeterswereemployed，

One Series of equations obtained by one gravi－

meterwerearrangedinsuchawayasoneseries

are followed by the next obtained by another

gravimeter．Themaximumnumber ofthe data

WaS720andthatoftheunknownparameterswas

208in the calculation of the measurement bet－

WeenJanuaryandMarch，1980，Whichwassimul－

taneouslycarriedoutbotharoundLakeBiwaand

attheis0－graVitystations．Thismethoddepends

On the assumption that the gravimeter shows a

COnStantdriftrateinthedayandshowsanother

rateinthenight．Itwasfoundtobeimportantto

takethedifferenceofdriftratebetweendayand

nightinto consideration，eSpeCially when the

gravimetersofanoldtypelikeG－29andG－83are

employed，throughthe experimental researches

WithLaCoste＆Romberggravimeters（NAKAGA－
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I Nov．20　　　f Nov．21　　1　Nov．22　　　1　　Nov．23　　J

Fig．4．Calculated drift of gravimeter G－83for the measurements

in1964，A thickline shows the calculated drift and each thin

line shows the change of readings at a station・

岬81　　196

リ卵1　　　534

9　　10　　11　12　　13　　14　　15　　16　　17　　18　hour

Fig．5・Calculated drifts of gravimeters G－196and G－534for the

measurementsin1984．Thicklines show the calculated drifts

and each thinline shows the change of readings at a station・

0pen Circles show the readings at the reference station（Kyoto）．

WA et al．，1974）．The drifts calculated by this

method were shownin Figs．4and5for the

measurementsin1964and1984，reSpeCtively．

The readings had fewjumps，When the gravi－

meter suffered some accidentslike mechanical

Shocks ortroubles ofconnected battery．When

thejump was observed，We tempOrarily treated

15

the day’s results as another day’s onesin the

presentcalculation．

Ingravitymeasurementsatthemainstat’ionsof

is0－graVity，One－Way meaSurementS Of Kyoto－

theKiiPeninsula－Kyoto werecarried outboth

Clockwise andcounter－Clockwiseduringthree or

fourdaysoneitherway．Whensuchmethod of
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Table5．Results of the gravlty meaSurementSin the area around Lake Biwa

P eriod of N ov． A pr． Sept．－O ct．A ug： Sept． Sept． Jan．－A pr．Sept．q O ct． D ec．L F eb．

m easurem ent 1964 1967 1971 1972 1973 1974 ■ 1975 ユ975－1976

G ravi m eters

em ployed （L ＆R）

G－83 G －29 G －196 G －196 G －196 G－34

G－196

G－210

G －196 G － 34

G －196

G－210

K yoto U niv．

〝gals 〝gals J唱als 〝gals 〃gals ／留als J唱als 〝gals

979 979 979 979 979 979 979 979

707750

689487士17

707750

689466±17

707750 707750 707750 707750

708239土13

708269土13

707364土13

707289土13

686043士 7

686285±12

686850土12

686604土12

685824土 7

686998士12

707210±12

707956± 6

707660士12

707582士12

708322士 6

707750 707750

708232±13

708260±13

707352土13

707277土13

686046± 6

686861± 9

686609± 9

685821土 6

686993± 9

707220±10

707953± 6

707683±10

707575土10

708321土 6

B．M ．241

K eage

B．M ．215．1

B．M ．215

K yoto C ol．Pharm ・

B．M ．213

711986±10

689489土 5

711970士 6

689496士 5

711994士 9

708246士 9

708275± 9

707371± 9

707291± 9

689497士 5

711962± 8

689483± 6

Seta （K arahashi）

B ．M ．211．1

B ．M ．210．1

Y asaka Shrine

2nd O rder B．M ．1330

K usatsu JH S

B ．M ．209．1

K usatslユ（D ental ）

B．M ．209

B ．M ．208．1（fom er）

689752士14

6860 17±24

686208±24

687765士17

689722±17

685984土22

686178土22

687738土22

689791士 8

686029士 7

686239± 8

687845±10

689785± 9

686042士 7

686240±‾9

687842士 9

689797士 9

689269 士 9

686051± 5

686861士 9

686605士 9

685830± 5

686255± 9

687001士 9

687472± 9

689802士 8

689273± 8

686047士 8

685807± 8

686233± 8

687465± 8B．M ．207．1 687450±25 687384土21 687485±　8 68 7461±　7

B．M ．206 689384士27 689347±15 689411士　5 689424士．5 689427± 9

690306± 9

689412±　8

B．M ．205．1 688448土27 688480±21 688514±10 688558±　9 688525士　8

B．M ．204．1 690271士27 690239±21 690296士　7 690307±　7 690293士　8

H igashioiso （Pass．）

B ．M ．203．l

G okash6 （Zenjb－ji）

B ．M ．202．1

B．M ．200

688759±28

681860±29

694899士36

704484±43

707983士42

688710±21

694861±22

688737士 8

681885士 7

694878± 7

688756士 9

681881士 7

694863± 7

688763士 9

688260± 9

68 1898± 9

694862± 5

688763士 8

688246± 6

681883士 8

694879士 8

H ikone 703278士23 70332■2±　8 703332士　9 703337±　9 703327士　8

B ．M ．198．1（fom er）

B ．M ．ユ98．1（new）

Em ㌍rOr M eiji

B ．M ．197

Sam egai

K ashiw abara

Sekigahara JH S

B ．M ．193

7044一蛤土23

707934土25

704565士10

707947± 5

704556± 9

707954士 5

704566± 9

707225土 9

707978± 9

707686士 9

698640± 9

707600± 9

708347士 9

704563士 8

707962士 8

698590士35 6986 12±25 698604± 8 698601±　9 698602± 6

708325士 6
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M ay－July N ov．－Dec．Feb，－M ar． Sept． Feb．－M ar． July Dec． Jan．－M ar． M ay

1976 1977 1978 1979 1980 1980 1980 1981 1984

G －196 G－196 G－118 G－196 G －196 G－196 G－196 G －196 G－196

G－196

G－210

G－534 G －534

D －36

G－534 G －534 G－534

〝gals J塚als 瑠als 〝gals 〟gals 将als 〝gals ／電als 〝gals

979 979 979 979 979 979 979 979 979

707750

708217土7

708256土7

707353土7

707274土7

689480±5

689255士7

686050±5

686592±7

685822±7

686986土7

687465士5

689411士7

688521±7

690290±7

688255士5

681888±7

682124士7

694863士7

703325±7

704563土7

704707土7

707227±7

707954±5

707672±5

698613士7

707584±7

708332士7

707750

689482±4

689251±7

686038±7

685809士7

687447士7

689416土7

690306士7

688250±7

681891士7

682119±7

694866士7

703346±4

704580±7

704718±7

707969±7

698612士7

707750

708216士12

708272±12

707378±12

707289±12

686062土7

686871±13

686611士13

685840土7

686999±13

707240士12

707965±7

707692±12

707588±12

708322士7

707750

689499±15

707750

708224土13

708263土13

707370±13

707293±13

689514士7

689260±10

686050±7

686873±13

685826±6

687017±13

687480±10

689434±7

688540±10

690325士10

688275士10

682134±10

694873±10

703372士7

704713士10

707230士13

707962±6

707690土13

698624士7

707590土13

708332±7

707750

689491土7

707750

689502士6

689265土8

686054士8

685843±8

687482±8

689426±8

688555±8

690321±6

688270士8

682141±8

694894±8

703371士8

704713土8

707969士6

698623±8

707750

708238±11

708287±11

707372±11

707275士11

686058±7

686294±11

686879土11

6858亜±7

686992±11

707227土11

707971±7

707687土11

708335±7

707750

（continued to the next page）

17



18 Mikio SATOMURA

Table5．（continued）

P eriod of N ov． A p r． S ep t．－O ct．A u g．－S ep t． S e pt． Ja n．L A p r． S e pt．L O c t．D ec．－F eb．

m ea surem ent 19 64 19 67 197 1 19 72 19 73 197 4 19 75 197 5－19 76

5k k igah ara （S hd n e）

Ibu k i

B ．M ．104 9 5

U ch ib o

〝ga ls 〃ga ls J電als J電a ls I官a ls 佗 als I腎a ls 堀 als

9 79

70 3873士3 9

7 15 5 30士3 9

9 79

7 03 83 7±2 6

7 15 53 2士2 2

97 9

7 15 515士 8

9 79

70 38 71士 9

7 1134 7士 9

7 154 98 ± 9

979

7 08 638± 9

70 38 86± 9

7 1 13 89± 5

7 15 514土 9

979

708 60 7±12

708 4 12士 6

707 94 0士12

70 60 14 ±12

70 778 4 ±12

70 76 11 ± 6

68 57 60 士 7

68 5 13 3 ±12

6 8 57 19士12

6 86 38 2 士 7

6 8 56 3 1士12

6 86 55 2士12

9 79

7 038 7 1士 8

7 1 13 72 士 8

7 15 528 士 8

979

70862 0士12

7 084 2 1±12

70794 9±12

7060 2 5± 7

7077 93土12

7 0755 3±12

7075 99士 7

6 857 58士 7

685 12 9士13

68 569 0土13

6 8636 7士 7

6 856 24士13

6 865 22土13

K o ho k u 7 13 7 14士3 9

7 13 18 4士3 9

7 13 71 2土3 1 713 734士　7 7 13745 ±　9 7 13 747±　9 7 13 763 土 8

7 14 26 1± 8

B ．M ．10 50 0 （fo rm er） 7 19 13 9士3 0 7 19 187±10 7191 70±　9 7 19 202士　 9

K in om oto 7 14 22 9土2 4 7 14 243±10 7 142 35士　9 7 14 241±　 9

B ．M ．10 50 6 7 17 56 3±2 9 7 175 67士10 7 175 73±　9 7 17 597土　 9 7 17 592 ± 8

H a nn ou ra 7 13 204±2 9

7 11 10 5士2 4

7 08 37 1士2 9

7 04 40 1±2 4

704 39 5±2 3

7 13 220士　5 7 1323 1士　5 7 13 240土　9 7 132 34 ±　6

Y a no ku m a

S a k aeba sh i（form er）

S a k aeb ashi（new ）

否ura

K a izu （F u k uzen－ji）

K ai zu （S aiei・ji）

2nd O rd er B ．M ．3851

M ak in o

K itashin po

Y 百

B ．M ．13 28

B ．M ．13 26

70 3 249 ±4 0

7 1 112 3±4 0

7 0 83 52士4 0

70 4 4 06士3 5

703 279±10

7 1 1105士 7

708 393土 7

704 44 1±10

7044 52士 7

7032 75士 9

70 839 8士 9

70 44 28± 9

70 444 3士 9

7 03 27 1土 9

7 108 08土 8

7 11 34 1士 9

7 18 409士 9

7 07 933± 9

7 06 036± 9

7 07 77 1土 5

70 44 22± 9

7 07 566土 9

7 07 6 10士 9

704 449士 9

703 276 ± 8

7 10 777士 8

7 1 13 23 士 8

7 084 04 ± 8

7 044 25 ± 8

7 07 60 0士 8

7 044 52 士 8

B ．M ．13 23 69 8 984 ±3 7

6 89 624 士4 1

6 99 00 5土2 7 699 052±　8 69 904 3±　9 6 990 49±　5 69 9 05 1土　6

B ．M ．13 22 6 96 4 02±24 6964 6 7±10 6 964 72士　8 6 968 40士　 9 6 964 6 1士　8

B ．M ．13 20 6 89 6 70±23 689 709士　 5 68 97 13±　6 68 9 716土 9 6 89 708 士 8

B ．M ．13 16 6 9 2042 土2 8 6 92 03 7士2 7 692 092±　 7 6 92 112±　9 692 093±　9 6 920 90 ± 8

B ．M ．13 12

B ．M ．13 1 1

B ．M ．13 10

B ．M ．13 09

B ．M ．13 08

B ．M ．13 07

68 573 2±33

6 8 6316 ±3 2

6 86 4 58土3 1

6 8 57 00土2 3

6 86 3 19士2 1

6 86 44 7土2 7

68 5760土 8

6 8 6368± 7

686 53 7士10

6 857 62± 9

68 63 76± 9

68 65 54士 9

6 85 76 1± 9

6 8 5151士 9

6 85 717± 9

68 6 389土 9

6 856 36士 9

6 86 549± 9

6 85 74 1士 8

6 86 362 ± 8

6 86 53 5士 8

B ．M ．1305 6 83 8 18±2 2 6 8 3 77 6±2 1 683 857±　8 68 38 66士　9 68 3 840土　9 6 838 42 士 8

6 82 048 土 8

K ara sa k i （S hrine）

B ．M ．130 2

B ．M 二B －2

B ．M ．8 －5

6 8 184 1±23 68 18 68士27 68 1935士　 7 68 19 46士 9

68 20 73’± 9

6 8 19 3 1士 9

6 82 06 1士 9



PRECISEGRAVITY MEASUREMENTS

M ayqJuly Nov．－Dec．Feb．－M ar． Sept． Feb．－M ar． July Dec． Jan．－M ar． M ay
1976 1977 1978 1979 1980 1980 1980 ・1981 1984

帽als ／慣als I腎als J賃als 〝gals 槽als 帽als 帽als ′官als

979

708620士7

703870士7

711378士7

715533土7

713765士7

714257±8

717592士8

713240土8

703305士8

710805士5

711331土7

708414士7

707952土7

706024土5

707791土7

704446士6

707561±7

707606±5

979

703892土7

711380±7

715517士7

713752±7

714250士4

717582土7

713241士7

703291±7

710806士7

711348士7

708410士7

704456士7

707615士7

979

708617±12

708418土13

707939士13

706046土7

707767±13

707551±12

707615土7

685765士7

685112士13

685689±13

686386士7

685614士13

686532士13

979

704465土18

979

708619±13

703907士10

711389士10

715544±10

713779±10

714265土8

717596±10

713237土10

703308土10

710820±10

711359士10

708430士10

707981士13

706056土6

707786土13

704464土10

707507±13

707618土6

979

7076扮±7

979

703885士8

711386±8

715515士8

713752士8

714257±6

717586士8

713222±8

703293土8

710801士8

711335土8

708416±6

704446士8

707611士8

979

708624±11

708421土11

707965土11

706063±7

707776士11

707613士7

685765士7

685134士11

685704±11

686385士7

685641土11

686568土11

979

686382士6

686559士6

681888土6

673552土6

704471士　5 704479士　4 704471土10 704464±　5 704468士8

699065士　7 699070±　7 699054±18 699■061±10 699050士7

692108土7

699041士8

696483±　7 696493士　7 696482土18 696481±10 696477士8

689702士　4 689735士　7 689736土18 689727士10 689734±　6

692093土　7 692099士　7 692095土18 692101士10 692105土　8

685747士7

685127±7

685685士5

686368士5

685613±7

686513±7

685762主7

686366士7

686541±7

685745士18

686370土14

686553±18

685758士6

685147±13

685695土13

686373±6

685621士13

686554土10

685763土7

686374士7

683873士7

685773土8

686381士8

686567土8

683833士　7 683862±　7 683877±18 683867士10 683郷 土8

682055士7

68Ⅰ846士7

673518±7

682059士　7 682055土18 6820舅士10 682067士　8
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20 Mikio SATOMURA

Table6，Results of theis0－graVity measurements

Period of M ar． Jan．－A pr． N ov．－M ar． Feb．一M ar． Jan．－M ar． Jan．－M ar．

m easurem ent 1972 1974 1975－1976＊● 1978 1980 1981

G ravi m eters

em ployed （L ＆R）

G －　34 G －　34 G －　34 G －118 G －196 G －196
G －196 G －196 G －196 G －196 G －534 G －534
G ・－210 G －210 G －210 G －210 D －　36

11．0．（K yoto ）

〃gals 〃gals 〃gals 〃gals 〃gals 〃gals

979 979 979 979 979 979

707750

708173± 6

707998士 7

707163士 7

705930士 7

708080士 7

707021士 7

708049士 7

707750 707750 707750 707750 707750

11．1． 708239 ±13 708232士13 708216±12 708224±13 708238士11

11．2．（215．1） 708269 ±13 708260士13 708272士12 708263士13 708287士11

11．3．（215 ） 707364 士13 707352士13 707378士12 707370士13 707372士11

11．4． 707289 土13 707277±13 707289士12 707293土13 707275±11

11．5． 707186士13 707162±13 707170士12 707177士13 707158土11

11．6．（10716 ）

12．1．（1420）

708179士 6

708010± 5

708161土 7

708004± 7

708176± 7

708018 ± 7

708192士 7

708018 士 8

708 188士 7

708012士 7

12．2． 706807士12 706810±12 706829±12 706816 ±14 706805±11

12．3． 708329±12 708327±12 708346土12 708335 ±14 7083 11士11

12．4． 707204±12 707197土12 707219土12 707209 士14 707187±11

12．5． 707492±12 707479士12 707493 士12 707491土14 707479士11

12．6．（1421）

31．1．

707164±＿5

687202士 6

707148■土 7

687180士 6

707172 士 7

687201± 7

－70718 1土 8

686727± 7

707173± 7

686699士 731．2．（Iga H ．S．） 686686±12 686685土　9 686710 ±12

31．3． 686132±12 686121士　9 686143 士12 686158±14 686121士11

31．4． 686172士12 686171士12 686190 ±12 686186土14 686183土11

31．5． 685110±12 685100±　9 685127 士12 685133±14 686113士11

31．6．（1426 ）

13．1．（1451）

681419士＿6

705917± 6

681402± 6

706359士 7

681425 ± 7

706395± 7

681422± 7

706006± 7

6814 19士 7

705990士 7

13．2．（K oyam a ） 706356土11 706406± 7

706725士13

706368±11

706706土11

13．3．（023－014） 707407±1＿1 707390士12 707435±12

13．4． 706696±11 706686士12 706724士12

13．5． 707432±11 707447士12 707471±12 707471士13 706438土11

13．6．（1450）

14．1．（4740）

708076± 4

707004± 4

708066士 7

706999士 5

708088士 7

707037士 6

708090士 7

707044士 6

708084士 7

707019± 6

14．2． 706912±11 706890±12 706934±11 706926±13 706904±10

14．3．（042－331） 707251士11 707226±12 707241土11 707249土13 707221士10

14．4．（042－332） 708689士11 708670士12 708695士11 708712±13 708683±10

14．5． 707478±11 707462士12 707496±11 707479±13 707488±10

14．6．（1515） 708034士．5 708021士　5 708055士　6 708060土　6 708049土　6

14．7． 706603士11 706571士12 706604士11 706597±13 706606±10

（continued to the next page）
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Table6．（continued）

Period of M ar． Jan．－　A pr． N ov． 11ar． F eb．－　M a r． Jan． M a r． Jan：－M a r．

m easurem ent 1972 1974 1975 1976＊ 1978 1980 1981

32．1．（1527）

〃g als 〃gals 〃g als 〃g als 〃g als 〃g als

97 9

70879 6土 8

708 282± 8

71079 1士 7

7076 10 士 7

9 79 9 79 9 79 979 979

68 68 48士　6 686840±　6 686868 士　6 6 868 75土　7 6 86860士10

32．2． 68 7043士11 687040士12 68 70 72±12 687 075±12 68705 1士10

32．3． 686 512±11 68650 5±12 686 530±12 68 654 7±12 686 52 1±　6

32．4． 68 6835士1 1 6868 13土12 6868 56±12 68687 9±12 68 6838 士10

32．5． 68 6287土11 68628 2土 10 68 6303土12 686 326土12 686 302±10

32．6．（＿1528）

33．1．（4752）

684 656士 6

68 6 139士 6

68465 1士 6

686 12 3士 6

684 679± 6

6 86 166± 6

684 683土 7

68 6 179土 7

6 8466 0士 6

68 6 14 4± 6

33．2． 6868 59士11 686832 ±12 68 68 83±11 68 6893士12 68 6864±10

33．3．（0 42－308） 6857 70±11 68 57 37士12 68 5790士11 68 5804±12 68 5776±10

33．4．（04 2－307） 6856 08±11 68 5599土12 6 85635±11 6 8571 1±12 68 5686士10

33．5． 685640±11 68 559 9士10 6 85647±11 6 85 66 1土12 68 5641±10

33．6．（475 3）

15．1．（48 07）

6847 26 ± 6

708 782土 6

68 4699土 6

7 08 78 6土 5

6 84737士 6

708799± 5

6 84752土 7

7 08814± 6

6 84713士 6

708 78 5± 5

15．2．

15．3．

15．4．（N inom aru）

70 78 63±11

70704 3土11

708 307士11

70 7860土11

7070 40土11

708307土11

707’89 3土 5

7083 20± 5

7 07899土12

7 08 34 2土 6

707895±10

7083 14 ± 5

15．5．

15．6．（496 7）

16．1．（9 209）

70 73 95±11

708281± 6

710769± 6

7 07406士11

708280士 5

710770士 6

70744 1士 9

7 107 79 ± 6

7 07439土12

7 10 809± 7

70744 5±10

7 10792 士 6

16．2． 7 08 185士1 1 708203士11 708 207±11 708 22 1±13 708228 ±10

16．3．（042－144） 7 07637土1 1 70763 1士11 70764 9士11 70767 7±13 70 766 7±10

16．4． 708049士11 708062 士1 1 7 080 86士11 7 08 094土13 70 8084±10

16．5． 707489士11 707490 ±11 707 500±11 7 07507士．13 7 07511±10

16．6．（9208）

34．1．（042－12 1）

707 58 9± 6

686303士 5

707 59 0士 6

686 288 士 6

7 07608± 6

6 863 15士 6

707624± 7

68 6329± 7

7076 13士 6

6 8630 1± 6

34．2． 686 808 士11 68 681 1士11 686838±11 6 86853士13 6 86793 士10

34．3． 686 544 ±11 686 550士11 686563±11 6 86597士13 6 8654 1士10

34．4． 68 614 9士11 6 86 140士11 686 155 士11 686 183 土13 686136 士10

34．5． 68 6186±11 686179士11 68620 5±11 6 86230±13 68 6177 ±10

34．6．（9 19卜8）

35．1．

68 6544± 5

68 6950土12

6 84522士 6

6 86929士12

68454 9± 6

68696 0±12

68456 7士 7

68696 6±13

68452 7± 6

6869 38 ±10

35．2． 686670士12 68664 9±12 686 666士12 68 6671土13 6866 48士10

35．3．（4 887） 6870 18士12 68700 7士12 68 70 20士12 687023 ±13 68 6992士10

35．4． 686255士12 68623 1士12 68 6256±12 68 6257±13 68 6231士10

35．5．（K ainan ） 685639士　6 685633士　6 6 856 44士　6 685 649士　6 68 5629士　6

35．6．（488 1） 68 5868±12 68 584 1士12 6 8586 7±12 6 85859土13 68 5839±10

35．7．（4 882） 6870 56±　6 68 704 0士　6 687068±　6 68 7071±　6 68 7044±　6

（continued to the next page）
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Table6．（continued）

P eriod of M ar． J a n ．－A p r． N o v．一一　M a r． F eb ． M a l一． J a n ． M a I‾． J a 11． M a l∴

m easu rem en t 1972 1974 197 5 －19 76 ＊ 197 8 19 80 1981

3 6．1．（1 56 7 ）

3 6．2．（0 2 4－0 92 ）

3 6．3．（15 6 6）

〃g a ls 〃g a ls 〃g a ls 〃g a ls 〃g a ls 〃g a ls

9 7 9

70 7 7 8 8 ± 9

7 0 74 5 0 士 9

9 7 9 9 79 9 79 9 7 9 9 7 9

6 8 68 7 4 士12

68 6 2 0 6 士12

68 5 5 0 6± 5

6 8 6 8 3 5± 12

6 8 5 4 8 5 ± 7

6 8 6 8 6 0 ± 12

6 8 5 5 0 7 士 7

6 8 68 5 9 士1 4

6 8 5 5 1 6士 8

6 8 68 14 士 12

6 8 5 4 7 6 士 9

3 6．4 ．（1 5 5 9 ）

3 6．5 ．

3 6．6．

6 8 6 0 5 2士 12

6 8 6 10 5 土 12

6 8 6 4 8 8 ± 12

6 8 6 0 3■5 士1 2

6 8 6 10 0 士1 2

6 8 6 4 7 2 士1 2

6 8 6 0 6 6 ±1 2

－6 8 6 4 8 7 土1 2

6 8 6 0 4 0 士 14

6 8 6 4 8 8 士 14

68 6 0 2 8 ±1 2

6 8 6 46 2 士1 2

3 6．7．（J 15 6 2 ）

17．1．

1 7．2．（J 24 6 ‾）

17．3．（2 4 5 ）

6 8 6 9 7 4 ± 5

7 0 7 7 4 1±1 2

7 0 7 7 8 6 ± 8

7 0 7 4 2 7 士1 2

6 8 6 9 64 ± 7

7 0 7 7 3 6 土1 2

7 0 74 24 ± 7

6 8 6 9 7 9 士 7

7 0 7 7 4 2 士12

7 0 74 3 1士 7

6 8 6 9 9 8 ± 8

70 7 7 5 8 ± 14

7 0 7 4 6 5 ± 8

68 6 96 3 ± 9

70 7 72 6 士1 1

70 74 3 0± 7

17．4． 7 0 7 9 4 2 ±1 2 7 0 79 3 7 ±12 70 79 5 3 ± 12 7 0 7 9 6 1士1 4 70 7 9 28 士 1 1

17．5． 70 7 4 3 3 士1 2 7 0 74 3 4 士12 70 7 4 3 9 士 12 7 0 7 4 6 2 士1 4 70 74 3 6 士 1 1

17．6． 7 0 8 3 0 0 ±1 2 7 0 8 29 6 ±12 7 0 82 9 1 ± 12 7 0 8 3 0 6 ±1 4 70 8 27 5士 1 1

17．7．（1 3 7 9 ）

3 7．1．（2 10．1二）

3 7．2．

3 7．3．

70 7 8 3 8 士 8

6 8 6 0 4 3 士 7 ・

68 62．8 5 士1 2

6 8 68 5 0 ±12

7 0 7 8 3 1 土 7

6 8 6 04 6 ± 6

6 8 68 6 1士 9

7 0 78 29 士 7

6 8 60 6 2 ± 7

6と始．8 7 1上 1 3

7 0 7 8 64 士 8

6 8 6 0 5 0 ± 7

68 6 8 7 3 士1 3

68 5 8 26 ± 6

7 0 78 3 1士 7

6 8 6 05 8 ± 7

6 8 6 2 9 4 ±1 1

6 8 6 8 7 9 ±1 1

6 8 5 8 44 士 7

3 7．4． 68 6 6 0 4 ±12 6 8 6 6 0 9 ±　 9 6 8 6 6 1 1 士1 3

3 7．5．（2 0 9．1 ） 6 8 5 8 2 4 士　 7 6 8 5 8 2 1±　 6 6 8 5 8 4 0 ±　 7

3 7．6．（2 0 9 ）

1 8．1．（1 9 7 ）

68 6 9 9 8 ±12

70 79 5 6 士 6

6 8 6 99 3 士 9

7 0 79 5 3 ± 6

6 8 69 99 士1 3

7 0 7 9 6 5 ± 7

68 7 0 17 ±1 3

70 7 9 6 2 ± 6

6 8 6 9 9 2 士1 1

7 0 79 7 1± 7

1 8．2． 70 72 1 0 土12 7 0 7 2 2 0 士1 0 7 0 7 2 4 0 ±1 2 70 7 2 30 士 1 3 7 0 7 2 2 7 ±1 1

1 8．3． 7 0 7 6 6 0 ±12 7 0 76 8 3 士1 0 7 0 7 6 9 2 士12 70 7 6 9 0 土13 7 0 7 6 87 ±1 1

7 0 8 6 2 4士 1 1

1 8．4． 7 0 7 5 8 2士 12 7 0 7 5 7 5 ±1 0 7 0 7 5 88 士12 7 0 7 5 9 0 ± 13

18 ．5． 7 0 8 6 0 7土 12 7 0 8 6 2 0 士1 2 7 0 8 6 17 士12 70 8 6 19 ± 13

18．6．（1 9 3 ）

19．1．（Ⅱ3 8 5 1）

7 0 8 3 2 2士 6

7 0 6 0 14 士1 2

7 0 8 3 2 1士 6

7 0 6 0 2 5 士 7

7 0 8 3 2 2 士 7

7 0 6 0 4 6 ± 7

7 0 8 3 3 2 士 7

7 0 6 0 5 6 ± 6

7 0 8 3 3 5± 7

70 6 0 6 3士 7

19．2． 7 0 7 9 4 0 ±1 2 7 0 7 94・9 ±12 70 7 9 3 9 土13 7 0 7 9 8 1土 13 7 0 7 9 6 5士 1 1

19．3． 7 08 4 12 士　 6 7 0 8 4 2 1士12 7 0 8 4 1 8 ± 13 7 0 8 4 3 0 土 10 70 8 4 2 1士 1 1

19．4． 7 0 7 7 8 4 士1 2

7 0 7 6 1 1士 6

6 8 5 7 6 0 ± 7

7 0 7 7 93 土12 70 7 7 6 7 土 13 70 7 7 8 6 ± 13 70 7 7 76 ± 1 1

70 7 6 1 3士 7

6 8 5 76 5士 7

19．5． 7 0 7 5 5 3 士12 70 7 5 5 1 ± 12 7 0 7 5 0 7 ± 13

19．6．（1 3 2 8 ）

3 8．1．（1 3 12 ）

7 0 7 59 9 士 7

6 8 5 7 58 士 7

7 0 76 1＿5 士 7

6 8 5 7 6 5 士 7

7 0 7 6 1 8 土 6

68 5 7 5 8 士 6

3 8．2．（．1 3 1 1 ） 68 5 1 3 3 ±1 2 6 8 5 12 9 土 13 6 8 5 1 1 2 ±1 3 68 5 14 7 士1 3 6 8 5 13 4士1 1

3 8．3．（1 3 10 ） 68 5 7 19 士1 2 6 8 5 69 0士 13 68 56 8 9 ±1 3 68 5 6 9 5 ±1 3 6 8 5 70 4 ±1 1

3 8．4．（13 0 9 ） 6 8 6 3 8 2 士　 7 6 8 6 36 7士　 7 68 63 86 ±　 7 6 8 6 3 7 3 士　 6 6 8 6 3 8 5 ±　 7

3 8．5．（13 0 8 ） 68 5 6 3‾1±1 2 6 8 5 62 4 ± 13 6 8 56 14 士1 3 68 56 2 1士1 3 6 8 5 6 4 1 ±1 1

3 8．6．（1 3 0 7 ） 68 6 5 5 2 ±1 2 6 8 6 5 2 2 ± 13 6 8 65 3 2 土1 3 68 6 5 5 4 ±1 0 6 8 6 56 8 土1 1

（continued to the next page）
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Table6．（continued）

Period of M ar． Ja n． A p l●． N ov． M a r． F eb． M ar． Jan． M a r． Jan． M a r．

m easurem ent 1972 1974 1975 －1976 ■ 1978 1980 1981

20．1．（1288 ）

〃g als 〃ga ls 〃ga ls 〝gals 〃gals

9 79 979 979 979 979

70950 1土　8 70949 3 ±　8 70950 1 土　8 709508 士　9 70949 8 ±　9

20．2． 706 757 土12 706 75 6 士13 70676 2 士13 70678 5 ±14 706 756 ±12

20．3． 707 13 1±12 707 11 1士13 707 134 士13 707 154 士14 707 112 士12

20．4． 706965 土12 70 696 1±13 706975 土13 706986 ±14 706966 ±12

20．5． 7083 94 ±12 708 38 9 ±13 70838 7 士13 70840 1 士14 708388 土12

20．6．（128 7 ）

2 1．1．（14 74 ）

709905 士 8

709653 ± 8

709 89 3 士 8

709 677 士 8

709893 ± 8

709698 ± 8

709894 士 9

709724 ± 9

708426 ±14

709892 土 9

709 716 士 9

70842 4 ±12

2 1．2． 708396 土12 708 43 0 士13 7 08496 ±13

2 1．3． 708302 士12 70834 1 士13 708 402 ±13

2 1．4． 707389 ±12

7 06777 ± 8

7 074 18 士13 7 074 59 士13 707502 ±14 70 7488 ±12

2 1．5． 707720 士13 7 07748 ±13 70778 1 ±14 70 7768 士12

2 1．6．（14 73 ） 7 0681 1 ±　8 7 068 47 士　8 706876 士　9 70 6877 ±　9

＊Localgravity measurements by means of a single gravimeter were carried outin1976．
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Fig．6．ApparentsecularchangeofgravityintheareaaroundLakeBiwaundertheassump－

tionthatthegravityvalueatthereferencestationhasnotchangedduringthewholeperiod

concerned．
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theassumptionthatthe gravityvalue at thereference station（Kyoto）hasnot changed

duringthewholeperiod’concerned．

measurement was adopted，it was difficult to

Obtainstableresultsbythemethodofcalculation

mentioned above，because there were no direct

COnneCtions from the reference station（Kyoto）

from morning to night except the first andlast

days．We have therefore calculated under the

assumption that the drift rate was constant

throughthe whole course ofthree orfour days．

Results thus obtained are shownin Table5for

theareaaroundLake BiwaandinTable6forthe

is0－graVitystations．

Apparentsecularchangesofgravitywerecal－

Culatedfromthesedataundertheassumptionthat

thegravity value attheGravity Station ofGeo－

physicalInstitute of Kyoto University has been

COnStant during the whole period concerned．

They are shownin Fig．6for the area around

Lake Biwa andinFig．7fortheis0－graVity sta－

tions．
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Gravity Chan9〇
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5．ReliabilityoftheResults

Beforediscusslngthesecularchangeofgravity，

thefollowingtwoproblemsmustbeinvestigated；

a）accuracyoftheresultsobtained，and

b）proprietyoftheassumptionthatthegravity

Value attheGravity StationofGeophysical

Institute of KyotoUniversity hasbeen con－

Stant．

5－1．Accuracyofthe resultsobtained

Almost all measurementsin the area around

Lake Biwa were carried outwith only one La

Coste＆RomberggTaVimeter．Therefore，itisdif－

ficult to get the accuracy of the results around

Lake Biwa exactly．As the calculationfor get－

ting the gravity differences between one station

andthereferencestationwasmadebyusingthe

least squares method，the standard deviation of
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eachresultwasalsoobtainedanditisalsoshown

in Tables5and6．Itincludes many kinds of

errors which can be regarded as random errors

SuCh aserrorsduetometeorologicalconditions，

andit canbe a criterion oftheaccuracy ofthe

gravity difference obtained．However，it was

Obtained from the calculation process and we

CannOt Simply think thatitmeans the accuracy

itself，becauseitdoesnotincludethesystematic

error；for example，the error produced by the

difference of scale value，the periodic error

CauSedbytheeccentricitiesofthegearsingravi－

meterandtheerrorcausedbyuncertaintyofthe

adequacy to makethe assumption thatthe drift

rateis constant to timein a day．Each error

SOurCeis examined here．

G－196

20

25

a）Effectduetounclamping

Instrumentaldriftfollowingunclampingofthe

LaCoste＆Romberg gravimeter G－275wasin－

VeStigated by HIPKIN（1978）．According to his

result，an eXpOnential drift was observed after

unclamping，anditamountedtoalmost40FLgals

in　2　hours．He recommends that equilibrium

Value after rapid driftis more reliable than the

Value before rapid drift．Similar drift was ob，

SerVedin the case of the LaCoste＆Romberg

gravimeterG－493，butits amount was muchless

in the case of the G－196，aS Shownin Fig．8．

Moreover，itwasclarifiedthatsuchdriftdepend－

ed on ambienttemperature according to ourin－

VeStigations（NAKAGAWA et al．，1974）；for ex－

ample，readingofthegravimeterincreasedwhen

OMay29，1978

XMay30，1978

xx管XX♂XxもXX紗xxx
O

㌔x X xx

180　min．

XXY

×　ズ　××

G－493

00　　〉　×
xX

㌔誓x

00x
X

攻X
X

Xメス　X Xが

OMay28，1978

XMay30，1978

180　min．

Fig．8．Examplesofinstrumentaldriftfollowingtheunclampingofthemeasuresystemfor

LaCoste＆Romberggravimeters．
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the ambient temperature decreased，and there

Were SOme phaselags between change of the

ambient temperature and response of the gravi－

meter’sreading，inthecaseofthegravimeterG－

31．Fromtheseinvestigations，itfollowsthatthe

gravitymeasurementshouldbecarriedoutwithin

tenminutesjust after thegravimeter wastaken

Out Ofits carrying case and the clamp of the

measure system was released．The value was

readthreetimesjustaftertheclampwasreleased．

Whenthedifferencebetweenthemaximumvalue

and the minimum one of the three values was

morethan0．01gravimeter’scounterunit（aboutlO

JLgals），thevaluewasread one moretime．We

recorded the times when the gravimeter was

takenoutofitscarylngCaSeandwhentheclamp

WaS released at every measurementin order to

check the timedurationfrom whenit was taken

out ofthe caseto whenthelastvalue was read，

anditwasusuallylessthanfiveminutes．

The rapid drift which was mentionedin this

SeCtion，maybecausedbyheatofthelightforthe

levelsandopticalsystemofthegra）imeter（TsU－

KAMOTO，1983）．

b）Effect due to turning the measure dial of

gravimeter

Itwaspointedoutthattheeffectbyturningthe

measuredialofthegravimetercannOtbeignored

whenthegravityvaluediffersmuchfromthatat

thelast station and therefore the measure dial

must be turned much to find the gravimeter’s

reading（SETO，1976）．Thoughthiseffectwasnot

sosevereexceptthegravimeterG－29throughour

examinations（NAKAGAWA et al．，1973），itis

probablethatitinfluencesconsiderablywhenthe

gravitydifferencefromthelaststationislarge．

This effect，however，reduces as time goes by

fromturningit，andthemeasuredialwasthere－

foreadjustedtotheprospectedvalueasmuchas

possiblejustafterfinishingthelastmeasurement．

C）Meteorologicaleffects

The effectby change ofatmospheric pressure

to the reading has beeninvestigated with some

LaCoste　＆　Romberg gravimeters（KIVINIEMI，

1974；NAKAI，1975）．However，theinvestiga－

tionsofthiseffectwiththeLaCoste＆Romberg

gravimeterswhichwereemployedinthe present

measurements have not been enough，and the

COrreCtionvalue for atmospheric pressureis not

Obtainedyet．Theresultsofexaminationsbyother

LaCoste＆RomberggravimetersmadebyKIVINI－

EMIandNAKAIimplythattheeffectbyairbuoy－

ancyissosmallthat almostalloftheeffectsby

atmosphericpressureareduetoattractionofair

mass．Takingthe air attractioninto cbnsidera－

tion，thenewgravitydifferenceisonlyl～2JLgals

moreorlessthantheformergravitydifference．

Asdescribedin a），thereare somephaselags

between change of ambient temperature and re－

SpOnSe Of the gravimeter’s reading．When the

gravity measurementis carried outwithin ten

minutes，itcanbethoughtthat theeffectdueto

theambienttemperatureisnegligible，becauseit

isalwayssimilartemperatureinsidethecarrying

d）Effectduetothegroundnoises

Throughlaboratory experiments by the La

Coste＆RomberggravimeterG－365whidlWaSputOn

avibratingplatform，HANADA（1977）foundthat

the vibration center oflight beam of the gravi一

meter shifted and that the direction and amount

Ofzero－pOintshiftvariedwiththeperiodofvibra－

tion．Fortunatelygroundnoises areso smallat

themostmeasuredstationsofthepresentinvesti－

gations that the gravimeter beam scarcely vi－

bratesin the measurement．Ⅰt can be thought

thattheeffectduetothegroundnoisesisnegligi－

bleinthepresentmeasurements．

e）Effectduetotheearth tides

The correction of the earth tides was made

mainlybyusinga formula by LoNGMAN（1959），

butnewerastronomicalconstantswerealsotaken

into consideration，and the formula which was

not expanded by Legendre’s polynomials was
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Table7．8－factors observed at the reference station

bymeansoftheAskaniagravimeter（Gs－15）

No．217　（after NAKAGAWAetaL，1975）

C onstituents 8－factor l P hase lag （degree）

M 2 1．195－1．199 2．92－2．94

S 2 1．155－1．160 4．40－4．47

K l 1．195－1．217 0．40－0．62

0 1 1．202－1．217 0．70－0．81

Two valuesgiven for8－factor and phaselag are

due to the method of analysIS．

used．NAKAI（1979）made a more precise pr0－

gramforcomputingthetidalforces．Themaxi－

mumdifferencebetweenthe present results and

the NAKAI’sisabout2FLgals．

Thetidalfactorofgravitywasassumedtobe1．2

andthephaselagwasassumedtobeOO．

Tidalobservationsofgravitywerecarriedout

byAskaniagravimetersatGeophysicalInstitute

OfKyotoUniversitywhichisthereferencestation

Ofthepresentinvestigations（NAKAGAWA，1962b；

NAKAGAWA et al．，1975）．The data obtained

throughthem were analyzedin detail，and the

newer results of the four main constituents are

showninTable7．TheresultsshowninTable7

involvethephaselagsduetothegravimeter’sand

filter’sresponses．Accordingtoaninvestigation

on the same system as this by VoLKOV and

ZASIMOV（1973），thesephaselagswereestimated

tobelO．85，10．92，00．96andOO．89forM2，S2，Kland

O．constituents，reSpeCtively．The real phase

lags are therefore estimated to belO．07～10．09，

20．48～20．55，－00．56～－00．34and－00．19～－00．08for

M2，S2，KlandOICOnStituents，reSpeCtively；they

arealmostnegligibleexceptS2COnStituent．

Everystationhasitsownvalueoftidalfactor

Ofgravity．Gravimetrictidalobservationswere

carriedoutatChikubuIslandinLakeBiwaandat

Shionomisakiin the KiiPeninsula by a Worden

gravimeter（IcHINOHE et al．，1956），andatShio－

nomisaki also by an Askania gravimeter Gs－11

27

（NAKAGAWA，1962a）．Theirresultsareshownin

Table8．Thetidalfactorsofgravityobtainedby

the Askania gravimeter Gs－11are smaller than

thosebyothergravimeteratKyotoandShion0－

misaki，butthedifference amongthestationsis

not clear．

Judging from these data，theerror caused by

theuncertaintyoftidalfactorandphaselagand

by approximate calculation of theoreticaltidal

forcesisestimatedtobelessthan5FEgals．

f）Effectduetoinstrumentalheight

Theheightdifferencebetweenthetopplateof

agravimeterandthetopofabenchmark（instru－

mental height）was not measured before1967．

Thecorrectionofinstrumentalheightwasthere－

foremadebyreadingtheheightfromthephot0－

graphs or the sketches of measurement．Then，

theaccuracy oftheinstrumentalheightisabout

±1cm，Whichcorrespondstoabout±3JLgalsof

gravity．Since1970，theinstrumentalheighthas

beendirectlymeasuredateverymeasurement，SO

thattheerrorduetotheuncertaintyoftheinstru－

mentalheightdoesnotmatter．

Thevalueoffree－airgradientofgravityisnot

SameateVeryStation，butthepresentcalculation

is based onits normal value（3．086JJgals／cm）．

Thechange，however，Oftheinstrumentalheight

at the same stationis so smallthat theerrordue

to the difference between the two values of nor－

malfree－airgradientandrealoneisnegligiblein

fact．

The error due to the correction of theinstru－

mentalheightisthought tobelessthan5JLgals

before1967andlessthanlJLgalsafter1971．

g）Effectduetothedriftofgravimeter，sread－

ings

As describedinthe Chapter4，the drift of a

gravimeter was corrected under the assumption

that the drift rate was constant within a day．

Butithasrecentlybeenproposedthatnotonlya

lineartermbutaquadratictermtothetime；that

is，aparabolicdriftshouldbetakenintoaccount，
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Table8．8－factors observedin KinkiDistrict by means of a Worden gravimeter and

an Askania gravimeter for M2COnStituent

L ocation 8－factor
P hase lag

（degree）

P eriod of

Observa tion

G ravim eter

em ploy ed
R eference

K y oto 1．18 1．96 Ju ne－July

1954

Sept．－O ct．

1955

N ov．－D ec．

1955

Juムe－July

1957

Jan．－F eb．

1958

June－July

1958

July 1957－

M ay 1959

A ug．1959－

A ug．1960
l

Ⅵb rd on 217 IcH IN OH E ef α左 1956

C hik ubu Isla nd 1．21 1．20 VVorden 217 IcH IN O H E gJ α左 1956

Sh ion om isak i 1．23 2．42 Ⅵわrden　217 IcH IN O H E gf α左 1956

K yoto 1．143 1．12 A sk ania lll

（G s－11）

A ska nia lll

（G s－11）

A ska nia lll

（G s－11）

A skan ia lll

（G s－11）

A skan ia lll

（G s－11）

N A K A GAW A，1962a

Sh ion om isak i 1．141 0．23 N A K A G叫 1962a

K yoto 1．115 1．24 N A K A GA W A，1962a

K yoto 1．139 1．91 N A K A GA W A，1962b

K yoto 1．138 2．40 N A KA G A W A，1962b

andthismethodispracticallyusedinsomegravi－

metricanalyses（e．g．，KIVINIEMI，1974）．

Thepresentmeasurementisonlyasetofgoing

and returning measurementsin a day exceptin

1984・Thismeasurementisnotsuitabletoapply

an analysis under the assumption that the real

driftistheparabolicone．Thetestcalculationof

applyingtheparabolicdriftforthepresentmeas－

urement showed that the standard deviation of

quadraticcoefficientofthedriftwastwoorthree

timesgreaterthanthecoefficientitselformore，

and that the standard deviation of the gravity

differences was a：lso two or three times greater

thanthatbytheanalysisbasedonalineardrift．

Judging from these facts，itis unreasonable to

applytheanalysisbasedontheparabolicdriftin

thepresentcase．

In1984，gOlng，returnlng and one more golng

measurements were carried out at five stations

near Lake Biwa by using two gravimetersin

Ordertochecktheefficiencyofanalysesbasedon

parabolic drifts．The drift rate of each gravi－

meter’s readings for that day，however，WaS

almostconstantasshowninFig．5，andthestan－

darddeviationsofthegravitydifferencesamong

the five stations based on parabolic drifts were

greaterthanthosebased onlinear drifts．How－

ever，itis more probable that the values of the

gravimetersdo not sometimes havelinear drifts

buthaveparabolicormorecomplicatedones．

Comparing the results obtained through　an

analysis assumlng thelinear drift with those

Obtainedthroughanotheroneassumingthepara－

bolicdrift，theerrorduetothenon－lineardriftis

thoughttobelessthan5JLgals．

h）Effectdueto calibration curve

Asdescribedinthe Chapter4，COrreCtion fac－

tors for scale values ofgravimeters were taken

into considerationin the presentinvestigations，

These factors are referred to theIGSN71and

JGSN75．Theyare1．000633inthevicinityofthe

gravity value at GeophysicalInstitute of Kyoto

University fortheG－196andl．000473forthe G－

210．Theotherinternationalgravimetricconnec－

tionswerecarriedouttwotimesbyusingserveral

LaCoste＆Romberg gravimeters whichinclude
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the G－196and G－210，along the Circum－Pacific

ZOne．Their purpose was to make a precise

calibration of scale values of the gravimeters

employedandtoofferusefuldataforthesakeof

the reform of theIGSN71（NAKAGAWA et al．，

1981；1982b）．Thecorrectionfactorsweredeter－

minedbytheresultsofthetwogravimetric con－

nectionstobel．000492andl．000582fortheG－196，

andl．000522andl．000515for the G－210．

The difference between the factorsinthe pre－

Sentinvestigations and those newly determined

was O．00005～0．00015　for the two gravimeters．

Themaximumgravitydifferencefromtherefer－

ence stationisless than30mgals and therefore

theerrorcausedbytheuncertaintyofscalevalues

wi11belessthan4JLgalsforboththeG－196andG－

210．As for the other gravimeters，We do not

have enoughdata to show such an error，butit

maybethesameorderasfortheG－196andG－210．

Such bench marks were chosen，aS graVity

stations，aSgraVitydifferencefromthereference

stationissmallerthanlmgalorasgravltyValue

iswithintherange of979．686gals±1mgal．In

the gravity measurements at such stations，the

errorduetouncertaintyofscalevalueisprobably

lessthanO．1FLgalanditispracticallynegligible．

In addition，SOme periodic errors which were

producedbyboththeeccentricityofadialscrew

and gears ofthe gravimeter must be takeninto

account．Theperiodsoftheerrordependonthe

ratios ofgears．Possible periods arel．00，3．94，

7．88，35．47，70．94，603and1206counter units of

the gravimeter（KIVINIEMI，1974；BECKER，1981；

KANNGIESER，1982）．One counter unit corres－

pondstoaboutl．05mgals．Ascaneasilybeseen

fromFig．5，thereadingsatthereferencestation

werealwayslargerthan the calculated drift for

・G－196and they were opposite for G－534in1984

exceptthelastreading．Itismuchprobablethat

they were caused by the periodic errors of the

gravimeters．

When only the time change of gravityis disT

29

cussed，and further，When the gravimeter read－

ingsarecarriedoutatthe samedialpositionof

the same gravimeter at each measured station，

theperiodic errors ofthe gravimeter canbeig－

nored．ThegravimeterG－196hasbeenusedinall

gravity measurements since1971，but there has

been the drift amounting to aboutl mgal／year．

The position of reading has therefore shifted

gradually one measurement after another．

Althoughtheamplitudesoftheseperiodicerrors

ofthepresentgravimetersarenotyetknown，the

errorsduetotheseeffectsmaybe±5～10FLgalsor

alittlemore，judgedfromFig．5andtheexperi－

mentalresultsbyKIVINIEMI（1974）andKANNGIE，

SER（1982）．

The errors due to effects explainedin a）～e）

arealreadyincludedasrandomerrorswithinthe

Standarddeviationsobtainedbytheleastsquares

method．When pluralgravimeterswere usedin

the measurement，the errors due to effects ex－

plainedin f）～h）are alsoincluded within the

Standard deviations calculated by theleast

SquareSmethod．Whenaslnglegravimeterwas

used，theseerrorsarenotincludedinthestandard

deviationsgivenin Tables5and6．Realdevia－

tions，therefore，muSt be greater than thosein

both of the two tables’by severalFLgals at the

Station whose gravity difference from Kyoto

Universityis small，Or about tenJLgals at the

Stationwhosegravitydifferenceislarge．

5－2．Gravityvalueatthereferencestation

TheGravityStationofGeophysicalInstituteof

Kyoto University was used as reference station

anditisfirmlyconstructed on a stablebedrock．

However，itcannotbesaidthatthegravityvalue

at the reference station has been constant only

becauseofthefact．Wecarriedoutacontinuous

observationofgravityduringtheperiodofmore

than3years by an Askania gravimeter at the

reference station（NAKAGAWA et al．，1975）．It



30 Mikio SATOMURA

Kyoto Univ．－G．S．L，Tokyo

．・・ロ：∴：竃3姦払。0尋
ズ

223

菓子皇4

02

雰447　▲

●G－29　　▲G－118　　■G－210　　k OtherS

□　G－83　　　0G－196　　△G－305

ngal Kyoto Univ・－Univ■OfTokyo

〇九34　0

●●

12
4
脚
聖
．

■
￥
糾 ○

Kyoto Univ．－KumanlOtO Univ．

○ 0　　31

。　て讃。　○
■

●

●Gt29　　　0G－196　　AG－305

▲　G－118　　t G－210　　×Oth●ra

Fig・9・ResultsofgravityconnectionsperformedbytheformerGeographicalSurveyInstitute

inToky0－KyotoUniversity，theUniversityofTokyo－KyotoUniversityandKumamoto

University－Kyoto University．



PRECISE GRAVITY MEASUREMENTS

givessplendid datafortheinvestigationontidal

Variation of gravity，but the secular change of

gravity at the station cannot be separated from

the gravimeter’s drift．Therefore，in order to

examine whether the gravity value at a station

Changesornot，Onlythefollowingthreemethods

maybeavailable；

a）torepeat absolutemeasurementsofgravity，

b）torepeatgravityconnectionswitha station

Whereabsolutemeasurementsofgravity are

repeatedlycarriedout，and

C）to repeat gravity connectionswith stations

Which are far enoughfrom the station to

makesurethatthesimilargravitychangesdo

notoccursimultane－ously．

Unfortunately，preCise absolute measurement

Ofgravitystartedonly someyears agoinJapan

（e．g．，MURATA，1978；00E et al．，1982；HANA－

DA et al．，1982），andtheresultsarenotsufficient

enoughtohelptodetectsecularchangeofgravi－

ty．However，the gravity connection between

the FundamentalGravity Station at the former

building ofthe GeographicalSurveyInstitutein

TokyoandthatofGeophysicalInstituteofKyoto

University hasbeen often carried out；their rec－

tilineardistanceisabout350km．Theresultsof

theconnectionsareshowninFig．9．Theseval－

ues are only those obtained with LaCoste　＆

Romberg gravimeters．They were obtained by

CalculatingwithrevisedscalevaluesfortheG－29，

G－118and G－196（NAKAGAWA et al．，1978）Or

COrreCtionfactprsforothergravimeters（NAKA－

GAWA et al．，1977a）．These measurements are

not much accurate．However，aS Can be seen

fromFig．9，itcanbemoreproperly to saythat

thegravity difference betweenboth thestations

has not changed since1964except for a few

exceptional values，rather than to say that the

gravitydifferencehaschanged．

The gravity connectionswith other gravity

stationsfarfromKyotohadbeenseldomcarried

Out，butsomeconnectionshavebeencarriedout

C　　　　つ　Lake Biwa

三　　　三Iso－Gravity
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IlO画

Fig．10．Changes of the mean values of

gravity differences from the reference

station at33Stationsin the area around

LakeBiwaandthoseat36stationsofthe

is0－graVitymeasurements．

since1971．Fig．9also showsthe results ofthe

UniversityofTokyo～KyotoUniversityandKu－

mamotoUniversity～Kyoto Universityconnec－

tions．Even from these results，We CannOt tell

yetifthe gravity value at the reference station

haschangedornot．

Wecan，therefore，uSe Only thedata obtained

bytherelativemeasurementsthemselvesinKinki

DistrictshowninTables5and6，intheattempt

toprovetheassumptionthatthegravityvalueat

the reference station has been constant．First，

WeCalculatedthe meanvalues ofgravitydiffer－

encesfromthereferencestationat33Stationsinthe

area around Lake Biwa；at these stations eight

measurementswerecarriedoutduringtheperiod

between1971and1980．Second，We Calculated

the mean values of gravity difference from the

referencestationat36stationsinKinkiDistrict，

Wherefivemeasurements werecarriedoutasis0－

gravitymeasurementsby meansoftwo orthree

gravimeters．We excluded the values at B．M．

1473and B．M．1474because the gravity values

hadincreasedduetotheseveregroundsubsidence

there．TheseresultsareshowninFig．10．Two

results obtained byindependent gravlty meaS－

urements show the similar tendency．Consist－

ent results were obtained by analyzing these

data withtheprincipalcomponent analysis（FU－

KUDA，1982）．These facts may show that the
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gravityvalueshavechangedinthesamewayin

the whole area of KinkiDistrict，butit may be

interpretablethatthegravityvalueatthereference

Station has changedin a contrary way to that

glVeninFig．10．AsthechangeofgravltyValue

atthereferencestationamountstoonlyaboutlO

Or20〃gals，itis hiddenin the error of Tokyo

～Kyoto and Kumamoto～Kyoto connections，

ifit exists，

Wedidnothaveanopportunity，unfortunately，

to carry out precise absolute measurements of

gravityinthearea concerned，butwehave only

measured gravity differences．Therefore，We

CannOt discussthecommonchange ofgravityin

thewhole area ofKinkiDistrict，ifitexists，but

WemayOnlydiscusstheresidualchangewithout

thecommonchange．

In the next two Chapters，We Will discuss the

residualchangeofgravityateachmeasuredstaT

tion，under the assumption that the change of

meanvaluesshowninFig．10isduetothechange

atthereferencestation．Theresidualchangeis

Shownin Fig．11in the area around Lake Biwa

and that obtained from theis0－graVlty meaSure－

mentsisshownin Fig．12．

6．GravityChangesaroundLakeBiwa

Becauseamethodtoperformtheprecisegravi－

ty measurement wasnot established wellbefore

1970，One－Way meaSurement WaS employed at

SOmeStationsin1964and1967，aSdescribedinthe

Chapter3．Therefore，itsaccuracywasestimat－

edtobeabout30～40JLgalsinstandarddeviations

asshowninTable5undertheassumptionthata

drift rate ofthe gravimeteremployed wastobe

COnStant Withina day．Actual error might be

SOmeWhatlargerthanthisamountinviewofthe

Circumstances when the gravity measurements

Were Carried out；for example，theinstrumental

heightwasnotmeasuredin1964and1967．

We have employed the going and returning

33

measurementsdirectlyfromthereferencestation

andhaverepeatedthemattheso－Called”connec－

tivestations”since1971，inordertoimprovethe

accuracyofmeasurements．Standarddeviations

in the results of gravity measurements were

almostless thanlO FLgals．

AscanbeseeninFig．6，thegravitydifference

from the reference stationincreasedfrom1967to

19710nbothshoresofthesouthernpartofLake

Biwa，While the change of gravity difference

observed after1971was not so much．Itis a

question whether the amount of the change of

gravitydifferenceduringthe periodfrom1967to

1971was really more than an actual errorin

gravity measurements or not，SO that we should

noteasilyjumptoanydefiniteconclusion．

Thegravitychangeafter1971cannotbefound

1971－1980

－Decrease

＋lncreaSe

Fig．13．Mean rates of

○＜－1〃gal／year

◎－1－Ollgal／year

㊥0一十11唱al／year

●＞十11喝al／year

gravity change

assumlng that the gravity change was

lineartothelapseoftimebetween1971

and1980．
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SO Clearlyin Figs．6　andll．As the gravlty

measurements were carried out almost once a

yearduringtheperiodbetween1971and1980，the

meanratesofgravitychangewereestimatedby

theleastsquaresmethodassumlngthatthegravi－

ty change during this period waslinear to the

lapseoftime，TheirresultsareshowninFig．13．

FromFig．13，WeCanbrieflyfindoutthepattern

thatthegravityvalueincreasedalongthenorthT

ernshoreofthelakeanddecreasedalongboththe

southern and western shores．

Levellingsurveysduringthe period concerned

WereCarried out along the western shore ofthe

lakein1971and1979bytheGeographicalSurvey

Institute andin1975／1976by the Geophysical

InstituteofKyotoUniversity．Changesingravi－

ty andin height found bylevelling surveys are

Shownin Fig．14．The tendency of the gravity

Changewassimilartothat oftheverticalmove－

ment during the period between1971and1975

（NAKAGAWA and SATOMURA，1976；1977），but

the case was not so during the period between

1975and1980（NAKAGAWA et al．，1982a）．

Thecomparisonbetweengravitychangeduring

the period of1971～1980andverticalmovement

during that of1971～1979is also shown at the

bottom of Fig．14．Ⅰt shows that the gravity

Change did not have the same tendency as the

Verticalmovement．But，here，WeShouldtakea

noticethatthegravitychangeandverticalmove－

ment described here were obtained from about

eight gravlty meaSurementS and threelevelling

SurVeyS，reSpeCtively，during the period con－

Cerned．Ifmorelevellingsurveyshadbeencar－

ried out during the period asin the case of the

gravitymeasurements，anOtherresultofvertical

movementmighthavebeenobtained．

Next，itmustbeexaminedtherelationbetween

gravitychangeandchangeofwaterlevelofLake

Biwa．Asforthedataonwaterlevelofthelake，

Six stations belonglng tO the Kinki RegiOnal

ConstructionBureauoftheMinistryofConstruc－
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tion are available；they are Mihogasaki（near

6tsu），Hikone，Katayama（near Kohoku），Shio－

tsu（between Honnoura and Yanokuma），6mizo

（near Takashima）and Katata．The vertical

movement at each station was calculated from

themonthlymeandata ofwaterlevelduringthe

periodof1971～1980，underthetwoassumptions；

first，the mean value of waterlevels at six sta－

tionsshowstherealchangeofwaterlevelofLake

Biwa；and second，the residual at each station

from the mean value shows the vertical move一

ment ofthe station．The results obtained at six

Stations are shownin Fig．15．The waterlevel

must be affected by the water current，Water

temperature and atmospheric pressure，buttheir

effectscanbeassumedto benegligible，because

MIH〔〕CRSRK工

・二㌦：

7172　73　7Li　75　76　77　78　79　80

Fig．15．Vertical movements obtained

from the monthly mean data of water

level of Lake Biwa．
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Fig．16．Locationsofwaterlevelstations

and vertical movements obtained from

their data．Open circle shows ground

upheaval and closed one shows ground

subsidence．

the monthly mean data were used and only the

meanratesofthechangesduringlO years were

discussed．The rate of the movement was esti－

matedassumlngthatitwaslineartothelapseof

time during this periodlike changes of gravity

andleve11ing．TheresultsarealsoshowninFig．

16aswellaslocationsofthewaterlevelstations．

Thecomparisonofgravitychangeatthegravity

stations near waterlevel stations with vertical

movement obtained from the data of waterlevel

isshowninFig．17．ThegravltyChangeismore

Similar to the vertical change obtained from

Waterleveldatathanthatobtainedfromlevelling

SurVeyS eXCept Katayama Water Level Station．

KatayamaStationislocatedat4kmapartfrom

theKohokuGravityStation，Whiletheothersta－

tions arelocated at distances ofless than2km

from the nearest gravity stations．But the

amountofthegravitychangeisnearlyfivetimes

greaterthan that expected from the waterlevel

Change．

Dividing the period of1971～1980into three

parts，WeeStimatedtherateofgravitychangein

eachperiod．TheresultisshowninFig．18．Fig．

18Showsthepatternofgravitychangeofawave

with a half－WaVelength oflO kmin the first

period．It shows that the gravityincreased on

the northwestern shore and decreased on the

SOutheastern shore during the second period．

Thegravitychangeduringthelastperiodshows

theoppositetendencytothatinthesecondperiod．

The rates of vertical movements were also

estimated from waterlevel data of Lake Biwa

duringthe periodsconcerned．Theirresults are

Shownin Fig．19．Ascanbe seen from Fig．19，

the rates of verticalmovements show a simple

patternineveryperiod，butitisnotsimilartothe

pattern of the rates of gravity changes．We

thinkit means that the obtained patternis not

reliable when the number of the data usedis

Small，becausethedataofbothgravltyandwater

levelhaveacertainquantity oferrors．

As for underground waterlevel，Developing

CorporationforWaterResourceof6tsucityhas

beenmeasurlngit at stations alongsome rivers

whichflowintoLakeBiwa．Fourofthestations

tomeasure underground waterlevelarelocated

atdistancesoflessthan2kmfromgravlty Sta－

tions；thatis，Nishiyurugi，Noguchi（about2km

SOutheast of Takamiya），Reizenji（aboutl km

northofRitt6）andKarihara（aboutlkmeastof

Ritt6）．Themeasurementofundergroundwater

levelstartedin1974，anddailyvaluesareavaila－

blefromtheCorporation’sreport．Thecompari－

SOnS Of gravity change with change of under一

groundwaterlevelareshowninFig．20．Fig．20

Showsthevaluesofundergroundwaterlevelfor

thedaywhenthegravity measurementwas car－

ried out atthe neareststation．Thegravityin－

CreaSeis expected when the underground water

levelgoes up，but the data do not show a clear

COrrelationbetweenthem．Thisfactmaymean

thatthe area concerned has complex hydrogeo－
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1971－1973 1973－1977

0　10　20km

1977－1980

－Decrease

＋1ncrease

Fig．18．TheratesofgravltyChangesinthreeperiods．
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1971－1973

Mikio SATOMURA

1973－1977

0　10　20km

1977－1980

unit：mm／year

＋GroundUpheaval
－GroundSubsidence

Fig・19・Theratesofverticalmovementsobtainedfromthedataofwaterlevelinthethree

periodsasinFig・18・Opencircleshowsgroundupheavalandclosedoneshowsground
subsidence．
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Fig．20．Comparisons of gravity change

withchangeofundergroundwaterlevel

whosestationsarelocatedatdistancesof

lessthan2kmfromgravitystations．

logy．In fact，aninvestigation by the Corpora－

tion showsthatthisareahascomplexhydroge0－

logy．In Canada，the gravity change wasin a

good correlationwith that of the underground

WaterlevelatCapPele，aregionofsimplehydr0－

geology，butthecasewasnotsoatYorkPoint，a

region ofcomplex hydrogeology（LAMBERT and

BEAUMONT，1977）．

Last，We COnSider the relation between the

gravity change and the crustal deformation by

geologicalinvestigations．Accordingtothege0－

10gical studies made so far，itis believed that

LakeBiwaisaveryoldlakeanditsbasementhas

been subsiding．On the other hand，Mt．Hira，

WhichislocatedatthewesternextremityofLake

Biwa，hasbeenrising，andthereareactivefaults

betweentheLake Biwa and Mt．Hira（YoKOYA－

MA，1983）．Evenif such crustal deformationis

true，graVitychangeexpectedfromsuchtectonic

movementsis so small that much time duration

wi11be necessary for the amount of gravity

Changetoexceedthe present accuracy ofmeas－

urement．Forexample，aSMt．Hiraisverylike－
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1ytoriseatarateofl．5mm／year（YoKOYAMA，

1983），ittakes30yearsforthegravitydecreaseto

amounttolOノJgals，andthereforeitisimpossible

at this moment to find any correlation between

thegravitychangeandsuchtectonicmovements．

In fact，the gravity measurements across the

activefaultsbetweentheLakeBiwaandMt．Hira

WereCarried outin1976and1984．Thegravity

Change amounting to8FLgals was detected bet－

Weenthelakesidearea（B．M．1307andB．M．1309）

andthemountainarea（B．M．BA2andB．M．Br5）；

butthechangeobtainedisnotlargeenoughtobe

beyondtheerrorinmeasurement．

Thoughitis obviously necessary to takelong

timetomakesuregravitychangecausedbysuch

CruStal deformation，We Will do more gravity

measurementsin the area near Lake Biwa，in

Ordertoinvestigatetherelationbetweengravity

ChangeandwestwardmovementofLakeBiwaor

rlSlngOfMt．Hira．

7．Gravity Changesin theKiiPeninsula

AsdescribedintheChapter3，inordertodetect

thegravity change accurately，SuCh the first or－

derbenchmarkswerespeciallychosen，aSgraVi－

tystations（main stations），aSgraVitydifference

fromtheGravityStationofGeophysicalInstitute

OfKyoto Universityis smallerthanlmgal（one

SetOftheis0－graVitystations），OraSgraVityvalue

is979．686gals±1mgal（another set of theiso－

gravitystations），alongthelevellingroutesofthe

area covering Lake Biwa andtheKiiPeninsula，

and each ofthemhada fewsub－Stations．Gravi－

ty measurements at the main stations along the

routein the Kii Peninsula were carried out both

clockwise and counter－Clockwise with two or

threeLaCoste＆Romberggravimeters．Inaddi－

tion，local gravity measurements were carried

OutamOngthemainstationsandthesub－Stations．

Thegravitydifferencesfromthereferencestation

were obtained from the data mentionedin the

39

Fig．21．Mean rates of gravity change at

the main　stationsin Kinki District as－

Sumlng that the gravlty Change was

linearto thelapse oftimebetween1974

and1981．

Chapter4．Thestandarddeviationoftheresults

Obtainedatthemainstationsis6～9FLgals．

Themeanratesofgravitychangeatthemain

Stations were obtained by the same method as

thoseatthegravity stationsaround Lake Biwa，

and they are shownin Fig．21．As canbe seen

from Fig．21，the gravityincreasedin thesouth－

easternpartofKinkiDistrictanddecreasedinthe

northwesternpart．

LevellingsurveyswerecarriedoutbytheGeo一

graphical SurveyInstitute along thelevelling

routes of both the coast andinland areas of the

KiiPeninsulain1971／1972and1979．The com－

parisonofgravitychangewithverticalmovement

Which was obtained by thelevelling surveys，is

Shownin Fig．22．Thegravitychangeshownin

this figure was obtained by applying theleast
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SquareS method asin the case of Lake Biwa．

Thecorrelationbetweengravitychangeandver－

ticalmovementisnot so clearatalmoststations．

ThegravitychangesatbothB．M．1473andB．M．

1474，however，arealmostthesameastheexpected

ones from vertical movements．Thisis the free－

air change of gravity due to the ground subsid－

encebyoverpumped－upOfundergroundwater．

The vertical movement of the crust can be

estimatedbyuslngthechangeofmeansealevel．

Next，WeCOmparethegravitychangewithsuch

CruStal movement as that obtained by oceanic

tidal observations．Oceanic tidal observations

havebeencarriedoutatseveralstationsalongthe

COaStOfthe KiiPeninsulaby theJapan Meteor－
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010giCal Agency and the Geographical Survey

Institute．KATO and TsUMURA t1983）analyzed

the data between1951and1982．They showed

thatKushimoto，Whichis at the tip of the PenT

insula，WaSSubsidingattherateofO．9mm／year，

butKainanandWakayama，Whicharelocatedat

the foot of the Peninsula，Were uPlifting at the

rateofO．6mm／year．Theseresultsarenotsimi－

lartotheverticalmovementsobtainedfromlevelT

lingsurveys，butsimilar to thegravitychanges．

However，the amount of vertical movements

derived from oceanic tidal observationsis not

enough　forletting us to explain the gravlty

Changemeasured．

The gravltyChangeby the verticalmovement
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Fig・22・Comparison ofgravity changewith verticalmovement obtained fromlevelling

SurVeySatthemainstations・Brokenlinesshowthegravitychangewhichisreducedthe
effect ofverticalmovement．
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Statedabovewasreducedbyfree－airgradientand

thereducedvaluesareplottedwithbrokenlines

in Fig．22．Fig．22shows that the gravityin－

CreaSed by about5／Jgals／year at the southern

part oftheKiiPeninsula．ThegeodeticcontroI

SurVeySWereCarriedoutthreetimesattriangula－

tionstationsin1901，1949～1952and1978（GEOGRA－

PHICALSURVEYINSTITUTE，1979）．Arealdilatations

between1949／1952and1978in the southern and

easternpartsoftheKiiPeninsulaareestimatedto

be－1．4×10r5per about28years（1950～1978）；

thatis，therateofarealcontractionis5×10－7per

year．We may think that such contractionis

CauSed by the push of the Philippine Sea Plate．

ThedirectionofthemotionofthePhilippineSea

Plateis northwest relative to the Eurasian Plate

near the area concerned（SENO，1977），and the

PlatesubductswithalowanglefromtheNankai

TroughtothecoastoftheKiiPeninsulaandthe

depth ofits surfaceis about30km beneath the

COaSt．The angle of subductionis steeper be－

neath theinland area（MIZOUE，1977；FUKAO et

al．，1983）．Theleadingedgereachesatthe foot

OftheKiiPeninsula（SHIONO，1974；1982），andits

a

NankaiLTrough

Fig．23．

（a）Gravity change estimated by the

densitychangeoflO‾6gcm．3／year’inthe

CrOSSSeCtionof（b）．

（b）The cross sectional view of the

northwestL SOutheast direction of the

Eurasian Plate and the asthenosphere

justabovethesubductingPhilippineSea

Plate．
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depthisabout80km（FUKAOet alリ1983）．The

northwest－SOutheast cross sectional view ofthe

EurasianPlateandtheasthenosphereunderitjust

abovethesubductingPhilippineSeaPlatemaybe

assumedasdrawninFig．23（b）．

Let x and y coordinates be horizontal and z

coordinatebevertical，andimagineaplatewhose

Young’s modulus E and Poisson’s ratio z／tO be

COmpreSSed by the stresses d，and C，（Cz＝0）．

The strains are described as

βズ＝

ey＝

亀＝

JJ‾リ♂γ

E　　，

qy‾リ♂ズ

，and

リ（♂ズ十の）

Wt assume ey＝0，then

qy＝レ♂ズ，

1－リ2

gズ＝‾‾膏lJズ・

リ

∴免＝一　　　　飯．
1－y

The ratio of density changeis

＝－（飯十秒十色）

1－21ノ

1－y
飯．

Wheney≠0，thisrelationlS下＝寸諾（ex・み）

（HAGIWARA and TAJIMA，1973）．

Let y＝0・25，P＝3gcm‾3and e＝ex＋ey

＝5×10‾7／year，

1－2y
dP＝－　　　　板戸

1－リ

＝10L6gcm▼3／year．

Weestimatedthegravitychangesobtainedby

the density change oflO‾6gcm．3／yearin the

Eurasian Plate with the cross section shownin

Fig．23（b）byusingtheformulaofTALWANIetal．

（1959）．Theirresults‾areindicatedinFig．23（a），

Showingthatrelativegravityincreaseisexpected

OnlyaboutlJLgal／yearwhenthereferencestation
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islocatedinKyoto．Thisamountissma11erthan

thereducedgravitychangeatthesouthernpartof

thePeninsula，butsomepartsofgravitychanges

may beexpected to occurby the arealcontrac－

tion．

HASHIMOTO（1981；1982）investigatedthestress

field of this area derived from the movements

Of the Philippine Sea Plate and the Pacific

Platebyusingathree－dimensionalfiniteelement

method，butthevolumechangewasnotdiscussed

yet．Referred to his model，We Calculated the

density change by applying a two－dimensional

finiteelementmethodtothemodelshowninFig．

24．First，WeCalculatedvolumechangesforthe

twocases；Oneisthecasewhereonlyanegative

buoyancy due to the density contrast（0．171g

cm‾3）betweensubductingplateandthesurround－

NW SE

9　　　　　　100km

Fig．24．Aschematicrepresentationofthe

finite element modeling of the north－

westrsoutheast cross section．The

Values glVenin this figure show the

Young’smonduli（×106bars）．

CF：horizontalcompressiveforcegener－

atedbytheunderthrustingofthePhil－

ippineSea Plate．

NB：negativebuoyancyduetothedensi－

ty contrast between the subducting

Plateandthesurroundingmantle．

500bars

Fig．25．Volumecompressioninthecross

SeCtion shownin Fig．24，Calculated by

applyingthefinite elementmethod（unit

inlO‾5）．

lng mantleis takeninto consideration as an

externalforce，and the otheris the case where

two external forces of the negative buoyancy

andahorizontalcompressiveforceamountlngtO

500bars generatedby the underthrustingofthe

Philippine Sea Plate，are takeninto considera－

tion．Next，the volume compression（thatis，

densityincrease）duetocompressiveforcebythe

Plate was obtained from the difference between

thetwovolumechanges，anditsresultwasshown

inFig．25．Itindicatestheexistenceofthecom－

pressionnotonlyinthe sea－Sideareabutalsoin

theinlandarea，andthechangeofgravitydiffer－

enceexpectedfromthecontractionbythepushof

the Plate must be smaller than that calculated

above．TheresultshowninFig．25wasobtained

Ontheboundaryconditionthatthenorthwestside

waslocked．In order to check the effect due to

this assumption of the boundary condition，We

enlarged the model to northwest by40～80km

andcalculatedthedensitychange．Itsresultwas

notmuchdifferentfrom theorlglnalone．

Dividing the peri（id of1974～1981into two

parts，the mean rates of gravity changes were

Calculatedineachperiod．Theresultisshownin

Fig．26．Theresult of theformerhalfperiodis

Similartothat ofthewholeperiod（Fig．21），but
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Fig．26．Meanratesofgravitychangesatthemainstationsintwoperiods．

thatofthelatteronestandsinthereverserelation

with the result of the whole period．We can

noticethecleardifferencebetweenthetwo peri－

ods on the eastern region of the Kii Peninsula；

thatis，the gravityincreased by about　2～4

pgals／yearin the former half period and de－

Creasedbythesamerateinthelatterone・Inthis

region，therecordsoftwooceanictidalobserva－

tion stationsbelongingto theJapan Meteorolo一

gical Agency are available；i．e．，Owase and

Toba．Boththeresultsshowthelandsubsidesat

arateofaboutlcm／yearbefore19770r1978and

it changes to uplift with the similar rate after

that，aSShowninFig．27．Therateoflcm／year

intheverticalmovementcorrespondsto13／Jgals／

yearofgravitychange．Theseresultsimplythe

Changeofcrustaldeformationinawide areain

about1978．Harmonious evidences with the

above一mentionedchange wererecognizedinthis

yearincontinuousobservationsatmanycrustal

Owase

出
汁

ふ
・
∴

－
d
⊥
⊥
訂
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Fig．27．TheverticalmovementsatToba

and Owase deduced from oceanic tidal

records．（after KATO and TsUMURA，

1983）

m。Vement Observatories over a wider areain

Japan（KASAHARAetal・，1983）・

The relations between gravity and elevation

changesobtainedatB・M・1473andB・M・1474are

shownin Fig．28．Elevation changes were cal－

culatedwiththenetadjustmentundertheassump－
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Fig．28．Relations between gravity and

elevationchangesobtainedatB．M．1473
and B．M．1474．

tion that the elevations at B．M．F39（Toyoake

City，AichiPrefecture）andB．M，SF191－2（Tarui

Town，GifuPrefecture）hadbeenunchanged．F，

B andWindicatefree－air，Bouguer and water－’

Saturated gradients of gravity，reSpeCtively．If

theamountofthegroundsubsidenceisassameas

that of the pumped－up underground water，the

gravitymightchangeasthelineW．Theactual

gravity change，however，WaS Smaller than the

expected gravity change from theline W till

March1978．Afterwardstheamountofthelatter

was sma11er than the former．This means that

ground subsidence wasgreater than the amount

COrreSpOndingtothevolumeofpumped－upunder－

ground water before March1978．The ground

Subsidencehadalreadystartedatabout1960，and

thenitmayconcludethattheundergroundwater，

Whichwaspumpedupuntil1974whenthegravity

measurementsstarted，CauSedthegroundsubsid－

encewithsomedelayofthephase．Astheregu－

1ation against pumping underground water has

beenputinforcesinceJanuary1976，thevolume

Ofthe pumped－up underground water has there－

afterbeengettingsmaller．Underthesecircum－

StanCeS，the ground subsidence practically stop－

pedin1978，but gravityincrease still continued

unti11980．Thiscanbeexplainedbyrecoveryof

underground water after the regulation against

pumplng・

Greatearthquakeswhosemagnitudesaregreat－

erthan8．00ccurattheintervalofaboutlOOyears

OffKiiPeninsula．Thelastoneoccurredin1946，

and the period when we have carried out many

precisegravitymeasurements，WaSinaninactive

StageOftheabove一mentionedcycleofearthquake

OCCurrenCe．When such a great earthquake oc－

CurSOffKiiPeninsula，thisareashouldbeoneof

the most probable areas where a great deal of

gravity changeis expected to be observedin

Japan．Notonlytheresultsbutalsothemethods

describedinthepresent articlewillcontributeas

fundamentaldata to detect effectively the small

gravitychangerelated withseismicactivity．

8．Conclusions

We have repeatedly carried out the precise

gravitymeasurementsduringthe period ofmore

thanlOyearsinkinkiDistrictinordertodetect

the secular change of gravity．Some bench

markswerespeciallychosenforthispurpose as

theis0－graVitystationsalongthelevellingroutes

Of the area covering Lake Biwa and the Kii

Peninsula．WerecommendedtotheIAG，Onthe

basisofourexperiencesofprecisegravitymeas－

urements，thattheis0－graVitymeasurementisthe

mostusefulonefordetectingthesecularchange

Ofgravity．TheIAGrecognizedtheimportance

Ofits method and theis0－graVity measurements

arenowcarriedoutatmanyregionsintheworld

forthispurpose．Astheperiodduringwhichwe



PRECISE GRAVITY MEASUREMENTS

have carried out the measurements was a seis一

micallyinactivestageofthetectonicsinthearea

COnCerned，thegravity changewassosmallthat

WeCOuldnotdetectitclearly．However，WegOt

thevaluabledataonthecharacteristicsofgravi－

metersemployed，themethodtoobtaintheaccu－

rategravity differencesand the accuracy ofthe

field gravity measurement throughperformlng

theprecisegravitymeasurements．

Theresultsobtainedfromthepresentinvestiga－

tions are as follows：

a）Theaccuracyofthegravitymeasurementby

asingleLaCoste＆Romberggravimeterisabout

lOJLgalsinstandarddeviationwhenthedriftrate

Of gravimeter’s readingsis assumed to be con－

Stantduringthedayofthemeasurement．

b）Thescale value ofthegravimeter must be

examinedin detail，eSpeCially when the precise

gravity measurementis carried out at stations

With alargegravitydifference．

C）Agoingandreturningmeasurementmustbe

adopted atleastin the precisegravitymeasureT

ment．Direct connection fromthereferencesta－

tionisalsorequiredtoincreasetheaccuracy of

gravlty meaSurementS．

d）Thegravitychangewasnotin a good cor－

relation with the vertical movement obtained

fromlevellingsurveys，butitwasin a fine cor－

relationwithverticalmovementderivedfromthe

Observationsofwaterleveloroceanic tides．

e）Thegravityincreasewasfoundatthetipof

theKiiPeninsula，anditmaybepartlyexplained

bythehorizontalcontractionofthecrustbythe

pushofthePhilippineSeaPlate．

f）Theobservedgravitychangeagreedwith．the

expectedonefromtheverticalmovementwhere

thegroundhasseverelysubsidedbecauseofover

pumped－upundergroundwater．Thisprovesthat

the precise gravity measurementis useful for

detectingacertainundergroundchange．

The results ofgravity measurements through

the presentinvestigations must be the valuable
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and useful datain order to study the secular

Changeofgravityintheareaconcerned，because

themeasurementswerecarefullyperformedafter

activediscussionsandmanyexaminationsabout

themethodsofmeasurementsandthecharacteris－

ticsofgravimeters．Weusedthesamegravime－

ters，thesamemeasuredmethodandsoon．We

believe that a more reliableinformation on the

SeCularchangeofgravitywillbeobtainedwithin

thenexttenyearsoralittlemore，by repeating

thesimilargravitymeasurementswithequaltime

interval．

However，SOme prOblems to soIve hereafter

Stillremainorarisethroughthepresentinvestiga－

tions；theyareasfollows：

a）Whentherelativemeasurementsarecarried

Out，itis a matter ofcourse that we can obtain

Onlythechangeofgravitydifferenceandcannot

Obtaintheabsolutechangeofgravityvalue．And

therefore，When we measure the secular change

Of gravity difference between two stations，We

CannOttelltowhichstationthechangeisdue．A

techniqueonabsolutemeasurementofgravityhas

beenmuchimprovedduringthesetenyears，and

theabsolutemeasurementmustbejointlycarried

Ou’twiththerelativemeasurementofgravity．

b）Itisaverygreatadvantagethattheprecise

gravity measurement can directly connect two

Stationswhicharelocatedfarapart．Theleve1－

1ingsurveycannotrealize this advantage，While

theoceanictidalobservationandwaterlevelone

havethesameadvantage．Itmaybeascribedto

this advantage that，aCCOrding to the results of

thepresentmeasurements，thegravitychangeis

nearly thesame asthegravity changeexpected

fromoceanictidalobservationorwaterlevelone．

When we take such advantageinto actount，a

fewstationsmustbeselectedcarefullyinawide

areaandthedirectmeasurementsmustbecarried

Out between the reference and selected stations．

This way of uslng the gravimetersis the most

usefultodetectthegravitychange．
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C）Thegravityincreasewasfoundatthetipof

theKiiPeninsula，and thismaybe explained by

the areal contraction．Other direct measure一

mentsofgravityarenecessarybetweentherefer－

encestation（Kyoto）andthetipandbetweenthe

easternmost and the westernmostin order to

confirm whether thisis true or not．

d）If the gravimeter’s readings show a non－

lineardrift，thegoingandreturningmeasurement

hasaweakpoint．Wedidnotfindoutthequad－

ratictermofthedriftcurvebythisIpeaSurement・

However，When the stations are not岳o distant，

onemoremeasurementisexpectedtobeaddedto

the going and returnlng meaSurementS On the

samerouteinordertocheckthequadraticterm

Ofthegravimeter’sdrift．

e）Theperiodicerrorswhichwereproducedby

boththeeccentricity ofdialscrew and gears of

thegravimetermayaffectmuchtheaccuracyof

the results．We have selected the gravity sta－

tionswhere thegravitydifference wasless than

aboutl mgal and tried to use the same gravi一

metersin the gravity measurementsin Kinki

District．However，there has been the gravi－

meter’sdriftandwecannotreadthegravimeter

atthesamedialpositionofthesamegravimeter

at each station．We have found the periodic

backrush ofdialscrew and gears for the gravi－

meter G－719；thisis one of the appearances of

periodic errors．The periodic errors must be

examinedindetailforallgravimetersused．

Whenweimprovethemethodofgravitymeas－

urements upon the recommendations proposed

aboveandrepeatgravitymeasurementshereafter

asfrequentlyaspossible，WeareSuretObeable

toobtainmorereliableresultsongravitychange．

Themethod realizedin KinkiDistrictwhichwas

describedinthepresentarticlecanbeappliedto

any other areas，andits application to more

tectonically active areas than Kinki District

mightgiVe more fascinatlngreSults on gravlty

Changethere．Needlesstosay，thelevellingsur－

VeyS muSt absolutely be combined at the same

time and atthe same stationwith gravity meas－

urementsin order to resolve the cause of the

gravitychangewithtime．
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APPENDIX

Notel．Descrlptions of the gravity stations around

Lake Biwa exceptbenchmarksestablishedby the

GeographicalSurveyInstitute

KyotoUniv．（京都大学）：TheGravityStationofGeo－

physicalInstitute，Kyoto University．

Keage（蹴上）：SeeNote2（11．1．）．

KyotoCol．Pharm．（京都薬大）：SeeNote2（11．4．）．

Seta（Karahashi）（瀬田唐橋）：Thelowerlandingstair

illthesquarebesidetheKarahashiBridge（nearB．

M．211）．

Yasaka Shrine（八坂神社）：SeeNote2（37．2．）．

KusatsuJHS（草津中学校）：SeeNote2（37．4．）．

Kusatsu（Dental）（草津歯科医）：On roadin front of

MinamiDentalOffice（near B．M．209．1）．

Higashioiso（Pass．）（東老蘇地下道）：Onunderground

passage under the Route8（near B．M．203．1）
Gokash6（Zenjd－ji）（五箇荘善住寺）：On floor of bell

towerinZen山一jiTemple（near B．M．202．1）．

Hikone（彦根）：On the uppermost stairin front of
statue of”NaosukeIi”at the Hikone Castle．

EmperorMeiji（明治天皇）：SeeNote2（18．2．）．

Samegai（醍井）：SeeNote2（18．3．）．

Kashiwabara（相原）：Onthelowermoststairinfront

Ofmainshrine，HachimanShrine．

SekigaharaJHS（関ヶ原中学校）：SeeNote2（18．4．）．

Sekigahara（Shrine）（関ヶ原神社）：SeeNote2（18．5．）．
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Ibuki（伊吹）：OnstepstoneinfrontoflodgingNo．5，

Ibuki Weather Station．

Uchibo（内保）：Onfloorinfront ofmonumentstone

for soul．

Kohoku（湖北）：On thelowerTnOSt Stairin front of

mainbuilding，KohokuKannon－d6．

Kinomoto（木ノ本）：On thelowermOSt Stairin front

Ofthebigstatueof”Jiz6”，J6shin－jiTemple．

Hannoura（飯浦）：Onthelowermoststairinfront of

mainshrine，HachimanShrine．

Yanokuma（岩熊）：Ontheuppermost stonestairin

front of the stage for Noh－play，YaaiShrine，

Sakaebashi（栄檎）：Onfloorofthemonumentstone

beside the Sakae Bridge（movedin1972）．

6ura（大浦）：Onthelowermoststairinfrontofmain

Shrine，Hachiman shrine．

Kaizu（Fukuzen－ji）（海津福善寺）：SeeNote2（19．3．）．

Kaizu（Saiei－ji）（海津西栄寺）：SeeNote2（19．2．）．

Makino（マキノ）：SeeNote2（19．4．）．

Kitashinpo（北新保）：Onthelowermoststairinfront

Ofmainshrine，Tenma Shrine．

Yd（蘭生）：SeeNote2（19．5．）．

Karasaki（Shrine）（唐崎）：On stone floor ofthe well

inKarasakiShrine（nearB．M．1302）．

Note2・Descriptionsoftheis0－graVltyStations

ll・0・TheGravity Station ofGeophysicalInstitute，

KyotoUniversity，Saky6－ku，KyotoCity．（京都市左

京区京都大学理学部地球物理学教室）

11．1．0n floorofthemonument stone of”Cradle of

Water－Power Generation”，Okazaki，Saky6－ku，

KyotoCity．（京都市左京区岡崎）

11・2・B・M・215・1，Awataguchi－Kach6－Ch6，Higashi－

yama－ku，KyotoCity．（京都市東山区粟田口華頂町）

11・3・B・M・215，Hinooka－Tsutsumidani－Ch6，Yama－

Shina－ku，KyotoCity．（京都市山科区日ノ岡堤谷町）

11・4・B・M・atthesouthwesterncornerOfthegymna－

Sium，Kyoto College of Pharmacy，Misasagi－Na－

kauchi－Chb，Yamashina－ku，Kyoto City．（京都市山

科区御陵中内町京都薬科大学）

11．5．0nthelowermoststairofthemonumentstone

forsoul，atthesoutheasterncornerofparkingarea

in front ofthe Sanb6－inTemple，Daigo，Fushimi－

ku，KyotoCity．（京都市伏見区醍醐三宝院）

11・6・B・M・10716，Daigo－Makinouchi－Ch6，Fushimi－

ku，KyotoCity．（京都市伏見区醍醐横ノ内町）

12・1・B・M・1420，Naka－maChi，UenoCity．（上野市中

町）

12・2・B・M．inside of the main gate，Sdk6Junior

HighSchool，Marunouchi，Ueno City．（上野市丸ノ

内崇広中学校）
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12．3．0n the monument stone of”T6nishizaka”，

Nishi6te－Ch6，Ueno City．（上野市西大手町）

12．4．0n cornerstone of the main gate，Tenma

Shrine，Higashi－maChi，UenoCity．（上野市東町天満宮）

12．5．0nfloorofthestatueofttK6b6－Daishi”，Zenpu－

ku－in Temple，Tera－maChi，Ueno City．（上野市寺町

善福院）

12．6．B．M．1421，Hattori－Ch6，Ueno City．（上野市服

部町）

31．1．TracesofB．M．1425，Shind6，Iga Town，Mie

Prefecture．（伊賀町新堂）

31．2．B．M．atthenortherncorneroftheplayground，

Iga Senior HighSchool，Kawahigashi，Iga Town，

MiePrefecture．（伊賀町川東伊賀高校）Y

31．3．0nbase stone ofthe monument ofく’the Meiji

Coronation”near the main gate，Mibuno Elemen－

tarySchool，Kawahigashi，Iga Town，Mie Prefec－

ture．（伊賀町川東壬生野小学校）

31．4．0nbasestoneofthegreatvotivelanternofLhe

An’y6－ji Temple，K6no，Oyamada Village，Mie

Prefecture．（大山田村甲野安養寺）

31．5．0n thelowermost step of the upper stairin

front of the monument stone for soul，Nishitsuge

ElementarySchool，Shind6，IgaTown，MiePrefec－

ture．（伊賀町新堂西柘植小学校）

31．6．B．M．1426，Shimotsuge，Iga Town，Mie Pre－

fecture．（伊賀町下柘植）

13．1．B．M．1451，Jike－Ch6，Suzuka City．（鈴鹿市寺家

町）

13．2．3rd Order Triangulation Station，Jike－Ch6，

SuzukaCity．（鈴鹿市寺家町）

13．3．B．M．023－014，Isoyama－Ch6，SuzukaCity．（鈴鹿

市磯山町）

13．4．B．M．inside of the sideTgate，Sakae Elemen，

tary School，Iwai－Ch6，Suzuka City．（鈴鹿市五祝町

栄小学校）

13．5．B．M．at the southern corner of the Hachiman

Shrine，IsoyamaTCh6，Suzuka City．（鈴鹿市磯山町八

幡神社）

13．6．B．M．1450，Isoyama－Ch6，SuzukaCity．（鈴鹿市

磯山町）

14．1．B．M．4740，Ao，Odai Town，Mie Prefecture．

（大台町粟生）

14．2．B．M．atthenortheasternfootoftheHinokuchi

Bridge，Takana，6daiTown，MiePrefecture．（大台

町高奈樋口橋）

14．3．B．M．042－331，Takana，OdaiTown，Mie Pre－

fecture．（大台町高奈）

14．4．B．M．042－332，Kamikusu，Odai Town，Mie

Prefecture．（大台町上楠）

14，5．B．M．inthetea－gardenin front ofIt6’shouse，

Asagara，Seiwa Village，Mie Prefecture．（勢和村朝

柄）

14．6．B．M．1515，Asagara，Seiwa Village，Mie PreT

fecture．（勢和村朝柄）

14．7．B，M．insideofthemaingate，SakuraNursery

School，Kayumi，Iinan Town，Mie Prefecture．（飯

南町粥見さくら保育園）

32．1．B．M．1527，Tominaga，IitakaTown，MiePreT

fecture．（飯高町富永）

32．2．B．M．at the northwestern foot ofthe Kabata

Bridge，Tominaga，Iitaka Town，Mie Prefecture・

（飯高町富永川俣橋）

32．3．B．M．at the northeastern corner of Kabata

BranchofTenriism，Tominaga，IitakaTown，Mie

Prefecture．（飯高町富永天理教川俣分教会）

32．4．B．M．incourtyard，KabataElementarySchool，

Tominaga，IitakaTown，MiePrefecture．（飯高町富

永川俣小学校）

32．5．0n floor stone of’’Jiz6”on roadside of the

Route166，Miyamoto，Iitaka Town，Mie Prefec－

ture．（飯高町宮本）

32．6．B．M．1528，Nanukaichi，Iitaka Town，Mie

Prefecture．（飯高町七円市）

33．1．B．M．4752，Koma，Ouchiyama Village，Mie

Prefecture．（大内山村駒）

33．2．0n the uppermost stairin front of the main

temple，KokushbTji Temple，Koma，Ouchiyama

Village，MiePrefecture．（大内山村駒国正寺）

33．3．B．M．042－308，Koma，OuchiyamaVillage，Mie

Prefecture．（大内山村駒）

33．4．B．M．042－307，Koma，OuchiyamaVillage，Mie

Prefecture．（大内山村駒）

33．5．B．M．beside the ta11pine－tree near the mile－

stone，Koma，Ouchiyama Village，Mie Prefecture．

（大内山村駒）

33．6．B．M．4753，Mayumi，OuchiyamaViilage∴Mie

Prefecture．（大内山村間弓）

15．1．B．M．4807，Ida，Kih6Town，Mie Prefecture．

（紀宝町井田）

15．2．B．M．inflowergardenoftheplatform，Kii－Ida

RailroadStation，Ida，Kih6Town，MiePrefecture．

（紀宝町井田紀伊井田駅）

15．3．B．M．infrontofMinamimuroMinseiHospital，

Atawa，Mihama Town，Mie Prefecture．（御浜町阿

田和南牟婁民生病院）

15．4．B．M．onthenorthsideofparkingareaofHotel

Ninomaru，theruinsofthe ShingtiCastle，Shingtl，

ShingdCity．（新宮市新宮ホテル二の丸）

15．5．0nfloorofthegatepostofttT6sen－jiTemple”，

Shimo－honmachi，Shingd City．（新宮市下本町東仙

寺）

15．6．B．M．4967，Hirotsuno，Shingd，ShingtlCity．

（新宮市新宮広角）
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16．1．B．M．9209，Esumi，SusamiTown，Wakayama

Prefecture．（すさみ町江住）

16．2．0n floor of the upper”Jiz6”of the roadside，

Esumi，Susami Town，Wakayama Prefecture．（す

さみ町江住）

16．3．B．M．042－144，Esumi，Susami Town，Waka－

yama Prefecture．（すさみ町江住）

16．4．B．M．inside of the main gate，EsumiJunior

High　School，Esumi，Susami　Town，Wakayama

Prefecture．（すさみ町江住中学校）

16．5．B．M．inpublicsquarein front ofMirozu Fire

Station，Mirozu，Susami Town，Wakayama Prer

fecture．（すさみ町見老津消防署）

16．6．B．M．9208，Mirozu，Susami Town，Waka－

yama Prefecture．（すさみ町見老津）

34．1．B．M．042－121，Hiki，Hikigawa Town，Waka－

yama Prefecture．（日置川町日置）

34．2．0n base floor of flag polein Hikigawa Play－

gT’Ound，Hiki，Hikigawa Town，Wakayama Pre－

fecture．（日置川町日置）

34．3．B．M．behindtheSeatedFigureinSeasidePark，

Hiki，Hikigawa Town，Wakayama Prefecture．（日

置川町日置）

34．4．0n the uppermost step of the main stair，Ha－

Chiman Shrine，Tanoi，Hikigawa Town，Wakaya－

ma Prefecture．（日置川町田野井八幡神社）

34．5．0n floor of thelargest”Jiz6”in front of the

Tentoku－ji Temple，Tanoi，Hikigawa Town，Wa－

kayama Prefecture．（日置川町田野井天徳寺）

34．6．B．M．9191－8，Hiki，HikigawaTown，Wakaya－

ma Prefecture．（日置川町日置）

35．1．B．M．inside of the main gate，Hatsushima

JuniorHighSchool，Hatsushima，AridaCity．（有田

市初島中学校）

35．2．0nthesoutheasterncornerofedgeofthereser－

VOir，Shimotsu Reservoir，Shimotsu，Shimotsu

Town，Wakayama Prefecture．（下津町下津水源池）

35．3．B．M．4887，Kami，Shimotsu Town，WakayaT

ma Prefecture．（下津町上）

35．4．On thelowermOSt Step Of the upper stairin

front ofthemain shrine，Awashima Shrine，Kata，

Shimotsu Town，Wakayama Prefecture．（下津町方

粟島神社）

35．5．B．M．at the Kainan Tidal Station，Shimizu，

KainanCity．（海南市冷水海南験潮場）

35．6．B．M．4881，Muroyama－Danchi，Kainan City．

（海南市室山団地）

35．7．B．M．4882，infrontoftheKainanCityOffice，

Hikata，KainanCity．（海南市目方海南市役所）

36．1．B．M．1567，T6ge，Hashimoto City．（橋本市東

家）

36．2．B．M．024－092，Sada，HashimotoCity．（橋本市佐
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田）

36．3．B．M．1556，Tsuma∴Hashimoto City．（橋本市

妻）

36．4．B．M．1559，Nishiada，Goj6City．（五条市西阿

田）

36．5．B．M．infront oftheformergymnasium，traCe

of UchiElementary School，Imai，Goj6City．（五条

市今井旧字智小学校）

36．6．0n thelowermOSt Stairin front of the main

shrine，Ebisu Shrine，Gojb，Goj6City．（五条市五条

戒神目

36．7．B．M．J1562，Goj6，Goj6City．（五条市五条）

17．1．B．M．inside of the main gate，Sen’y6Senior

HighSchool，KurumanoTCh6－Higashi；Sakai City．

（堺市車之町東泉陽高校）

17．2．B．M．J246，Yanagino－Ch6－Higashi，SakaiCity．

（堺市柳之町東）

17．3．B．M．245，Anryd，Suminoe－ku，6sakaCity．（大

阪市住之江区安立）

17．4．B．M．infrontofthemainbuilding，Facultyof

Science，OsakaCityUniversity，Sugimoto－Ch6，Su－

miyoshiTku，6saka City．（大阪市住吉区杉本町大阪市

立大学理学部）

17．5．0n thelowermost stairin front of the right

hand monument stone，AmamiShrine，YataTTon－

da－Ch6，Higashisumiyoshi－ku，6saka City．（大阪市

東住吉区矢田富田町阿麻美神社）

17．6．0n thelowermost stair of flag pole，Gad6－

Hachiman Shrine，Amami－Gad6，Matsubara City．

（松原市天美我堂八幡神社）

17．7．B．M．1379，Minami－Hanada－Ch6，Sakai City．

（堺市南花田町）

37．1．B．M．210．1，Minamikasa－Ch6，6tsucity．（大津

市南笠町）

37．2．0n thelowermost stairin front of the main

Shrine，Yasaka Shrine，Minami6kaya，OtsuCity．

（大津市南大童八坂神社）

37．3．2nd order B．M．1330，Minamiyamada－Ch6，

KusatsuCity．（草津市南山田町）

37．4．0n base floor of the monument stone for stu－

dents，insideofthemaingate，KusatsuJuniorHigh

School，Kusatsu，Kusatsu City．（草津市草津中学校）

37．5．B．M．209．1，Hon－maChi，Kusatsu City．（草津市

本町）

37．6．B．M．209，Kasagawa，Ritt6Town，ShigaPreT

fecture．（栗東町笠川）

18．1．B．M．197，Miyoshi，Maibara Town，Shiga

Prefecture．（米原町三吉）

18．2．0n floor beside the rnonument stone of t’Rest

Place of the Emperor Meiji”，Banba，Maibara

Town，Shiga Prefecture．（米原町番場）

18．3．0n the uppermost step of the highest stair，
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Kamo Shrine，Samegai，Maibara Town，Shiga

Prefecture．（米原町醍井賀茂神社）

18．4．B．M．besidethemainentranceofthebuilding，

SekigaharaJuniorHighSchool，Sekigahara，Seki－

gaharaTown，GifuPrefecture．（関ヶ原町関ヶ原中学

校）

18．5．0n thelowermost stairin front of the main

shrine，HachimanShrine，Sekigahara，Sekigahara

Town，GifuPrefecture．（関ヶ原町関ヶ原八幡神社）

18．6．B．M．193，Sekigahara，Sekigahara Town，

GifuPrefecture．（関ヶ原町関ヶ原）

19．1．2nd Order B．M．3851，Nishihama，Makino

Town，Shiga Prefecture．（マキノ町西浜）

19．2．0n thelowermost stairin front・Of the main

temple，Saiei－ji Temple，Kaizu，Makino Town，

ShigaPrefecture．（マキノ町海津西栄寺）

19．3．0n thelowermost stairin front of the main

temple，Fukuzen－jiTemple，Kaizu，MakinoTown，

ShigaPrefecture．（マキノ町海津福善書）
19．4．B．M．in front of the Makino Town Office，

Hirukuchi，Makino Town，Shiga Prefecture・（マキ

ノ町蛭ロマキノ町役場）

19．5．0nbasestoneoftheoldgardenlantern，inthe

gardenbehind the main temple，Saik6－jiTemple，

Yd，Imazu Town，Shiga Prefecture・（今津町蘭生西

江寺）

19．6．B．M．1328，Kamihirobe，Imazu

Prefecture．（今津町上弘部）

38．1．B．M．1312，Kido，Shiga Town，

ture．（志賀町木戸）

38，2．B．M．1311，Hachiyado，Shiga

Prefecture．（志賀町八屋戸）

38．3．B．M．1310，Kitahama，Shiga

Prefecture．（志賀町北浜）

38亡4亡　R M＿1309．Wani．Shiga Town，

ture．（志賀町和適）

38．5．B．M．1308，Ono，Shiga Town，

ture．（志賀町小野）

Town，Shiga

Shiga Prefec－

Town，Shiga

Town，Shiga

Shiga PT’efec－

Shiga Prefec－

38．6．B．M．1307，Mano－Ch6，6tsu City．（大津市真野

町）

20．1．B．M．1288，Chiyokawa－Ch6，KameokaCity．（亀

岡市千代川町）

20．2．B．M．besidethemonumentstoneof－tMemory

OftheRussoTJapanese War”，infrontofthe Hiyo－

shiShrine，Kawarabayashi－Ch6，KameokaCity．（亀

岡市河原林町日吉神社）

20．3．B．M．beside the monument stone of t’Happy

GetTTogether”in courtyard，Hozu Elementary

School，Hozu－Ch6，Kameoka City．（亀岡市保津小学

校）

20．4．0n base stone of the name post of”By6shd－ji

Temple”，BybshdTji Temple，Hiedano－Chb，KameT

OkaCity．（亀岡市稗田野町苗秀寺）

20．5．B．M．behind the name post of†’Ry6tan－ji

Temple”attheentranceofthe Ry6tan－jiTemple，

6i－Ch6，KameokaCity．（亀岡市大井町龍渾寺）

20．6．B．M．1287，Chiyokawa－Ch6，KameokaCity．（亀

岡市千代川町）

21．1．B．M．1474，Higashishijimi，JdShiyamaVillage，

AichiPrefecture．（十四山村東蚊）

21．2．B．M．infront ofthenamepostof”Jinmei－Sha

Shrine”，Jinmei－Sha Shrine，Kodakara－Shinden，

JtishiyamaVillage，AichiPrefecture．（十四山村子宝

新田神明社）

21．3．B．M．infrontoftheJdshiyamaVillageOffice，

Kodakara－Shinden，Jdshiyama Village，Aichi Pre－

fecture．（十四山村子宝新田十四山村役場）

21．4．0n theleft hand frame stone ofthemaintem－

ple，Daih6－ji Temple，6dakara－Shinden，Tobishi－

ma Village，Aichi Prefecture．（飛島村大宝新田大宝
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近畿地方における重力の精密相対測定

里　村　幹　夫

要 旨

重力の経年変化を検出するために，琵琶湖周辺地域において，1971年以降，重力測定を繰り

返し実施してきた．さらに，使用するラコステ重力計の特性実験を通じて，より精度の高い重

力測定を実施するためには，ほぼ等しい重力値をもつ測定点を選んで実施する必要があること

を認め，基準点（京都大学理学部地球物理学教室，g＝979．70775gal）とほぼ等しい重力値をもつ

測定点を琵琶湖や紀伊半島を含む地域の水準路線に沿って選び，1972年以降，そこで精密重力

測定を実施してきた．さらに，測定点の空間的分布を考慮して，ほぼ979．686galの重力値をも

つ測定点も選び，そこでも同様の精密測定を実施してきた．

重力測定結果の精度について，さまざまな観点から検討した．その結果，精密重力測定の精

度は標準偏差で10〟gal程度と考えられる．

重力測定により得られた結果を，水準測量，琵琶湖の水位測定，検潮，地下水位および三角

測量の結果と比較した．得られた重力変化は，水準測量から得られた上下変動とはあまり相関

を示さなかったが，湖水位や検潮記録から得られたそれとはかなりよい相関が認められた．短

距離の範囲で上下変動を検出するには，精密重力測定は水準測量に比べ精度面で劣る．しかし，

精密重力測定は，遠く離れている2点間においてもそれらを直接結合できるという利点がある．

水準測量ではこれが不可能であるが，湖水位や検潮は重力測定と同じ利点をもっている．今回

の結果は，これらに共通した利点の現われかもしれない．

一方，紀伊半島の先端部において重力の増加が観測された．この一部はフィリピン海プレー

トの押しによる陸側の地殻の圧縮により説明できるであろう．


