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ABSTRACT 

Sk紅 n¥deposits occur throughout the world and have been mined for a variety of 

elements. Skarn is genera11y developed around or in the vicinity of limestone， and 

is mainly composed of Ca-dominant minerals (i.e. gannet， pyroxene， epidote) due 

to addition of Ca from the limestone. Since the minera1 assemblage of skam is 

mappable in the field and serves as the a1teration enve:lope around a potential ore 

body， details of skam minera10gy and zonation can provide key information 

regarding the genesis of sk紅 ndeposit and in planning exploration programs. 

Despite a common occurrence， limestone in skam deposit has not been studied 

owing to its relative uniformity in minera1 assemblage and elementa1 composition. 

Recent studies， however， have demonstrated the zona1 anomaly of O180 and O13C 

values in limestone around ore body. Although the isotope method is noted to be 

promising in detecting hydrothermally-altered limestone and as a new exploration 

tool， detailed mineralogica1 and geochemical studies have not yet been done on the 

limestone with the isotopic anoma1y. Extensive exploration has been conducted in 

出epast decade in the Sako-nishi area of the Kamioka Zn-Pb-Ag skam mine， 

centra1 J apan. Analysis of stable isotope data shows出at血eO180 and O13C va1ues 

of crystalline limestone ranged widely between -2.5組 d+21.1%0 and between -5.9 

and +5.3%0， respectively， due to interaction with hydrotherma1 fluids with a 

dominant meteoric water component. The present report addresses the 

mineralogical and elementa1 composition of isotopically altered limestone in the 

Sako-nishi area， and presents potentia1 indicators applicable to the mineral 

exploration of skam deposits. 

The Sako-nishi limestone is classified into four groups as A， B， C， and D in 5%0 

interval by oxygen isotopic composition. A decrease of O180 value correlated with; 

(1) increasing仕組sparentfine-grained and veinlets ca1cite， (2) dominance of 

hydrothenna1 ca1cite which is enriched in Mn， depleted in Sr， and has bright 

cathodoluminescence image， (3) progressing hydrothennal alteration where 

c!inopyroxene of original limestonedtered into actinolite within weakly altered 



zone， developing more alteration， chlorite within strongly altered zone， (4) 

dominance of hydrotherrnal chlorite in altered limestone which has 8180 value of 

less出an10%0 and is enriched in Fe and sma11 amounts of Mn content comp紅 edto 

mafic minerals within unaltered limestone. The enrichment of Fe and Mn was 

more conspicuous in ca1cite and chlorite in skarn deposits; the Mn content of 

hydrotherrna1 ca1cite developed as a vein and showing bright luminescence image 

is 1 wt. % in maximum while出atof ca1cite in skarn reaches maximum 2 wt. % or 

greater and is also characterized by low Sr content (300 + 100 ppm). It was 

ca1culated using chlorite geotherrnometer that chlorit:e formed at temperaωres 

around 200-250 oC， which is compatible with the homogenization temperaωre of 

fluid inclusion and is lower出組 theformation temperaωre of skarn clinopyroxene 

around 300-350 oC. The occurrence and chemica1 composition of hydrotherma1 

minerals in the limestone， sk紅 n，and ore indicate出atthe 180-depleted zones were 

formed in the later stage from fluids， which were responsible for minera1ization 

and skarnization， and for Fe and Mn enrichment. 

In dissolution experiments on limestone， acetic acid dissolves carbonate while 

hydrochloric acid dissolves the carbonate and chlorite selectively. 百le

concentration of Al， Mn， Fe， and Zn in hydrochloric acid leachate increase with 

decreasing 8180 va1ue， and but Mg does not change conspicuously while only 

slight changes are observed in Mg and Sr. It is thought白at出ischange is caused 

by chemica1 composition of a hydrotherma1 chlorite and ca1cite.百leAl content (---

0.1 %)， Mn content (---300ppm)， Fe content (---0.3%)， Fe/Mg ratio (---2.0) and 

Al/Mg ratio (---1.0) of hydrochloric acid leachate are e百ectivefor identiち'lng

a1tered limestone in the Sako-nishi紅白.According to exploration of outcrops in 

出eSako-nIshi紅 ea，four minera1ization zones are known. Hydrochloric acid 

leachate of limestone from these areas has a high MnJSr ratio and low Mg va1ue. 

Interestingly however， limestone depleted in 8180 does not correlate with the 

currently known distribution of minera1ization zones. Possible causes may include 

weathering or isotope fractionation at low temperature. An index which combines 



elementa1 composition with stable isotopic composition is more effective for 

specification of mInera1ization. The indexes used here in are a clearly anomalous 

along the 7 -GOHI fault and the Atotsu-l GO fault. Accordingly， results show出at

these faults played a major role in facilitating the passage of hydrotherma1 fluid 

responsible for mInera1ization.百1Isstructure indicates出at出eskarn deposits of 

出eSako-nism area belong to MozumI -type Zn-Pb skam deposits. It is suggested 

白atisotope alteration zones are produced by sudden precipitation of fine-grained 

ca1cite from the hydrotherma1 fluid in the mInute cracks wmch developed in 

limestone， and isotope exchange reaction between limestone and Mn-Fe rich 

hydrotherma1 fluid which developed during the latter stages of skarnization. 

The hydrotherma1 a1teration is a1so observed in silicate rocks (lnishi-rock and 

gneiss) where ch1orite， ca1cite， qu紅白， pyrite， epidote， and prehnite occur as vein or 

replacement of plagioclase and mafic silicates. The leachates of silicate rocks 

using aqua-regia solution show a systematic increase of Ca， Sr， and Mn due to 

hydrotherma1 ca1cite and出atof Fe and S due to pyrite as the 8180 value of 

associated limestone decreases. The Fe/ Al and Ca/N a ratios were effective for the 

separation of hydrotherma11y-altered silicate rocks from una1tered ones. Minera1 

assemblages observed in altered rock of出eSako-nishi area， such as high Mn 

ca1cite and high Fe ch1orite， closely resemble ch1orit:ic and propylitic alteration 

hosted by silicate rocks recognized in Zn-Pb type vein deposits. Accordingly， 

ana1ysis of acetic acid and hydroch1oric acid leachate in addition to 

cathodoluminescence image provides an e妊ective tool for identifying 

hydrotherma11y a1tered rock of Zn-Pb type deposits including skam type because it 

makes possible the detection of the elementa1 composition of hydrotherma1 

minerals such as chlorite and carbonate and beeause of the rapidity and 

convenience of analysis. 

Key words; Kamioka mine， skam deposit， limestone， oxygen isotopic composition， 
geochemical indicator， cathodoluminescence， mineral exploration 
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Chapter 1 INTRODUCTION 

Hydrothermal alteration is commonly and widely developed arounq ore deposit. 

百lestyle of the alteration is variable dependent on the type of hydrothennal ore 

deposit such 出at information regarding the petrography， mineralogy， and 

geochemistry of the altered rock is crucia1 in understanding the genesis of minera1 

deposit and in planning mineral exploration. Skarn deposit is characterized by the 

presence of Ca-dominant minerals. Mineral and chemical zoning is so widespread in 

skarn deposit出atit has been applied in the past decade in exploration for skarn ore 

deposits (Meinert， 1992). In contrast， limestone， the major host rock of sk紅 n

deposits， has not been paid much attention owing to its homogeneous nature in the 

mineral assemblage and chemical composition. 

Shallow intrusives and country rocks in their vicinity are subject to oxygen 

isotope alteration between rock and fluid associated with hydrothenna1 activity 

(Taylor， 1973; Matsuhisa et al.， 1980; Criss et al." 1991). In the case of skarn 

hydrothenna1 systems， limestone is depleted in 13C as well as 180 around skarn ore 

deposits (Shimazaki et al.， 1986; Fu et al.， 1991; Sakurai and Shimaz北i，1993). 

This isotope anomaly is so sensitive in detecting the location and magnitude of 

fossil hydrothennal activities that stable isotope techniques， particularly those for 

8180， have been increasingly applied in the past decade in exploration for 

hydrotherma1 ore deposits (Nesbitt， 1996). 

百leKamioka mine is a world class zinc-lead skarn deposit located within the 

Pre-Jurassic Hida metamorphic belt of centra1 Japan. The mine has produced 82 

million tons of ore (the average grade 5.0%Zn， 0.7%Pb， 33g/tAg) (Sakur氾釦d

Shimazはi，1993). Various ideas have been proposed for the origin of出eKamioka 

deposit (Shiob紅 a，1961; Sakむ， 1963; Akiyama， 1980). Shimazaki and Kusakabe 

(1990a) advocated a genetic model where the deposit formed at relatively shallow 

depths (Shimizu and Shimaz紘i，1981)， involving a large-scale convection system 

dominated by meteoric water and driven by large fe~lsic intrusions at depth of late 

Cretaceous age. Oxygen-carbon isotope川Tada，1978; Shimazaki et al.， 1986)， 



hydrogen isotope (Shimazaki and Kusakabe， 1990b)， and lead isotope (Sasaki et a1.， 

1982) data support出ismeteoric water circulation hypothesis. According to出e

hydrotherma1 circulation model， the isotopic composition of limestone originally-

enriched in 180 and 13C contents becomes low toward the center of hydrotherma1 

activity.ln 1991， the Meta1 Mining Agency of Japan (hereafter MMAJ) and Mitsui 

Mining & Smelting Co. Ltd. (hereafter MMS) utilized the isotope technique based 

on the meteoric water circulation model in the Sako-nishi area of Kamioka. 

Exploration succeeded in identi今inghigh-grade zinc ore (Zn:13 %) over 40 m in 

width in limestone characterized by low 8180 and 813C values (Hirokawa et a1.， 

1995; Naito et al.， 1995). 

Like出is，much geochemica1 data of stable isotopic composition of limestone in 

the vicinity of出eKamioka deposits have been accumulated during these past 10 

years. Kano (1998) has also made the comprehensive research on the limestone in 

出eHida belt. N otably however， most of the studies have not pe仕ographica1lyand 

geochemically described limestone around deposits focusing on especia1ly 

occurrences and feature of hydrothermal mineral which are expected existence in 

a1tered limestone， and so have not addressed either these sources of variation of 

stable isotopic composition. 

Limestone is known to contain minor and trace elements such as Mg， Mn， Sr， 

and P (e.g.， Fujinuki， 1973). 百lechemical conlposition of limestone varies 

depending on the depositiona1 environment and to be a1tered by geologica1 

processes after deposition. For example， during diagenetic alteration， carbonates 

genera1ly show an increase in Mn， Fe， and Zn with a decrease in Sr and Na (Brand 

組 dVeizer， 1980). According to Schuiling and Oosterom (1966)， concentrations of 

Sr and Ba in regiona1ly metamorphosed limestone on Naxos in Greece decrease 

with increasing metamorphic grade. In a hydrotherma1 system located in 

northwestem Sicily， mineralized limestone is enriched in Sr as well as Fe and Mn. It 

is， therefore， expected 白atthe limestone in skam deposits would vary in 

composition with a change in carbon and oxygen isotope ratios. It is prospective出at

geochemical and mineralogica1 information of limestone which have isotopic 
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variation connect with restoration of the hydrothermal system which participated in 

出eskarn deposit formation and development of more highly precise exploration 

method. However， such comparisons have not yet been attempted. 

In this context， 1 examined出erelationship bernreen isotopic composition and 

constituent minerals， texture， bulk chemical composition， and mineral chemis住yof 

limestone and accompanying rock 合omoutcrop and core samples in the Sako-nishi 

area， and evaluated the utility of geochemical methods as a survey tool for. 

exploration for Zn-Pb hydrothermal ore deposits. 



Chapter 2 Geology 

2.1. Kamioka area 

The Hida be1t was regionally metamorphosed to amphibolite facies (Nozawa et 

al.， 1975) in the pre-Jurassic. Previous studies (K，mo， 1973， 1982; Sohma and 

Akiyama， 1984) have suggested出atthe belt can be divided into three blocks， 

eastem， centra1， and westem masses， in terms of variation in occurrence and 

deformation mode. The Kamioka mine is located within the centra1 mass. Figure 1 

shows the geology in the vicinity of出eKamioka mine which has been clarified by 

many studies (MITI， 1978; Akiy創na，1980， 1981; Kawasaki et a1.， 1985). 

The Hida metamorphic rocks in the Kamioka 1凶凶ng紅 ea紅 ecomposed of 

gneiss， limestone， and “Inishi rock." They genera11y strikes NE-SW to N-S and dips 

60-700 to出eNW. The limestone of the centra1 mass is equigranular as a result of 

recrystallization during the Hida metamorphismσ吋lnはI，1973; Kano， 1998)如 d

contains graphite， diopsidic clinopyroxene， and olivine.百lelimestone was pa1e gray 

to black in color and occurred as massive or lenticular form within Inishi rock. 

Limestone varied in thickness 合oma few centimeters to severa1 meters. 

Inishi rock， which was named origina11y as lnishi syenite rock by Nozawa (1952)， 

consists mainly of plagioclase and diopsidic clinopyroxene with variable amounts of 

K-feldspar， quartz， and titanite. This rock occurs as blocks or lenses in form 

between limestone and gneiss around skarn deposits. Funatsu granite of Jurassic age 

intrudes出eHida metamorphic rocks southeast of the Kamioka mine. The Tetori 

Supergroup of J urassic-Cretaceous age crops out at the northem margin of出e紅 ea

and occurs in fault contact with the Hida metamorphic rocks (Fig. 1). 

Cretaceous-Pa1eogene dike swarms， composed 1nainly of qu紅 tzand granitic 

porphyry， are present around ore deposits throughoult the Kamioka mine. The K-Ar 

age of these hypabyssa1 rocks has been reported as 65 Ma (S法uraiand Shiokawa， 

1993; MITI， 1998a). The K-Ar ages on the a1teration minera1s， sericite and 

hastingsite，仕omskarn deposits indicate血atminenuization took place during the 

Late Cretaceous to Pa1eogene between 63.8 and 67..5 Ma (Nagasawa and Shibata， 

4 



-

||  
。δ

Lka c
 

o
 

rl e
 

L
u
 mA o

 

a
m
 

d
北

田

m

J 品一三三二;;JEJEJE三三二一一

Mozumi ~手三一三三三三一ーエー
D~m凶おζ:二二二二二二二二
!~H#rお i二二二二三-三一了一

119、 1 、、一一---Mt-Yeke
dHttt-iP-h ¥ 三一一一一一一ーヲ5
J俳師 十 ¥ ミ 二一一一一

Legend 

Ore deposits 

国

p
s
 

川
七

抑

ω

u

w

E
孟
a

-

V

A

S

'咽
i

川

C

創

白

.
t
b

m
.制
御

R

g

M

 

|十 +1

....----- Faults 

J竺三-~.ー』、四rr liii;"'""';ー一=ー.-

f i三1~ Tetori Supergroup 
"，. 

Maruya"!a，1〆〆

Deposits JA 

¥+
 

十

十

+十 +十十++↓十

一十十十十++

o 4km 

〆ム

1360 
/ 

J匂。 3<1。
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1985; Sato and Uchiumi， 1990).百leage data indicate白鉱山eK.;創出okaskam 

deposits formed at the same time as the intrusion of the felsic hypabyssa1 dikes. 

百leKamioka mining area consists of three ore deposits， Mozumi， M紅 uyama

and Tochibora， from north to south (Fig. 1).百lereare roughly tWo ore types ca11ed 

"Mokuji ore" and "Shiroji四 ore"，which are named after their occurrences. Mokuji ore 

is most abundant and is characterized as being of large-volume， low in grade， and is 

composed mainly of prismatic hedenbergitic clinopyroxene with sma11 amounts of 

spha1erite， galena， and garnet. Shiroji ore is characterized as being of sma11-volume 

and high in grade， and is composed mainly of ca1cite， quartz， spha1erite， and ga1ena 

Wl出 sma11amounts of sericite.百leaverage grade of representative Shiroji ore is 

7.8% Zn， 2.65% Pb， and 27g/t Ag (Tochibora NO.9 orebody)， while the average 

grade of representative Mokuji ore is 4.6% Zn， 0.43% Pb， and 29g/t Ag (Tochibora 

NO.2 orebody) (Machida et a1.， 1987).百leMaruyama deposits consist of only 

Mokuji ore. 

The Mozumi skarn deposits are developed a10ng NW  and NS仕endingfaults at 

the intersections of limestone and fissures (Nitta et al..， 1971; Kawasaki et a1.， 1985). 

In the Mozumi deposits， the following zonation pattern for ore elements is observed， 

in ascending order from lower levels: iron→copper→zlnc→lead.百leMozurnI 

deposits are composed mainly of Mokuji ore， but Shiroji ore predominates in the 

sha110w P紅 tof the deposits (Hama et a1.， 1975; Ka'wasaki et a1.， 1985). Owing to 

observed differences in occurrence， Machida et a1. (1987) reported two ore types， 

silver deposits and disseminated Pb-Zn type deposits; both are di百'erentfrom 

Mokuji ore and Shiroji ore. Epidotization-chloritization and silicification-

sericitization are particularly wel1-developed witlun disseminated Pb-Zn type 

deposits hosted in Inishi rock and gneiss， and exhibit s仕ongstructura1 control. 

Deposits of出istype are found in the Tochibora and Mozumi deposits， and have 

also been reported in the Atotsugawa area， 2 km south of出eMozumi deposits 

(S紘uraiet a1.， 1993). 

6 
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2.2. Sako・凶shiarea 

The Sako-nishi紅 eais located 2 km southeast of出eMozumi deposits and 1.5 

km east of the Atotsugawa area (Fig. 1).百leHida metamorphic rocks in出lS紅白

are a sequence 10 to 100 meters thick of monocline structure interca1ated 

predominantly with limestone， Inishi rock， and gneiss s住ikingN30-400E and 

dipping 50-700 to出eW. Many faults，出eAtotsu-1GO， N20GO， S8GO， and 

Atostugawa faults， dis住ibutein the area. Of these，・theAtotsu-l GO fault striking 

NE-SW in the southem p紅 tof出eSako-nishi area， is considered to have been the 

main conduit for hydrotherma1 fluid flow (Naito et al.， 1995). The Atotsugawa 

right-latera1 fault occurring at the southem margin of出earea has been acti ve in 

the Quatemary and is a post-minera1ization one (Matsuda and Okada， 1968). 

In the Sako-nishi are丸山eMMAJ and MMS have been conducting exploration 

since 1991. Exploration drilling in 1993 resulted in the discovery of high grade Zn-

Pb minera1ization (Fig. 2)， with one of the holes (5MAHS-7) intersecting 44.4 m of 

13.4% Zn at depths ranging from 250 to 280 meters above sea level (MMAJ， 1994). 

Minera1ization here mainly occurs as disseminated Pb-Zn ore a10ng with the 

Mokuji ore (Hirokawa et a1.， 1995). Ore is dlominated by sphalerite and 

accompanied with small amounts of galena， chalcopyrite， and pyrite. 

百leexploration of outcrops led to the identification of four mineralized zones 

in the Sako-nishi 紅 ea(Fig. 2) characterized by disseminated spha1erite in 

limestone. Zone 1 is dis出butedaround the Atotsu-l GO fault where Shiroji and 

Mokuji ores composed over is 12 m long and 3.5 ml wide， grading 4.6% Zn， 1.0% 

Pb and 16g/t Ag in limestone layers which strike N350E and dip 500W (MITI， 

1982). In addition， promising minera1ization has been identified east and west of 

zone 1 (Sakurai et a1.， 1993; Hirokawa et a1.， 1995). Zone 11 is distributed around 

出eTochisako old pit tha : formerly mined Shiroji ore grading 0.8% Zn， 1.1 % Pb， 

and 23g/t Ag (.¥1ITI， lC 82). Zone III is characterized by soil anoma1ies with 

maximum Zn of 712 ppm， Pb of 766 ppm， and Ag of 2.8g/t (MITI， 1997). To date， 

however， three dri11 holes have not intersected significant minera1ized zone at the 

deeper p紅白 ofeither zone 11 or 111. In zone IV， disseminated Zn-Pb mineralization 

7 



Fig.2. Geologica1 map of白eSako-nishi紅'ea(modified after Sakurai et a1. (1993)， Hirokawa et 

aL (1995)， and Naito et al. (1995)) and locations of mineralized zones， bore holes， and 
sampling points used for ana1yses. Minera1ized zones from 1 to IV are indicated by thick 

broken lines. Asterisks show the location of spha1erite-bearing rocks. Sample numbers 
are the same as in Table 4. (f) denotes float rock. 



occurs in outcropping skarn、Inaddition， chloritization is well developed in 

peripheral metamorphic rocks. Although concealed ore deposits are expected to 

dis位ibutein the underlying zone IV，出eyhave not yet been tested by drilling. 

9 



Chapter 3 SAMPLES AND ANALYTICAL PROC:EDURES 

A total of two hundred seventy-one (271) samples was collected from drilled 

cores， underground， and outcrops (Table 1). Drilled core samples used for the 

present study were collected by the MMAJ (56MTJlI-l， 2MAHI-l， 3MAHS-3， 

4MAHS-5， 4MAHS-6， 5MAHS-7， 5MAHS-9， 7MJ¥KK-l) (Fig. 2). These cores 

mainly consist of limestone， lnishi rock， biotite gneiss， and homblende gneiss. 

Fifty carbonate and fifty-seven silicate rock samples were selected to cover as wide 

a range of isotopic ratios as possible， consisting of forty-five samples of limestone， 

three samples of vein ca1cites， two samples of brecciated carbonates， forty-five 

samples of Inishi rock， and twelve samples of gneiss (Tables 2 and 3). 

Seventy-eight samples were coUected from outcropping limestone， and 

Seventy-three samples from lnishi rock， gneiss， and ca1c-silicate rocks outcropσ19. 

2， Table 4).百leca1c-silicate rocks are mainly com.posed of ca1cite and ca1cium-

bearing silicates such as diopsidic clinopyroxene， wollastonite， plagioclase， and 

titanite， and are considered to have been forrned by regiona1 or contact 

metamorphism of impure limestone (Kano， 1998). In addition， thirteen samples of 

skarn ca1cite and limestone samples were collected from deposits in the Karnioka 

mine including the Sako-nishi area (Table 5). Skarn ca1cite， named by Shimazaki 

et al. (1986) for calcite in skarn deposits， was generally white in color， but skarn 

ca1cite occurring as druse tended to be pale pink. 

The carbon and oxygen isotope ratios have been detennined for more由加 four

hundred one carbonate s但nples，consisting of two hundred fifty-one samples of 

limestone， ninety-five samples of vein ca1cite， fifty-five samples of skarn calcite at 

the University of Tokyo by decomposing carbonate vvith phosphoric acid (Tables 6， 

7， and 8). The isotopic composition of these samples are reported as per mil (%0) in 

tenns of 8 notation of 180/160 and 13C/12C ratios relative to SMOW and PDB， 

respectively. Analytical errors are + 0.2%0 for 81810 and + 0.1 %0 for 813C.百le

8180 value of carbonate仕omthe core tends to decrease with depth， and the 180 

depletion is significant below 350 m.a.s.l. 'iVhere hydrotherma1 mineral 

10 



able 1 Number of sむnplesfor aI1alys 

Sakonishi紅 ea Kamioka mining紅ea

Ls carbonate * * Cs Gn h Ls skam ca1cite 

Tota1 78 (296) (155) 7 51 (12) 15 (45) 4 9 

Ana1yses 

Isotope 78(251) (150) 4 4 

ICP-OES 

HOAc 77 (3) 4 4 4 9 

HCl 77 (3) 4 4 4 9 

Aqua regia 78 (45) (5) 7 51 (12) 15 (45) 

XRF 78 7 51 (12) 15 (45) 

* ( ) denote collected from合illhole core. 
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Table 2. Sample descriptions and chemical ∞mpositions of carbonate rocks in the Sako-nishi area 
← Drilling No. depth level rock group 51lCPDB 81・~~W S N ~ ~ ~ K 

(弘為(%) (%) (%) (%) (%) (%) 

3MAHS-3 123.8m 38伽止 Ls C 2.5 9.6 0.03 0.44 15∞ 0.26 0.13 0.01 

136.3m 380mL Ls B 0.3 10.4 0.01 0.05 15.∞ 0.07 0.14 0.01 

153.1m 370mL 

192.9m 36伽nL

糾4.1m 27白nL

583.8m 22伽nL

636.3m 2∞mL 

Ls 

Ls 

A 

B 

V 

IP-Ls 

IP-Ls 

vem 

Ls 

Ls 

4MAHS・5

709 .6m 170mL vein V 

98.8m 390mL Ls D 

110.白n 390mL Ls B 

112.5m 39印nL Ls C 

117.5m 39伽nL Ls D 

120.5m 39白nL Ls IP-Ls 

224.5m 35伽nL Ls IP-Ls 

444.5m 27白nL Ls D 

461.0m 260mL Ls D 

500.0m 25白nL Ls D 

506.8m 25白nL Ls D 

606.2m 210mL Ls C 

51.9m 1110π止Ls A 

78.5m 1080rr止 Ls B 

85.8m 1070mL Ls A 

11O.2m 1050mL Ls B 

145.5m 102伽nL Ls A 

178.5m 99印nL Ls B 

314.6m 860mL Ls IP・Ls

599.4m 600mL Ls B 

785.2rn 420mL Ls B 

74.5m 47伽nL Ls A 

84.1m 460mL Ls A 

89.3m 46印nL Ls A 

111.白n 45白nL B陀 ccia D 

146.5m 430mL Ls IP-Ls 

181.8m 41印nL Ls IP-Ls 

190.5m 4∞mL Ls C 

206.7m 39伽nL Ls IP-Ls 

231.Om 37印nL Ls A 

245.7m 370mL Ls C 

328.4m 310mL Ls D 

541.4m 65白nL Ls lens C 

564.8m 630mL Ls lens B 

588.6m 60白nL Ls lens A 

601.5m 59伽nL Ls lens A 

606.2m 59伽 LInishi 肌k/LS C 

907.白n 3∞mL Inishi rockILs IP-Ls 

280.1m 320mL Ls lens B 

3∞.5m 3∞mL vein V 

300.7m 3∞mL Ls lens C 

392.白n 23白nL Ls lens D 

427.1m 21白nLbreccia zone? IP-Ls 

4MAHS-6 

5MAHS-7 

5MAHS-9 

7MAKK-l 

Na Mn P Sr Zn 

(%) (ppm) (ppm) (ppm) (ppm) 

0.01 320 490 364 2ο 

0.01 105 50 326 6 
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2∞ 220 22 

10 335 6 

10 58 84 

5∞ 462 238 

160 638 38 

140 158 18 

350 726 58 

2∞ 766 20 

450 618 24 

160 502 66 

830 109 60 

10 348 

260 515 160 

8 

22 

230 461 

350 606 

240 544 

80 630 

正

U
n
u
nB

qJ
ε
J
'
l
 

1.0 

-2.0 

2.7 

1.6 

-3.0 

10 813 12 

120 709 20 

10 1，020 10 

10 702 10 

10 953 6 

10 496 8 

1∞ 39 40 

70 801 16 

360 517 18 

10 761 48 

20 692 30 

70 415 12 

210 704 44 

240 103 130 

7∞ 40 40 

250 380 12 

10 227 16 

30 290 14 

50 255 18 

6o 459 1，815 

10 792 64 

20 522 234 

3ο755 40 

20 726 22 

280 554 34 

280 1，020 58 

10 350 8 

90 195 328 

260 453 32 

80 342 68 

30 297 9，7∞ 

m伽∞m凹sition MglPe Mg'" A凶.fg AνSr 811CPDB 0 1・~MOW S N ~ Fe Mg K Na Mn P Sr Zn 

fore鉱 hgroup 弘弘 ( % ) (%) (%) (%) (%) (%) (%) (ppm) (ppm) (pprn) (ppm) 

Group-A Ls 2.32 0.48 0.17 0.8 3.10 17.45 0.03 0.04 15.α) 0.l1 0.24 0.01 0.01 135 41 665 22 

Group-B Ls 1.28 0.35 0.86 2.7 1.40 12.68 0.04 0.15 15.α) 0.23 0.23 0.02 0.01 197 86 552 35 

Group-C Ls 0.54 0.17 4.02 5.3 0.90 7.86 0.03 0.22 15.∞ 0.17 0.08 0.02 0.01 204 234 506 28 

Group-DLs 0.41 0.18 11.44 11.7 ・1.82 3.48 0.03 0.61 15.00 0.67 0.23 0.04 0.01 493 216 540 258 

Imp町 Ls 0.28 0.15 12.64 206.4 -2.∞ 7.01 0.14 1.95 11.00 1.30 0.34 0.05 0.01 998 286 328 1，034 

calcitevein 0.32 0.15 6.61 96.1 -3.60 1.430.01 0.426.α) 0.44 0.14 0.09 0.04 628 80 137 143 

Uぬ00and oxygen isotope data釦ち taken合omルIITI(199.6). 

めbreviations;Ls: limestone， IP-Ls: impw宅 lirnestone(<15% ca or >1 % N)， V:vein ca出onate.

A， B， C， and D are lirnestone based 00 51・0，>15%0， 10・15%0， 5-10%0， <5%0， res戸ctively.



3 Minera1 assemblage of Inishi rock and gneiss in the Sako-nish 司凶・・ー.-司F ・F ‘ヨ

Sample Rock G o IlC O I・。 Texture Primarv minera1 Hvl1rothermal mineral 

No type 実ゐ % C F V V.M Saω叩t:izedcal Qz Cp，x Pl Kf Tit W 01 Hb T-A chl Preh Ser Kf Cz Ep Gnt Sph Cp py Mgt 

56回・1278.60m1n B O.l 12.5 

56HI-1283.70m 1n B 0.1 12.5 

56HI-l 292.30m 1n C ・0.3 7.9 

56HI-l 314.60m 1n C -2.3 9.1 partly ム 。。ム A x x 0ム Ox  

56阻ー135l.90m 1n B -l.5 1l.2 partly O (Q)O ム × o x 

56悶 -1393.80mIn B -0.7 12.5 

56阻・1452.20m1n B 3.4 14.8 

56HI-1503.00m In A 3.9 15.8 O o Preh 。 O ム O ム ム x 0 
56HI-l 534.60m Gn 0 2.1 3.6 O 。 66  O (Q) 

56HI-1537.7伽nGn 0 0.7 1.2 

2HI・125.00m In B 2_8 12.8 

2HI・160.4伽n In C 0.6 9.3 o Ca1 00  。 O xOム × 

2HI・1127.40m ln B 1.1 12.5 o Cz O 。 O ム ム

2HI・1180.30m In B 1.6 11.8 

2HI-l 378.85m 1n B -4.2 10.5 

2Hl-l 688.10m Gn C ・2.8 5.5 

3HS・3101.50m In C 1.1 7.9 。 O ム O O ム ム

3HS・3140.6Om In B 03 10.4 

3HS・3155.50m In A l.2 16.1 AlI 0 0  O x x x × 

3HS-3 363.30m In o -4.0 4.6 

3HS-3 366.80m In o -4.0 4.6 

3HS-3 426.90m In C -3.1 8.4 

3HS-3515.55m In o -3.9 1.8 vein like 00000 ム O ム ×ム
3HS-3584.5Om Gn C -5.7 5.2 o Ca1 。 × ム O 

3HS-3 636.40m Gn D -6.3 2.5 

3HS・3697.4伽n Gn 0 -6.5 4.1 o Ep，Chl 00  ム O O 

4HS・5113.3Om In C 2.2 8.5 

4HS・5117.4Om In D 0.6 4.5 

4HS-5 123.80m In o -1.0 4.9 

4HS・56OO.7Om Gn C 0.2 5.4 

4HS・5605.30m In C -0.3 6.9 

4HS-6 44.00m Gn B 3.6 14.8 

4HS-6 120.8Om In B 3.6 13.8 

4HS-6169.00m 1n B 2.4 11.5 o Ca1 vein like x O (Q)(Q)ム O × × 

4HS-6309.50m Gn B 1.5 11.3 

4HS-6530.9伽n In B -0.4 11.2 

4HS-6622.6Om Gn C 2.2 6_7 

4HS-6672.70m In C -0.9 7.4 partly O O ム O ム × 

4HS-6 786.40m In B -2_5 11.6 

5HS-774.50m 1n A 3.9 17.2 o Cz AlI O O ム× ム

5HS-7 92.80m Gn B 3.3 133 

5HS・7131.70m In C 0.0 6.7 

5HS-7 326.5Om In o 2.3 4.5 

5HS-7329.70m In o 2.3 4.5 AlI O ム O (Q)ム O x x Ox  

5HS-7 394.60m In o -2.4 1.4 

5HS-7411.7Om In D -2.0 2.1 

5HS・9525.20m Gn B 1.1 11 o Preh partly O 00ム× × 。 ム ム

5HS-9 566.8Om In B 3.5 14.1 

5HS・9591.20m In A 43 16.5 

5HS・9603.2Om 1n A 3.9 17.1 

7KK-1204.8Om 1n B 1.0 lL7 All ム 0 0ムム x x 

7KK-l 283.40m In B 1.2 12.2 o Ep， Preh All ム O O ム ×ム

7KK・1302.90m In C 2.3 7.2 

7KK・1315.1Om In D ・2.6 1.6 

7KK・139L20m 1n D L9 2.7 Skarn 06  O O 

7KK-l 430.6Om In o -1.3 4.6 

7KK・1447.2Om ln A -0.7 16.4 OxOOxO  ム ×ム

7KK-1525.50m In C -0.4 6 

*Symbols: (Q)=abun也nt;O=comrnon;ム司紅e;and X =trace 

材 Abbreviations:G=group of a1teration; Gn=gneiss; In=Inishi r∞k; C=coarse-grained; F=:fine-grained; V=veinlet; V.M=minera1 
m vein; Ca1=ca1cite; Qz=qu紅白;Cpx=clinop戸'Oxene;Pl=plagi∞l倍以Kf=K-feldspar;Tit=llitanite; Bt=biotite; Hb=homblende; T-
A=紅白norite-actinolite;Chl=chlorite; Preh=prehnite; Ser三=sericite;Cz=clinozoisite; Ep=epido飽;Gnt=garnet; Sph=spha1erite; 
Cp司 ha1copyrite;Py=pyrite; Mgt=magnetite. 
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x x 

x x x x 
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ム×
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ム

× × 

× 

x x 

× 

x x 



× 

× 

× 

耳元 弘

s C 8.3 3.3 
RK3105 1 Ls C 8.9 3.2 
RM0618 1 Gn C 9.7 0.2 
RSOl12 1 Ls B 10.2 2.5 
RSOll1 1 Ls B 10.6 2.8 
RS0405 1 Ls B 10.6 3.2 
RS0802 1 Ls B 11.2 2.8 
RK2502 1 Cs B 11.3 -0.1 
RK3103 1 Ls B 11.6 1.3 
RK2I06 1 Gn B 11.9 1.8 
RKl∞3 1 Ls B 12.1 2.3 
RK2102 1 Ls B 12.2 1.3 
RK2509 1 Ls B 12.2 1.0 
RK2104 1 Ls B 12.6 3.9 
RK0702 1 Ls B 13.1 4.4 
RK2514 1 Ls B 13.2 0.5 
RK3112 1 Ls B 13.4 4.6 
RS0403 1 Ls B 13.4 1.8 
RK2107 1 Ls B 13.5 2.2 
RK0704 1 Ls B 13.8 4.0 
RK0705 1 Ls B 14.3 3.1 
RK2507 1 Ls B 14.6 3.8 
RKl∞6 1 Ls B 14.7 3.0 
RK2iu5 1 Ls A 15.1 4.8 
RM0616 1 Ls A 15.1 4.1 
RK2505 1 Ls A 16.6 3.1 
RKl∞4 1 Ls A 16.8 0.1 
RK2506 1 Ls A 17.4 3.8 I 0 
RK0703 1 Cs A 18.0 3.5 1 0 
RK2504 1 Ls A 18.5 3.9 I 0 
RM0302 II Ls C 8.1 0.2 I 0 
RSOI04 II Ls C 8.3 0.21 0 0 6 
RSOI06 II Ls C 9.6 2.1 I 0 0 ム
RM0603 III Ls B 12.5 2.0 1 0 x 
RM0604 III Ls B 13.6 3.5 I 0 x 
*Symbols: @=abundant; 0司 ommon;ム=rare;and X =trace 

“Abb回 viations:Z=wne of mineralization; G=group of limestone; Ls=limestone; Cs=calc-silic瓜e;In=Inishi r∞k; Gn=gneiss; C=co訂 se-grむned;F=fine-gr出ned;

V =veinlet; Cal=calci民;Gra=graphite; Qz=qu紅白;Cpx=clinopyroxene; PI=plagi∞lase; Kf=K-feldspar; Tit=titanite; Bt=biotitε; Hb=homblende; T -A=回 morite-actinolite;

Chl=chlorite; P民 h=p問 凶te;Ser=sericite; Cz=clinozoisite; Ep=epidote; Gnt=gamet; Sph=sphalerite; Cp=chalcopyrite; Py=pyrite; Po=pyrrhotite; Limo=limonite. 
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Table 4 (continued) 
~ample 乙 Rock

No. No type ~払
36 RMoo05 111 Ls !I一寸ヲ~ーーす3
37 RK0701 m Ls A 15.9 3.3 
38 RK3109 IV Gn B 10.3 -7.8 
39 RK2103 IV Ls B 14.7 2.4 
40 RS1701 Cs C 7.2 0.2 
41 RS1710 Ls C 9.7 1.2 
42 RK2513 Ls C 9.8 -1.0 
43 RS0406 Ls B 10.6 3.2 
44 RK2512 Ls B 10.9 0.3 
45 RM1503 Ls B 11.0 1.6 
46 RK3111 Cs B 11.7 2.1 
47 RSI104 Ls B 1l.9 3.4 
48 R恥10613 Ls B 12.0 4.1 
49 RM0617 Ls B 12.1 2.0 
50 RS0419 Ls B 12.1 2.9 
51 RM0612 Ls B 12.3 2.5 
52 RM0619 Ls B 12.4 0.9 
53 RM0606 Ls B 12.5 4.8 
54 RM0615 Ls B 12.9 3.3 
55 RS0810 Ls B 13.0 3.6 
56 RM0614 Ls B 13.1 3.5 
57 RK3102 Ls B 13.2 2.8 
58 RM0911 Ls B 13.3 3.0 
59 RM0910 Ls B 13.6 3.9 
60 RK3107 Ls B 13.7 2.5 
61 RK2510 Ls B 14.0 3.4 
62 RS0805 Ls B 14.3 3.3 I 0 
63 RS0812 Ls B 14.7 3.9 I 0 
64 RS0408 Ls A 15.0 4.5 I 0 
65 RS0809 Ls A 15.3 3.5 I 0 
66 RSl103 Ls A 15.4 3.8 I 0 
67 RK0706 Ls A 15.8 5.1 I 0 
68 RS0804 Gn A 15.8 -0.1 I 0 
69 RMω08 Ls A 15.9 4.8 I 0 
7o RK2108 Ls A 16.3 4.3 I 0 mortalic 

事Symbols:(Q)=abunぬnt;O司 ommon;ムヰ紅e;and X =trace 

料 Abbreviations:Z=zone of mineralization; G=group of limestone; Ls=limestone; Cs=calc-silicate; In=Inishi r∞k; Gn=gneiss; C=coarse-gr加ned;F=fine-gr泊ned;
V=veinlet; Ca1=ca1cite; Gra=graphite; Qz=quar包;Cpx=clinopyroxene; Pl=plagioclωe; Kf=K-feldspar; Tit=titanite; Bt=biotite; Hb=homblende; T-A=tremori臼ーactinolite;
Chl=chloritβ; Preh=prehnite; Ser=sericite; Cz=clinozoisite; Ep=epidote; Gnt=gamet; Sph=spha1erite; Cp=chalcopyrite;町=pyrite;Po=pyrrhotite; Limo=limonite. 
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s 
RS0801 Ls 
R恥10610 Ls 
RM2302 Ls 
RS1106 Ls 
RM1207 Ls 
RM0311 Ls 
RS0811 Ls 
RS0416 Ls 
RM0915 Ls 
RK2511 Ls 
RK3108 Ls 
RS;2410. Ls 
RS0807 Ls 
RS0808 Ls 
RK0707 Gn 
RK1∞1 In 
RK1∞2 Gn 
RK1∞5 In 
RK2101 In 
RK2109 Gn 
RK2201 Cs 
RK2202 Gn 
RK25ul Gn 
RK2503 Gn 
RK3101 Gn 
RK3104 In 
RK3110 Ls I 0 
RM0301 In I 0 
RM0303 Gn 10 
RM0304 Gn 10 
RM0305 Gn 10 
RM0306 Gn I 0 0 Chl.-T-A V 

RM0307 Gn I 0 0 cW.-Preh. V 

RM0308 Gn I 0 x S町 .V
章S戸nbols:@=abunぬnt;O司 ommon;ムヰ紅e;and X =trace 

料 Abb陀 vi瓜ions:Z=zone of mineralization; G=group of limestone; Ls=limestone; Cs=ca1c-silicate; ln=Inishi r∞k; Gn=gneiss; c=∞町se-gr出ned;F=血】e-gr出ned;

V=veinlet; Ca1=ca1cite; Gra=graphite; Qz=qu紅白;Cpx=clinopyroxene; Pl=plagi∞lωe; Kf=K-feldspar; Tit=titanitβ; Bt=biotite; Hb=homblende; T-A=回 morite-actinoli臼;

Chl=chlori民;P回 h=p印刷旬;Ser=sericite; Cz=clinozoisite; Ep司 pido臼;Gnt=gamet; Sph=sphalerite; Cp=chalcopyritβ;町=pyrite;Po=pyπhotite; Limo=limonite. 
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Table 4 (continued) 
Sample 乙 KocJ

No. No 
RM0309 Gn 
RM0310 Gn 
R九10312 Gn 
RM偽01 ln 
RM偽 02 ln 
RM0607 Gn 
RM0609 Cs 
RM0611 Gn 
RM0901 Gn 
RM0902 Gn 
RM0903 Gn 
RM0904 Gn 
RM0905 ln 
RM0906 Gn 
RM0907 Gn 
RM0908 Gn 
Rお10909 Gn 
RM0912 In 
RM0913 Gn 
RM0914 In 
RM1201 ln 
RM1202 Gn 
RM1203 Gn 
RM1204 Gn 
RM1205 In 
RM1206 Cs 
RM1208 In 10 
RM1209 In 10 
RM1210 Gn 10 
RM1211 Gn 10 
RM1212 Gn 10 
RM1213 In 0 
RM1401 Gn I 0 mylmekitic 

RM 1402 Gn I 0 mylmeJcitic 

RM1403 Gn I 0 0 Ser. V 

*Symbols: (Q)=abundant;υ=common;ム=rare;and X =仕ace
料 Abb民 viations:Z=zone of mineralization; G=group of limesもone;Ls=limestone; Cs司a1c-silic蹴;In=Inishi r∞k;Gn=伊 eiss;C=coarse-grained; F=白le-gr泊ned;
V =veinlet; Ca1=calci民;Gra=graphite; Qz.=qu首位;Cpx=clinopyroxene; PI=plagi∞lase; Kf=K-feldsp紅;Tit=titanite; Bt=biotite; Hb=homblende; T-A=tremorite-actinolite; 

Chl=chlorite; Preh=p陀凶te;Ser=sericite; Cz=clinozoisite; Ep=epidote; Gnt=gamet; Sph=spha1erite; Cp=cha1copyrite;η=pyrite; Po=pyrrhotite; Limo=limonite. 
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Table 5 Sampling localities and descriptions of limestone and skarn calcite ofthe Mokuji and Shiroji ores in the Kamioka mine. 

Type ofrock Sample No. Deposit Ore body Level Rock type Description 

Limestone 98729-5B Mozimi EぉtNo.4 -320m limestone near Shiroj i ore pinkish calcite and chlorite vein 

98729-1F Mozumi North NO.20 -500m "NAKAISHI" in Mokuji ore fine grained and chlorite vein 

50-10 Tochibora NO.5 OTSU -300m limestone near Shiro j i ore chlorite patches 

98728-3E Tochibora NO.9 -360m "NAKAISHI" in Mokuji ore graphite+chlorite 

Shiroji ore 98729-4A Mozumi North NO.20 ー130m Shiroji ore 

98729圃 5A Mozimi EastNo.4 -320m Shiroji ore calcite+chlorite 

2-7-B Tochibora NO.5 OTSU -300m skarn calcite in Shiroji megacryst calcite 

9-340 Tochibora NO.9 -340m skam calcite in banded Shiroji high grade ore 

9MAHSU-1 Sako-nishi Sako-nishi 335.5m megacryst calcite around Shiroj i ore 

ー・4
Mokuji ore 2-12-B Mozumi EastNo.4 -320m skarn calcite in Mokuji megacryst calcite 、。

98729-1D Mozumi North NO.20 -500m calcite vein in porphyrγdyke prehnite 

98728-2 Tochibora NO.9 -230m skarn calcite in druse around Mokuj i ore 

2-6 Tochibora Shiragane -250m skarn calcite in Mokuji pinkish in colour， include galena 

The -500 levels is corresponding to an elevation of 367m above sea level. 



_. 

Table 6 Oxygen and carbon isotope ratios of limestone in the Sako-nishi紅 ea.
Dnlling No. depth rock occurrence (5180 δ日でー

(%0) (%0) 
2MAHI-1 9.00m Ls Ls ー0.1 10.6 
2MAHI-1 12.90m Ls Ls -1.7 5.1 
2MAHI-1 14.60m Ls Ls -3.1 4.0 
2MAHI-1 24.40m Ls Ls 2.8 12.8 
2MAHI-1 25.uOm Ls f. Ls -2.1 4.6 
2MAHI-1 39.50m Ls Ls -0.7 9.7 
2MAHI-1 62.40m Ls Ls 0.7 9.2 
2MAHI-1 76.30m Ls Ls 0.8 11.2 
2MAHI-1 79.50m Ls f. Ls 1.6 16.9 
2MAHI-1 120.90m Ls f. Ls 2.3 11.1 
2MAill-1 124.50m Ls Ls 1.0 12.1 
2MAHI-1 135.30m Ls Ls 1.1 12.8 
2MAHI-1 148.50m Ls f. Ls 0.7 9.6 
2MAill-1 164.85m Ls Ls 2.2 11.8 
2MAill-1 172.uOm Ls Ls 1.0 11.8 
2MAI召-1 186.90m Ls f. Ls -0.6 9.3 
2MAHI-1 193.10m Ls f. Ls -0.2 110.1 
2MAHI-1 278.40m Ls Ls -3.6 5.8 
2MAHI-1 408.00m Ls f. Ls -0.9 6.6 
3MAHS目 l 153.80m Ls f. Ls ー0.4 3.7 
3MAHS-1 163.50m Ls Ls 1.8 10.2 
3加もえHS-1 166.00m Ls Ls 0.5 7.7 
3MAHS田 1 169.25m Ls Ls 2.2 10.4 
3MAHS-2 129.35m Ls Ls 2.9 14.3 
3MAHS-2 194.80m Ls Ls 3.4 2.9 
3MAHS-2 344.20m Ls f. Ls -4.6 -2.5 
3MAHS-2 344.3Om Ls Ls -2.3 ー0.3
3MAHS-3 91.60m Ls f. Ls -0.1 6.1 
3MAHS-3 105.50m Ls Ls 1.1 7.9 
3MAHS-3 123.80m Ls Ls 2.5 9.6 
3MAHS-3 153.10m Ls Ls 1.2 16.1 
3MAHS-3 192.90m Ls f. Ls 0.5 12.3 
3MAHS-3 636.3仇n Ls f. Ls -3.6 2.2 
3MAHS-3 713.00m Ls Ls lens -6.2 4.0 
3MAHS-3 719.40m Ls Ls lens -4.7 0.8 
3MAHS-3 725.00m Ls Ls ー0.7 1.3 
3MAHS-3 725.15m Ls Ls lens -6.9 -1.0 
3MAHS-3 148.80m Ls Ls 1.5 10.3 
3MAHS-3 170.80m Ls f. Ls 0.1 11.6 
3MAHS-3 196.00m Ls f. Ls ー0.2 10.3 
3MAHS-3 427.60m Ls Ls -2.9 0.9 
3MAHS-4 118.60m Ls Ls -3.5 3.0 
4MAHS-5 98.80m Ls Ls 0.1 4.5 
4MAHS-5 101.40m Ls Ls 2.6 7.6 
4MAHS-5 102.20m Ls Ls 1.2 8.1 
4MAHS-5 103.50m Ls Ls -3.5 8.3 
4MAHS-5 107.50m Ls Ls 2.2 10.3 
4MAHS-5 108.50m Ls Ls 1.8 6.6 
4MAHS-5 110.uOm Ls Ls 2.7 14.1 
41ι生HS-5 111.50m Ls Ls 2.0 7.5 
4MAHS-5 112.5仇n Ls Ls 1.6 5.4 
4MAHS-5 113.50m Ls Ls 2.7 11.5 
4MAHS-5 115.50m Ls Ls 2.5 5.0 
* Abbreviations: Ls=limestone; f=fine-grained. 
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， Table 6 (continued) 

Drilling No. depth rock occurrence δl!!Q δlぞー

(%0) (%0) 
4MAHS-5 117.50m Ls Ls 0.6 4.5 
4MAHS-5 118.50m Ls Ls ー1.1 4.8 
4MAHS-5 120.50m Ls Ls 司1.0 4.9 
4MAHS-5 224.50m Ls Ls -1.6 12.3 
4MAHS-5 444.50m Ls Ls -4.3 4.0 
4MAHS-5 449.20m Ls Ls -4.0 2.1 
4MAHS-5 459.60m Ls Ls -4.4 13.0 
4恥むミHS-5 461.00m Ls Ls -2.9 4.0 
4MAHS-5 474.00m Ls Ls ー1.7 4.7 
4MAHS-5 500.00m Ls Ls -1.7 2.6 
4MAHS-5 501.40m Ls Ls -3.3 1.8 
4MAHS-5 506.80m Ls Ls -6.3 1.0 
4MAHS-5 507.70m Ls Ls -5.9 1.8 
4MAHS-5 604.80m Ls Ls 0.2 5.4 
4恥ι生HS-5 605.70m Ls Ls 0.1 8.0 
4MAHS-5 606.20m Ls Ls -0.5 5.8 
4MAHS-6 4O.30m Ls Ls 10.6 18.2 
4MAHS-6 43.50m Ls Ls 3.4 14.3 
4tv仏 HS-6 46.00m Ls Ls 4.0 15.3 
4MAHS-6 49.00m Ls Ls 4.1 16.9 
4MAHS-6 51.90m Ls Ls 3.8 16.1 
4MAHS-6 56.70m Ls Ls 3.9 15.2 
4MAHS-6 59.00m Ls Ls 4.0 15.1 
4MAHS-6 65.40m Ls Ls 4.0 13.6 
4MAHS-6 69.0仇n Ls Ls 3.9 14.1 
4MAHS-6 76.30m Ls Ls 2.9 15.1 
4MAHS-6 78.50m Ls Ls ー2.0 13.2 
4MAHS-6 80.10m Ls Ls 0.0 13.3 
4MAHS-6 82.30m Ls Ls 3.2 14.6 
4MAHS-6 84.50m Ls Ls 3.3 14.3 
4MAHS-6 85.80m Ls Ls 3.3 16.6 
4MAHS-6 87.40m Ls Ls 2.5 14.2 
4MAHS-6 91.3仇n Ls Ls 3.4 13.2 
4MAHS-6 92.90m Ls Ls 3.1 14.6 
41v仏HS-6 96.50m Ls Ls 2.7 13.9 
4MAHS-6 101.20m Ls Ls 3.7 15.0 
4MAHS-6 104.30m Ls Ls 3.3 11.3 
4MAHS-6 106.8仇n Ls Ls 4.0 12.8 
4MAHS-6 110.20m Ls Ls 3.1 14.4 
4恥1AHS-6 114.50m Ls Ls 3.2 14.3 
4MAHS-6 123.30m Ls Ls 3.9 13.2 
4MAHS-6 135.80m Ls Ls 2.7 13.7 
4MAHS-6 145.50m Ls Ls 3.3 16.3 
4MAHS-6 154.70m Ls Ls 2.7 13.9 
4MAHS-6 155.8仇n Ls Ls 3.3 14.0 
4MAHS-6 159.9仇n Ls Ls 2.5 13.9 
4MAHS-6 164.4仇n Ls Ls 3.7 14.0 
4MAHS-6 165.90m Ls Ls 2.6 13.6 
4MAHS-6 168.20m Ls Ls 3.1 11.3 
4MAHS-6 169.80m Ls Ls 1.7 11.7 
4MAHS-6 173.90m Ls Ls 3.0 13.2 
4MAHS-6 178.50m Ls Ls 3.9 13.9 
4Nむ¥HS-6 312.90m Ls Ls 0.8 110.7 
4加1AHS-6 313.60m Ls Ls 2.1 11.8 
*Abbreviations: Ls=limestone; f=fme-grained. 
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Table 6 (continued) 

Drilling No. depth rock occurrence 。1110 61ぞー

(%0) (%0，) 
4MAHS-6 314.60m Ls Ls 2.6 15.9 
4MAHS-6 342.00m Ls Ls 1.3 11.4 
4MAHS-6 593.10m Ls Ls 2.0 12.2 
4MAHS-6 593.70m Ls Ls 0.6 8.7 
4MAHS-6 595.90m Ls Ls 2.9 9.0 
4MAHS-6 599.40m Ls Ls 3.6 10.8 
4MAHS-6 601.70m Ls Ls 3.2 6.7 
4MAHS-6 603;80m Ls Ls 2.7 7.5 
4MAHS-6 613.90凶 Ls Ls 3.1 13.1 
4MAi-Is-6 622.90m Ls Ls 2.2 6.7 
4MAHS-6 784.10m Ls Ls -2.1 12.4 
4MAHS-6 785.20m Ls Ls -2.8 10.8 
4MAHS-6 825.50rn Ls Ls -1.4 12.4 
4MλHS-6 826.50m Ls Ls 0.9 13.2 
56MAHI-l 282.80m Ls f. Ls ー0.6 6.6 
56MAHI-l 285.10m Ls Ls 0.1 9.2 
56~怯HI-l 301.00m Ls Ls -1.9 8.8 
56MAHI-1 301.15m Ls Ls -1.9 8.7 
56MAill-1 349.65m Ls Ls -1.6 10.9 
56MAHI-1 350.65m Ls Ls -0.4 10.5 
56MAill-1 357.50m Ls Ls ー1.0 13.2 
56MAill-1 370.50m Ls Ls ー0.7 12.4 
56MAill-1 377.30m Ls Ls -0.6 12.5 
56MAHI-1 393.60m Ls Ls 0.1 12.5 
56MAill-1 402.50m Ls Ls 3.0 12.9 
56MAI丑-1 408.40m Ls Ls 2.3 12.5 
56MAHI-1 409.85m Ls Ls -1.2 12.5 
56恥IAHI-1 429.50m Ls Ls 3.6 13.1 
56加1AHI-1 429.80m Ls Ls 4.3 13.6 
56MAHI-1 438.20m Ls Ls 3.2 13.1 
56恥1AHI-1 444.40m Ls Ls 3.6 16.1 
56MAHI-1 451.90m Ls Ls 3.6 14.6 
56MAHI-1 453.80m Ls Ls 3.1 15.0 
56MAill-1 460.50m Ls Ls 4.3 19.5 
56MAHI-1 466.70m Ls Ls 2.6 13.7 
56MAl召-1 476.90m Ls Ls 3.9 15.1 
56MAHI-1 478.90m Ls Ls 3.8 14.3 
56tv仏 HI-1 482.00m Ls Ls 3.9 13.6 
56MAHI-1 483.70m Ls Ls 3.5 13.2 
56MAill-1 488.20m Ls Ls 2.9 16.2 
56恥1AHI-1 495.20m Ls Ls 3.5 14.2 
56MAHI-1 495.90m Ls Ls 3.3 17.2 
56MAill-1 496.30m Ls Ls 3.7 16.2 
56MAHI-1 502.05m Ls Ls 4.1 16.6 
56MAill-1 513.60m Ls Ls 3.6 15.0 
56MAHI-1 519.50m Ls Ls 3.9 13.3 
56MAHI-1 520.30m Ls Ls 1.8 10.0 
56MAHI-1 528.50m Ls Ls 4.2 10.2 
56MAHI国 1 528.90m Ls Ls 2.7 5.1 
56MAHI-1 531.90m Ls Ls 3.3 12.3 
56MAl宜-1 534.90m Ls Ls 3.4 5.9 
56MAHI-l 535.80m Ls f. Ls 0.7 1.2 
56MAill-2 124.00m Ls Ls 1.6 9.8 
56MAHI-2 141.10m Ls Ls 2.5 9.5 
* Abbreviations: Ls=limestone; f=fine-grained. 
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Table 6 (continued) 
Drilling NO. depth rock occurrence δIlSQ δI~~でー

(%0) (%:>) 

56MAHI-2 143.70m Ls Ls 0.7 3.2 
56MAHI-2 283.30m Ls Ls 0.5 12.9 
56MAHI-2 286.30m Ls Ls 2.3 13.6 
56MAHI-2 293.80m Ls Ls 3.7 12.9 
56MAHI-2 313.40m Ls Ls 3.1 13.2 
56MAHI-2 315.80m Ls Ls 1.9 9.1 
56MAHI-2 319.30m Ls Ls 1.6 6.1 
56MAI召-2 323.20m Ls Ls 1.4 4.9 
56MiえHI-2 327.60m Ls Ls 0.0 3.9 
56MAHI-2 331.50m Ls Ls 4.1 13.8 
56MAHI-2 336.20m Ls Ls 3.4 9.3 
56MAHI-2 339.90m Ls Ls 4.5 17.2 
56MAHI-2 344.30m Ls Ls 2.1 10.3 
56恥tlAHI-2 345.80m Ls f. Ls 2.0 3.3 
56MAHI-2 353.80m Ls Ls 3.3 8.2 
56MAHI-2 412.85m Ls f. Ls 2.2 1.4 
56MAHI-2 415.70m Ls f. Ls 0.0 2.0 
56MAHI-2 417.40m Ls Ls -0.4 5.9 
56MAHT-2 430.75m Ls Ls 1.5 6.8 
5MAHS-7 73.40m Ls Ls 4.6 18.2 
5MAHS-7 74.50m Ls Ls 4.0 18.7 
5MAHS-7 78.40m Ls Ls 2.7 14.0 
5MAHS-7 84.10m Ls Ls 3.6 20.4 
5~仏HS-7 89.30m Ls Ls 4.2 17.1 
5MAHS-7 91.70m Ls Ls 4.5 15.6 
5MAHS-7 138.70m Ls Ls 0.0 6.7 
5MAHS-7 140. 10m Ls Ls -0.2 6.3 
5MAHS-7 146.50m Ls Ls 自1.6 5.6 
5MAHS-7 173.10m Ls Ls 0.5 8.7 
5MAHS-7 174.6Om Ls Ls 0.2 7.7 
5MAHS-7 181.80m Ls Ls 1.6 10.0 
5MAHS-7 183.70m Ls Ls -0.7 8.9 
5MAHS-7 185.90m Ls Ls 0.8 7.7 
5MAHS-7 188.90m Ls Ls 1.3 9.0 
5MAHS-7 190.50m Ls Ls 1.3 8.3 
5MAHS-7 192.50m Ls Ls 1.8 12.1 
5MAHS-7 202.30m Ls Ls 0.0 12.4 
5MAHS-7 205.10m Ls Ls 0.8 13.2 
5MAHS-7 206.70m Ls Ls -0.4 10.3 
5MAHS-I 209.30m Ls Ls 0.1 11.1 
5MAHS-7 214.00m Ls Ls 0.6 15.9 
5MAHS-7 220.90m Ls Ls 0.3 12.5 
5MAHS-7 224.40m Ls Ls -0.9 9.1 
5MAHS-7 229.00m Ls Ls ー0.7 14.0 
5MAHS-7 231.0仇n Ls Ls ー0.5 17.2 
5MAHS-7 233.20m Ls Ls 0.2 15.7 
5MAHS-7 235.90m Ls Ls -0.4 12.9 
5MAHS-7 243.70m Ls Ls ー0.8 11.4 
5MAHS-7 245.70m Ls Ls -0.5 9.9 
5MAHS-7 328.40m Ls Ls 2.3 4.5 
5~也lliS-9 522.45m Ls Ls lens 1.1 11.0 
5MAHS-9 541.40m Ls f. Ls 1.4 6.5 
5MAHS-9 550.80m Ls Lslens 3.5 6.7 
5MAHS-9 554.40m Ls Lslens 4.2 14.1 
* Abbreviations: Ls=limestone; f=fine-grained. 
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Table 6 (continued) 
Drilling No. depth rock occurrence δ1110 δlTでー

(%0) (%0) 
5MAHS-9 564.80m Ls Ls lens 3.7 14.5 
5MAHS-9 570.30m Ls Ls lens 3.2 13.6 
5MAHS-9 579.50m Ls Ls lens 3.4 12.3 
5MAHS-9 588.55m Ls Ls lens 4.5 18.9 
5MAHS--9 595.55m Ls Ls lens 4.1 14.0 
5MAHS-9 601.5伽n Ls Ls lens 3.9 17.1 
7MAKK-1 207.25m Ls f. Ls 1.0 11.7 
7MAKK-1 209.40m Ls f. Ls 1.1 11.8 
7MAKK-1 209.50m Ls Ls 0.5 10.4 
7MAKK-1 212.35m Ls f. Ls 1.2 11.4 
7MAKK-1 280.10m Ls Ls lens 1.0 12.4 
7MAKK-1 280.75m Ls Ls 1.4 12.0 
7MAKK-1 282.10m Ls Ls 0.3 8.2 
7MAKK-1 282.30m Ls Ls 0.6 10.0 
7MAKK-1 300.65m Ls Ls lens 2.7 8.0 
7MAKK-1 303.85m Ls Ls lens 1.9 6.4 
7MλKK-1 306.90 Ls Ls -0.5 8.5 
7島1AKK-1 389.20m Ls Ls lens 2.1 4.0 
7MAKK-1 392.00m Ls Ls lens 1.6 1.4 
7MAKK-1 393.20m Ls Ls lens 0.9 2.7 
7恥1AKK-1 427.80m Ls Ls lens ー0.8 7.1 
7MAKK-1 438.90m Ls Ls ー1.7 2.1 
7MAKK-1 439.30m Ls Ls 0.9 19.2 
7MAKK-1 440.65m Ls Ls ー0.2 12.9 
7MAKK-1 443.80m Ls Ls 0.5 15.4 
7MAKK.-1 445. 10m Ls Ls -0.5 12.8 
7MAKK-1 446.50m Ls Ls 1.0 13.7 
7お仏J(I(-1 447. 10m Ls Ls ー0.6 17.2 
7恥1AKK-1 447.50m Ls Ls ー0.8 15.5 
7MAKK-1 449.60m Ls Ls 0.6 16.1 
7MAKK-1 451.45m Ls Ls 1.0 12.3 
7MAKK-1 45.4.70m Ls Ls ー0.3 1.8 
7MAKK-1 520.80m Ls Ls ー0.1 5.7 
7MAKK-1 521.30m Ls Ls 1.3 8.7 
7MA広K-1 523.80m Ls Ls -1.4 9.0 
7恥1A-KK-1 525.20m Ls Ls -0.4 6.0 
* Abbreviations: Ls=limestone; f=fine-grained. 
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Table 7 Oxygen and carbon isotope ratios of vein calcite in the Sako-nishi紅白.

Drilling No. depth rock occurrence 。I!!Q 。IJC
(%0) (%0) 

2MAHI-1 331.50m Inishi rock Cal. v -5.0 9.0 
2MAHI-1 339.40m alt. Inishi rock? Cal. v ー6.1 4.0 
2MAHI-1 378.85m alt. Inishi rock Cal. v -4.2 10.5 
3MAHS-2 297.90m Hb. gneiss Cal. v -3.8 3.3 
3MAHS-2 304. 10m Hb. gneiss Cal. V -3.4 1.7 
3MAHS-2 438.50m alt. gneiss? Cal. V -5.1 -1.0 
3MAHS-2 440.90m alt. gneiss Cal. V -4.9 9.9 
3MAHS-2 539.60m alt. Inishi rock Cal. V -3.7 -0.4 
3MAHS-2 540.80m felsic gneiss Cal. V -3.8 0.2 
3MAHS-2 553.40m alt. Inishi rock Cal. V -4.8 9.4 
3MAHS-3 362.Oum felsic Inishi rock? Cal. V -5.6 15.6 
3MAHS-3 365.20m alt. Inishi rock Cal. V -4.1 5.5 
3MAHS-3 444. 10m gneiss with Ep.-v Cal. V -2.3 2.2 
3MAHS-3 520.90m Inishi-gneiss? Cal. V -3.9 1.8 
3MAHS-3 684.50m Cal.V Cal. V ー7.3 0.7 
3恥1AHS-3 709.60m gneiss with Ser.-v Cal. V -6.4 0.6 
3MAHS-4 127.10m felsic Inishi rock? Cal. V -8.0 0.9 
3MAHS-4 130.60m felsic Inishi rock7 Cal. V -5.4 5.8 
3MAHS-4 256.30m alt. lnishi rock7 Cal. V -4.3 10.6 
4MAHS-5 203.50m Inishi rock Cal. V (7) -4.0 8.8 
4MAHS-5 242.00m gnelss Cal. V -4.0 3.5 
4MAHS-5 287.50m Inishi rock Cal. V (7) -3.9 9.6 
4MAHS-5 380.70m gnelss Cal. V -2.9 0.8 
4MAHS-5 426.90m Inishi rock Cal. V -5.6 1.0 
4MAHS-5 514.60m Inishi rock Cal. V (7) -3.3 3.7 
4MAHS-5 522.5印n Inishi rock Cal. V (?) -4.5 8.7 
4MAHS-5 543.4仇n Inishi rock Ca1. V -3.9 1.4 
4MAHS-5 551.7Om gnelss Ca1. V -4.5 1.5 
4MAHS-5 557.10m Inishi rock Ca1. V -6.1 3.0 
4MAHS-5 611.10m gnelss Ca1. V -5.3 4.4 
4MAHS-5 617.40m gnelss Ca1. V -6.5 1.1 
4MAHS-5 636.10m Inishi rock Ca1. V (?) -5.8 0.8 
4MAHS-5 636.60m Inishi rock Cal. V (7) -6.4 0.5 
4MAHS-5 687.20m Inishi rock Ca1. V -6.9 1.9 
4MAHS-5 695.40m Inishi rock Ca1. V -6.6 4.7 
4MAHS-5 696.70m Inishi rock Cal. V -6.1 2.7 
4MAHS-6 190.40m gnelss Cal. V -5.0 15.4 
4MAHS-6 210.Oum Inishi rock Ca1. V (7) -5.1 10.7 
4MAHS-6 240.50m gnelss Cal. V -4.1 12.2 
4~仏HS-6 251.20m gnelss Cal. V -6.3 14.5 
4MAHS-6 253.30m gnelss Cal. V -5.6 14.8 
4MAHS-6 263.70m gnelss Cal. v (7) -5.7 10.0 
4~むえHS-6 264.20m gnelss Ca1. v (7) -6.6 11.0 
4MAHS-6 325.10m gnelss Ca1. v (?) 1.8 10.7 
4MAHS-6 453.Oum gnelss Cal. v -1.5 8.4 
4~仏HS-6 466.80m gnelss Ca1. v (7) 0.6 11.8 
4MAHS-6 469.50m gnelss Cal. V -3.9 5.9 
4MAHS-6 469.90m 皇nelSS Ca1. V -4.9 4.7 
* Abbreviations: V=veinlet; alt=a1teration; Ep=epidote; Ca1=ca1cite; 
Hb=homblende; Ser=sericite. 
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Table 7 (continued) 
Drilling No. depth rock occurrence δIHQ O l3C 

(%0) (%0) 
4MAHS-6 511.30m 

. 
Ca1. v -5.4 11.1 gnelss 

4MAHS-6 647.80m fe1sic dike Ca1. V -7.5 12.9 
4MAHS-6 658.50m gnelss Ca1. V -7.9 3.8 
4MAHS-6 660.60m gnelss Ca1. V -7.3 6.7 
4MAHS-6 664.30m gnelss Ca1. V 同 6.9 7.2 
4MAHS-6 685.30m Inishi rock Ca1. V -6.2 0.0 
4MAHS-6 693.80m gnelss Ca1. V -6.1 10.5 
4MAHS-6 706.00m Inishi rock Ca1. V (7) -6.5 8.4 
4MAHS-6 712.20m Inishi rock Ca1. V -3.8 9.6 
4MAHS-6 719.30m gnelss Ca1. V -6.7 7.2 
4MAHS-6 722.20m Inishi rock Ca1. V -5.8 2.0 
4MAHS-6 724.30m Inishi rock Ca1. V -5.6 3.3 
4MAHS-6 734.50m Inishi rock Ca1. V -6.6 3.3 
4MAHS-6 742.40m gnelss Ca1. V -6.3 -1.3 
4MAHS-6 748.50m Inishi rock Ca1. V (7) ー7.0 4.7 
4MAHS-6 753.90m Inishi rock Ca1. V (7) -6.1 9.5 
4加1AHS-6 801. 10m Inishi rock Ca1. V (7) -6.1 10.9 
4MAHS-6 817.00m Inishi rock Ca1. V (7) -2.5 12.6 
4MAHS-6 818.60m Inishi rock Ca1. V -5.8 11.2 
4MAHS-6 822.80m Inishi rock Ca1. V (7) -2.5 11.8 
4MAHS-6 823.10m Inishi rock Ca1. V -6.1 10.7 
4MAHS-6 849.50m Inishi rock Ca1. V -5.5 8.3 
4MAHS-6 851.20m Inishi rock Ca1. V -5.3 12.1 
4MAHS-6 883.30m Inishi rock Ca1. V -6.3 7.7 
4MAHS-6 897.30m Inishi rock Ca1. V -6.2 10.1 
56MAHI-1 138.30m gnelss Ca1. V -5.8 11.6 
56MAHI-l 288.40m Inishi rock Ca1. V -1.7 2.7 
561¥ι生HI・2 238.50m gnelss Ca1. V -3.6 2.3 
56MAHI-2 254.80m Inishi rock Ca1. V -1.6 15.5 
5MAHS-7 167.70m Inishi rock Ca1. V -5.5 11.4 
5MAHS-7 179.80m Inishi rock Ca1. V -6.0 10.2 
5MAHS-7 260.30m Inishi rock Ca1. V -4.5 12.4 
5MAHS-7 291.2臼n Inishi rock Ca1. V -1.8 1.0 
5MAHS-7 309.90m a1t. Inishi rock Ca1. V -3.6 1.7 
5MAHS-7 353.60m gnelss Ca1. V -2.5 1.3 
5MAHS-7 414.50m Ep. Skam Ca1. V -2.7 1.0 
5MAHS-7 422.10m a1t. Inishi rock Ca1. V -3.0 3.2 
5MAHS-7 438.20m Ep. Skam Ca1 patch -4.1 2.2 
5MAHS-7 445.00m gnelss Ca1. V -2.6 3.9 
5加1AHS-7 451.00m gnelss Ca1. V -2.3 5.1 
5~む\HS-9 827.55m a1t. Inishi rock? Ca1. v -5.9 6.6 
5MAHS-9 905.00m a1t. Inishi rock Ca1. v -6.8 -0.1 
5~仏HS-9 910.30m a1t. Inishi rock Ca1. V -6.3 6.2 
5MAHS-9 978.90m a1t. gneiss? Ca1. V -7.3 1.2 
5MAHS-9 983.40m a1t. gneiss? Ca1. V -6.7 7.4 
5MAHS-9 1001.90m a1t. gneiss? Ca1. V -7.0 5.3 
7MAKK-1 401.90m Inishi rock ? Ca1. V -3.6 12.0 
* Abbreviations: V=veinlet; a1t=a1teration; Ep=epidote; Ca1=ca1cite; 
Hb=hornblende; Ser=sericite. 
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Table 8 Oxygen and carbon isotope ratios of skam ca1cite in the Sako-nishi area. 

Drilling No. depth rock occurrence 6180 613C 
(%0) (%0) 

2Mf¥:ID-1 374.50m skam? aggregate -3.5 8.4 
2MAHI-l 542.50m alt. skam aggregate ー7.5 -5.1 
2MAHI-l 547.65m alt. skam 出invein -3.1 0.0 
2MAHI-l 549.60m alt. skam 出invein -3.4 0.2 
2MAHI-l 674.10m alt. skarn? patch -6.7 -4.3 
2MAHI-l 683.80m alt. skarn patch ー7.3 -4.8 
2MAHI-l 688.10m alt. rock veln -2.8 5.5 
3MAHS-l 139.60m skarn aggregate -2.1 ー0.3
3MAHS-l 146.60m skarn aggregate -3.4 ー1.6
3MAHS-l 148.30m skarn aggregate -4.1 -2.0 
3MAHS-l 291.70m sk紅 n? aggregate -6.8 -5.8 
3MAHS-l 295.00m Chl. sk紅 n? aggregate 自 7.6 -3.7 
3MAHS-l 297.70m Chl. skam? aggregate ー7.8 -4.2 
3MAHS-l 431.80m skam? irregular vein -5.4 -3.1 
3MAHS-l 433.40m skam thin vein -4.7 2.8 
3MAHS-l 435.45m skam aggregate -6.0 0.7 
3MAHS-2 432.60m skam Cagaglr.eSgE ate -5.7 -0.5 
3MAHS-3 427.80m mineralized gneiss pot -3.1 8.4 
4MAHS-5 357.80m ore ma仕lX -3.0 0.8 
4MAHS-5 368.40m skam Ls remnant -1.1 -0.2 
56MAHI-l 145.10m skam patch -5.8 4.5 
56MAHI-l 293.10m skam 

pCaatlc.h aggregate 
-2.6 9.3 

5MAHS-7 324.30m Ep. skarn ー0.6 -0.6 
5MAHS-7 335.30m alt. skarn Cal. aggregate -2.4 0.7 
5MAHS-7 340.40m skarn Ca1. aggregate -3.0 1.4 
5MAHS-7 344.20m skam Ls lens -3.9 2.3 
5MAHS-7 366.30m ore Ca1. aggregate -3.1 2.7 
5MAHS-7 367.50m ore Cal. aggregate -2.9 2.4 
5MAHS-7 371.50m ore Ca1. aggregate -3.2 1.2 
5MAHS-7 374.80m ore Cal. aggregate -3.3 1.3 
5MAHS-7 379.30m ore Cal. aggregate -2.7 1.5 
5MAHS-7 391.40m ore Cal. aggregate -2.4 1.4 
5MAHS-7 398.70m alt. skam Cal. aggregate -2.8 1.8 
5MAHS-7 407.80m ore Cal. aggregate -2.0 2.1 
5~ιo\HS-7 415.40m skarn Ls lens -3.6 -1.3 
5MAHS-7 419.70m alt. skam 日la仕lX -2.8 3.6 
5MAHS-7 427.00m skarn Cal. aggregate -1.8 1.4 
5MAHS-7 433.70m skarn Ca1. aggregate -2.0 0.9 
5MAHS-9 833.80m sk紅 n? vein-lens -7.0 10.7 
5MAHS-9 836.40m skarn? veln -7.0 6.8 
62MAHI-l 106.30m skarn patch -2.1 ー1.5
62恥1AHI-l 108.10m alt. sk訂 n aggregate -2.6 1.3 
62MAHI-l 219.90m alt. skarn veln -4.8 10.4 
62MAHI-l 222.20m alt. skarn? veln -5.3 10.5 
62MAHI-l 225.50m alt. skarn? vem -4.2 12.4 
62MAHI-l 307.00m alt. skam thin vein -4.4 7.7 
62MAHI-l 310.20m a1t. sk訂 n? veln ー4.6 10.7 
62MAHI-l 323.40m skarn thin vein -7.1 -4.8 
62MAHI-l 409.00m skarn veln -2.2 1.6 
62MAHI-l 412.60m a1t. rock veln -2.9 1.9 
62恥1AHI-l 418.20m a1t. rock veln -3.4 1.8 
7MAKK-l 314.00m a1t. skarn ma位lX ー1.8 0.5 
7MAKK-l 317.60m alt. sk紅 n veln -3.4 2.7 
7MAKK-l 400.50m skarn? veln -3.1 1.7 
7MAKK-l 403.50m skarn veln -3.7 14.0 

* Abbreviations: Ls=limestone; a1t=a1teration; Chl=chlorite; Ep=epidote; Cal=ca1citβ. 
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assemblages become dominant. 

Petrolographical and mineralogica1 observations were performed for all 

carbonate used for isotopic ana1yses and silicate rock samples collected from 

outcrop and some silicate rocks from core in the Sako-nishi area (Table 4). 

百lebulk chemical compositions of the carbonate and silicate rocks were 

determined by means of inductively coupled plasma-optica1 emission spectrometry 

(ICP-OES， J arrell-Ash model 750) at the Chemica1 Ana1ysis Center， the University 

of Tsukuba. Chemica1 compositions of limestune， silicate rocks (gneiss， Inishi rock， 

and ca1c-silicate rock)， and skarn ca1cite were ana1yzed using approximately 0.1 g 

of powdered samples dissolvεd in 5ml of 20 % hydrochloric acid or 20ml of 5% 

HOAc. Quantitative ana1ysis for ten elements Fe， Al， Mg， Mn， Ca， Na， Ba， Sr， Pb， 

and Zn was carried out on leachates. In order to compare technique of出isstudy 

with commercia1 technique， 1 employed the ICP-OES method on aqua regia 

leachates by Chemex Labs Ltd.， British Columbia， Canada. 

The chemica1 compositions of whole rock of carbonate and silicate rock 

samples were also determined by means of Phillips PW1404 wavelength sequentia1 

automatic spectrometer (XRF) at the University of Tsukuba. Mold pellets were 

used for all rocks by pressing 2-3g samples and 4-5g Boric Acid (H3B03) powder 

of Merck Co. Ltd. 

On several samples with dlstinct stable isotopic compositions， observations and 

determinations of mineral compositions were carried out by means of 

cathodoluminescence (CL) and electron probe microanalysis (EPMA)， respectively. 

Cathodoluminescence of calcite was undertaken using a Nuclide Corporation 

ELM-3R Luminoscope at Hiroshima University. Genera1 operating conditions for 

CL were 10-15 kV potentia1， 0.6-1.0 mA beam cu立ent，and 5-10 rnm focussed 

beam. The electron microscope used for anal yses of silicate and carbonate mineral 

compositions is a JEOL 5400 with Link Systems model QX2000 energy置 dispersive

spec仕ometerat the National Science Museum. Ana1ytical conditions were 15kV 

accelerating voltage， 1 nA sむnple current， and 80-seconds counting time 

(Yokoyama et al.， 1993). The current drift was less than 1 %. 
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e:hapter 4 RESUL TS 

The chemical composition of the hydrochloric acid (HCl) and acetic acid 

(HOAc) leachates of the carbonate rocks are given in Tables 9 and 10， and白atof 

出eleachate using hydrochloric acid (HCl) and ace:tic acid (HOAc) of the skarn 

ca1cite and limestone coUected from the Kamioka mine are shown in Table 11. 

The 813C-8180 diagram and the concentration of ele:ments for HCl leachate of出e

carbonate rocks plotted against 8180 value are also shown in Figure 3. 

4.1. Stable Isotopic Composition of Carbonate 

Relationship of the oxygen and carbon isotopic composition of studied 

carbonate rock is shown in Figure 3A. The 8180 and 813C values of limestone企om

企illcore vary widely 合om-2.7 to 20.4%0 and from -7.7 to 4.6%0， respectively. In 

comparison， unaltered limestone 5 to 10 km away仕om出eKamioka mine has a 

narrow oxygen and carbon isotopic range (8180， 17-23%0; 813C， 4.0-5.0%0. Arita 

and Wada，1990; MITI， 1998a). Accordingly， limestones having a high 8180 va1ue， 

more出an15%0， is considered unaltered and unaffected by hydrotherma1 fluid 

associated with mineralization. 8180 values of no more than 5%0 characterize 

a1tered limestone which has been affected s位。nglyby hydrotherma1 fluid 

associated with mineralization. 

Several authors (Wada， 1978; Shimazaki et al.， 1986; Shimazaki加 dKusakabe， 

1990a; MITI， 1998a) have reported that skam ca1cite associated with skam and ore 

minerals have distinct 8180 and 813C values ranging企om岨 5.7to 5.8%0 and from -

7.8 to 0.0%0， respectively (Fig. 3A). Skarn ca1cite is significantly depleted in 180 

and 13C relative to limestone. The 8180 and 813C values for limestone企omoutcrop 

in the Sako-nishi area are relatively high ranging from 8.1 to 21.1%0 and from -1 to 

5.3%0， respectively， while s仕onglya1tered limestone with low 8180 va1ues of 5%。
or less could not be recognized. 1 divided the limestone into four groups based on 

8180 values: A (8180:> 15%0)， B (8180: 10-15%の， C (8180:5-10%0)， and D 

8180:<5%0). In outcrop around the Sako-nishi紅 ea，limestone of groups A to C are 
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Table 9 Chemical com巴sitionsfor acetic acid(HOAc) dig回 tionof limestone and silicate rock in the Salco-nishi area. 

SampJe Z rock G δ1・0δ IlC Fe Al Mg 恥伽1 ca Na Ba Sr Pb zn Sample rock G δ"0 δ日C Fe A1 Mg Mn Ca Na Ba Sr Pb zn 
No No. (耳元) (為 (ppm) (ppm) (ppm) (ppm) (%) (ppm) (ppm) (ppm) (ppm) (ppm) No No. (%0) (翼民 (ppm) (ppm) (ppm) (ppm) (%) (ppm) (ppm) (ppm) (ppm) (ppm) 

1 RK3)(め 1 Ls C 8.3 3.3 745 47 1350 450 38.9 84 16 972 O 39 46 RK3111 cs B 11.7 2.1 1510 66 8320 562 32.8 64 14 446 O 7 

2 RK3105 1 Ls C 8.9 3.2 1340 307 777 399 29.2 O 14 併6 O 69 47 RSI104 Ls B 11.9 3.4 349 122 3710 122 42.0.， O 22 551 O 31 

3 RM0618 1 Gn C 9.7 0.2 102 10 799 210 8.8 45 8 213 O 2 48 RM0613 Ls B 12.0 4.1 1240 42 1770 189 39.0 103 15 806 O 14 

4 RSOl12 1 Ls B 10.2 2.5 1000 o 2830 648 36.6 192 631 412 169 374 49 RM0617 Ls B 12.1 2.0 854 118 2990 122 41.2 112 10 553 O 21 

5 RSOl11 Ls B 10.6 2.8 1770 89 “l 
482 41.1 52 41 4∞ O 13 50 RS0419 Ls B 12.1 2.9 513 134 3710 184 38.3 54 9 519 O 8 

6 RS0405 Ls B 10.6 3.2 1970 244 1430 373 33.0 95 41 816 O 79 51 RM0612 Ls B 12.3 2.5 686 164 1590 373 39.9 45 56 4σ7 O 59 

7 RS0802 Ls B 11.2 2.8 23ω 112 1620 542 34.7 33 20 666 O 50 52 RM0619 Ls B 12.4 0.9 1080 82 卯 7 291 42.0 21 5 383 O O 

8 RK2502 1 Cs B 11.3 -D.1 1080 324 267 207 12.8 51 13 241 O 84 53 RM0606 Ls B 12.5 4.8 731 4 1600 299 39.7 111 l∞ 779 O 22 

9 RK3103 1 Ls B 11.6 1.3 877 27 3920 181 40.2 37 8 判。 O 8 54 RM0615 Ls B 12.9 3.3 1250 73 14ω537 32.0 101 45 636 O 88 

10 RK2106 1 Gn B 11.9 1.8 363 391 255 71 6.5 

“ 
5 137 O 65 55 RS0810 Ls B 13.0 3.6 3例。 140 5120 241 37.2 47 806 O 31 

II RKI∞3 1 Ls B 12.1 2.3 1740 92 48∞ 270 38.6 94 12 665 O 51 56 RM0614 Ls B 13.1 3.5 1750 32 4370 335 40.7 133 45 7“ O 4 

12 RK2I02 Ls B 12.2 1.3 1680 l悩 174∞ω20 37.1 63 6 564 O 16 57 RK3102 Ls B 13.2 2.8 478 o 630 142 39.3 139 142 908 O 10 

13 RK2509 Ls B 12.2 1.0 420 29 99 148 34.3 9 71 539 O 26 58 RM0911 Ls B 13.3 3.0 18∞ 84 3110 383 36.8 41 17 1310 o 1∞ 
14 RK2104 1 Ls B 12.6 3.9 1210 30 1000 411 45.8 101 32 855 O 18 59 RM0910 Ls B 13.6 3.9 831 152 3例。 121 38.2 8 10 993 O 65 

15 RK0702 Ls B 13.1 4.4 ω8 o 1550 140 39.5 138 10 1030 718 O ω RK3107 Ls B 13.7 2.5 1930 39 5570 724 38.7 111 37 糾6 O O 

16 RK2514 Ls B 13.2 0.5 1Ot:泊 39 1130 156 41.2 93 37 271 O 30 61 RK2510 Ls B 14.0 3.4 18ω o 14∞ 372 39.4 ω 10 850 O 4 

17 RK3112 1 Ls B 13.4 4.6 1050 46 2850 112 38.4 66 23 780 O 25 62 RS0805 Ls B 14.3 3.3 27∞ 76 1900 521 36.7 91 51 725 O 12 

18 RS0403 Ls B 13.4 1.8 1230 80 302 363 29.9 34 13 341 O 70 63 RS0812 Ls B 14.7 3.9 2330 16 2050 3σ7 40.3 111 21 635 O 39 

19 RK2107 Ls B 13.5 2.2 598 69 1720 230 22.4 70 9 253 O 29 64 RS0408 Ls A 15.0 4.5 1240 36 1850 240 40.2 135 22 725 O 53 

20 RK0704 1 Ls B 13.8 4.0 152 O 119 231 36.8 8 318 1240 O O 65 RS0809 Ls A 15.3 3.5 878 112 841 1“39.0 44 13 886 O 54 

w 21 RK0705 1 Ls B 14.3 3.1 1910 33 3210 323 39.8 85 25 516 O 29 66 RSI103 Ls A 15.4 3.8 612 156 3540 135 38.8 67 69 1060 O 14 

Cコ 22 RK25σ7 [ Ls B 14.6 3.8 874 125 1401 “9 34.8 44 37 658 O 33 67 RKσ706 Ls A 15.8 5.1 921 6 17∞ 264 38.4 128 20 535 O 43 

23 RKlα括 1Ls B 14.7 3.0 694 192 420 249 20.6 46 14 578 O 38 68 RS0804 Gn A 15.8 -0.1 86 11 82 103 11.6 73 73 O O 

24 RK2105 1 Ls A 15.1 4.8 908 113 27ω 146 40.4 O 88 673 265 2 69 RM悦泊8Ls A 15.9 4.8 487 80 1510 341 38.5 ω i∞ 701 O 25 

25 RM0616 1 Ls A 15.1 4.1 629 123 6580 84 40.4 80 14 661 O 47 70 RK2108 Ls A 16.3 4.3 1050 76 1840 222 39.2 6 45 634 31 20 

26 RK2505 1 Ls A 16.6 3.1 2730 192 24α)() 419 35.5 84 10 439 O 73 71 RS2408 Ls A 16.6 3.5 1870 o 6150 187 34.4 354 19 427 5 9 

27 RKH氾4 1 Ls A 16.8 0.1 880 136 671 109 39.7 79 6 347 O 14 72 RS0801 Ls A 16.8 4.6 333 33 1430 76 41.7 145 15 699 O 51 

28 RK2506 1 Ls A 17.4 3.8 1140 o 71 ω 172 38.5 49 16 592 O 50 73 RM0610 Ls A 17.1 1.4 247 50 2210 135 40.9 13 89 461 O 45 

29 RK'切03 Cs A 18.0 3.5 1250 155 193∞ 136 29.8 220 14 337 O 22 74 RM2302 Ls A 17.1 3.5 690 32 863 357 3.9 39 13 701 O 6 

30 RK2504 1 Ls A 18.5 3.9 1490 29 2530 342 37.6 101 13 682 O 18 75 RSI106 Ls A 17.2 3.9 751 99 2940 267 40.3 84 28 859 O 24 

31 RM0302 II Ls C 8.1 0.2 767 22 1250 515 42.1 90 39 442 O 29 76 RM1207 Ls A 17.3 3.6 2470 192 49ω 193 34.1 89 20 823 O 13 

32 RSOI04 II Ls C 8.3 0.2 1640 o 4620 595 35.3 319 13 538 O 7 77 RM0311 Ls A 17.6 4.2 407 68 2210 82 40.0 142 18 867 O 38 

33 RSOH活 IILs C 9.6 2.1 585 23 1340 164 41.9 45 21 280 O 33 78 RS0811 Ls A 17.7 4.4 829 25 1780 169 34.4 86 8 818 O 17 

34 RM民泊3m Ls B 12.5 2.0 1130 84 1730 319 38.9 56 169 1350 O 41 79 RS0416 Ls A 17.9 4.4 816 o 413 479 37.3 o 464 962 O 45 

35 RM白沿4m Ls B 13.6 3.5 881 107 3570 210 25.5 64 459 373 O 56 80 RM0915 Ls A 18.6 3.3 25∞ 32 2210 325 39.9 44 13 862 O 97 

36 RM悦泊5凹Ls B 13.8 4.3 19ω 121 気汚 595 39.7 O 179 885 O 53 81 RK.2511 Ls A 18.7 3.3 17ω 93 7“旧 172 39.4 127 22 489 O ω 

37 RK0701 m Ls A 15.9 3.3 ロω 77 1620 153 36.1 62 9 856 O 23 82 RK3108 Ls A 19.0 5.3 380 139 2590 71 39.0 l(泌 22 643 O 34 

38 RK3109 IV Gn B 10.3 -7.8 2410 “4 
485 470 4.8 O 39 2ω O 18 83 RS2410 Ls A 19.5 4.4 498 187 3730 184 41.4 64 13 698 O 54 

39 RK2103 IV Ls B 14.7 2.4 1820 96 38∞ 573 38.3 99 36 462 o 119 84 RS0807 Ls A 20.0 4.0 1280 38 13ω363 37.0 48 3 842 O 10 

40 RS1701 cs C 7.2 0.2 334 O 128 192 31.4 171 5 178 117 213 85 RS0808 Ls A 21.1 4.4 卯 5 43 1780 301 38.7 57 8 939 O O 

41 RS1710 Ls C 9.7 1.2 288 167 172 181 37.4 O 7 308 O O 3HS-3 Ls C 9.6 2.5 1070 120 715 351 34.9 97 19 362 O 11 

42 RK2513 Ls C 9.8 -1.0 249 32 159 97 31.5 ω 4 554 O 11 3HS-3 Ls 0 2.2 -3.6 1190 538 408 1016 19.6 466 16 431 O 2 

43 RS例u6 Ls B 10.6 3.2 16'卯 94 7620 161 37.1 132 19 799 O 37 7KK-l Ls 0 1.4 1.6 1210 241 292 776 18.2 103 2 203 O 3 

44 RK2512 Ls B 10.9 0.3 330 55 267 172 21.1 67 21 305 O 18 9HSU Ls 7740 o 505 緋榊 40.8 134 o 420 15 3 

45 RMI503 Ls B 11.0 1.6 473 49 2580 207 36.4 1ω 39 262 O 56 Abbreviations: Z=zone of miner叫包ation;G=group of limestone; Ls=limestone; Gn=gnei路;
Oxygen and carbon isotopic data are taken from MTI1 (1998a). Cs=ealc-silicate rock; ln=Inishi rock. 



TabJe 10 ChelTUcal compositions for hydrochloric acid(HCl) leachate of limestone and silicate r田 kin the Sako-nishi ar回 .

UJ 
~ 

h

回
幻
似
口
別
口
刷
ぉ
附
ね
凶
泊
目
苅
刀
M
ω
凶
日
初
凶
加
引
口
日
付
泊
目
別
加
却
灯
M
一η
日
尚
一m

m

ω

%
一M

m
一制
日
n
m
m
悩
却
一

町
但
ロ
ロ
山
川
町
的
幻
ω
釘
初
制
拘
引
n
n
u
n
引
n
品
目
n
u
k
w
ω
ロ
H
M
n
η
4
幻
引
将
一7
M
凶
一一
刊
苅
∞
苅
一白ω∞
一幻
7
M
W
η
初
M
m
一

l
'但

4

一

一

1

-

-5

一

釘
岨
側
側
削
別
加
m
m
m
m
m
m
ω
側
側
制
加
制
加
m
m
切
内
側
仰
例
m
m
m
m
m
将
一m
m
m
m
一側
倒
閣
印
一加
盟
附
加
m
m
m
m
一

i

川
一

3
0
8
8
6
2
4
6
7
0
7
0
9
9
9
0
8
2
4
0
9
6
3
5
2
一0

3

7
7
1
5
9
8
一9

5
一9
7
0
9
4
0
-

E

E

l

-

-

2

1

1

5

1

1

2

2

6

1

2

1

6

1

1

2

1

一1
d
l

l
一3

7

5

一4

3
一

1
1
2
5
一

B
哩

6

2

4

一

一

l

一

一

一

a
剛
一日
η
お
の
お
幻
刊
m
A
m
μ
刊
引
先
似
∞
ω
日
以
引
M
m
臼
引
引
M
河
創
M
M
h
川
μ
刊
以
刈
苅
糾
引
η
一“
特
別
一引
"
の
万
一引
∞
一M
万
%
初
白
M
一

N

哩

1

1

1

1

1

1

1

1

5

一

一

1

一

一

1

1

一

九日間
一孔

1

8
孜

n
n
見
m
U
3
n
m
抗
包
弧
匁
筏
訂
版
弧
u
n
u
m
机
民
党
n
u
丸
一筏

ぬ

m
一幻
刊
誌
党
広
一4
詠
一見
双
眼
見
m
m
一

品
2

m

m

m

m

ω

m

m

川

怒

沼

山

間

約

m

m

m

m

m

m

m

幻

ヨ

m

m

m

一お

m

一2

2

一m

m
一m
m
m
m
的
問
一

4

h

町
、胆

m
m
m
m
則
閣
制
m
m
m
m
側
間
前
ω

鮒

m
m
m
m
働
側
m
m
m
m
m
卿
加
制
一例
加
附
一制
蜘
制
則
一一別別
一m
w
m
m
仰
m
m
一
仰

F

但
1

7

6

4

3

2

2

2

1

5

1

1

1

3

2

1

1

2

4

7

1

3

3

2

7
1

7

1
一l

一

一

1
6
3
一

一

1

1

2

一

一

一

一

一T

d

則
一∞
∞
切
羽
加
∞
m
初
日
付
∞
ω
幻
引
苅
M
M
m
η
ω
河
川
押
見
花
m
M
m
判
例
括
的
ω
η
一“
知
臼
一切
竹
山
n
m
一∞
初
一m
m
M
幻
お
m
w
一
M

A
r
M出

2

位

3

U

2

7

0

日

1

μ

刊

日

6

2

2

1

1

7

日

ゆ

3

7

U

1

5

6

l

m

2
一2

日

l
一1
7
1
口
一ω

H
一M

K

U

5

6

6
一
〉

h

M

m

m

m

閣

開

問

川

m

お

官

官

m

m

添

加

閣

m

m

m

m

削ぷ
m
一諸

問

一側

諸

測

一m

m
一説

m

m

則

一

向

c
o一
3
2
2
5
8
2
8
1
3
8
3
3
0
9
4
5
6
8
2
0
1
8
0
8
1
1
1
8
5
9
-2

2

1
一0

5

3

3
一8

4
一2
2
0
2
3
6
一
回

F
5
3

3

0

2

2

3

2
心

1
1
2
1
1
3
4
0
4
1
2
4
3
3
3
4
4
3
0
3
3
3
一0

0

2
一2

3

4

3
一1

2
一0
1
4
3
o
l
-

-釦

m
u
u
一3
9
7
2
6
6
2
3
6
9
1
2
2
6
1
2
4
4
5
8
3
6
7
1
1
6
8
4
D
5
一1
3
β
一5

6

8

9
一3

7
一2
1
8
6
9
β
一
泊

δ

作
一8
8
9
0
o
o
l
-
-
1
2
2
2
2
3
3
3
3
3
3
4
4
4
5
5
6
6
7
8
同
一8

8

9
一2

3

3

5
一O

M
一7
9
9
0
0
H
一
・
仰

G

一C
C
C
B
B
B
B
B
B
B
B
B
B
B
8
8
8
8
8
B
B
B
B
A
A
A
A
A
A
A
一C

C

C
一B

B

B

A
一B

B
一C
C
C
B
B
B
一
仰

吋

一b

b
臼

b
u
u
b
Q
-
-
U
ん
山

b

b
uu
hu
b
u
u
u
u
u
u
h
u
b
b
u
b
-
U
Q
U
一h
u
u
b
一u

h

b

b
一白
b
G
h
u
h
-
u
μ
μ
一
川

Z

一I
I
I
l
l
i
-
-
I
I
I
-
I
I
I
I
I
I
-
I
l
l
i
-
-
I
1
1
1
1
一E

E

E
一田
町
田
町
一
w
w一

一
ω

工

忠

則

山

川

附

m

m

m

“

ω

ω

ω

似

m

m

山

側

m

m

m

z

m

m

m

似

m

m

m

一応

州

一お

側

m

一ω
ω

一例
川
ぷ
m
m
一
副

主

応

酬

悶

悶

附

問

問

問

問

問

m

m

m

諮

問

郎

附

註

腿

問

問

制

服

制

区

間

一則
郎
郎
一則
削
削
町
一問
問
一問
問
即
応
m
M
一
則

尚一
1
2
3
4
5
6
7
8
9
ω
川
口
日
刊
行
凶
行
問
円
初
引
n
n
u
お
初
幻
泌
初
拘
引
n
A
n
u
n
K
M
M
幻
児
"
紛
糾
m
%
の
判
的
一
円
以

h

回
川
竹
A
M
初
位
臼
同
引

ω
拘
引
幻

白
3

2
η
日
円
凶
加

刀
伺
幻
川
明
日
苅

幻
引
は
の
持
活
却
問
幻
"
万

万
同
日
初
判
m
n
5
一

町
四
日
刀
引
引
竹
山
以
判
M
M
7
n
8
n
kw
万
円
M
円
KM
n

n
n
KM
凶
日
幻
叩
M
M
m
n
k
w
u
科
目
別
引
n
m
MM
白
河
U
M
同

日
初
円
叩
M
M
明
加
一

川

プ

一

一

泊

針
阻
一
山
知
例
制

川
制
御
m
m
m
m
ω
m
m
州
市
川
飢
m
m
m
m
m
術
問
m
m
制
m
m
m
叩

m
m
m

…mm
m

ω

m

m

m
m
m
w
m
m
一
例

h

回
目
凶

凶

8
8
苅
5
刀
抑
制
お
竹
山
口
8
訪
日
科
目
円
日
目
印
6
河
持

日山
口
苅
日
お
話
口
7
m
m
日
同
凶
ロ
4
8
m
∞
4
1
一白

国

2

1

1

一
e

h

回
附

切
花
乃

幻
η
ω
川
市
臼
防
防
幻
悩
川
%
η
拘
川
股
臼
引
灯
明
百
矧
η
η
M
万
m
m
臼
ω
m
m
川
川
市
M
M
m
m
幻
卯
一関

」

2

一
m

a
的一nM
4

1

J
6
8

7

3
D

9

8

6

D

4・
3
D
9
6
6
9
J
8
5
9
5
8
7
6
4
一
2
3
5
β
β
D
7
3
7
D
5
6
1
3
5
一4

C

方
一
7
8

1
3
7
6
8
8
4
6
9
2
7
8
8
2
9
9
1
1
5
2
7
6
2
9
1
3
1
4
9
5
6
0
3
2
6
3
0
8
7
0
8
7
一
$

4

{
一2
2
3

3

2

2
2

2
2
2
2
4
2
2
2
3
2
2
3
3
2
3
1
2
3
3
3
3
3
3
2
2
2
2
2
2
2
3
3
2
3
2
1
3
一し

h

則
一例
幻
創
倒
的
白
川
引
お
刊
訂
位
引
何
日
刀
お
何
判
例
特
則
判
的
幻
如
何
ω
は
引
制
市
白
日
“
封
切
特
封
切
お
打
卯
加
ω
一
山一

U
W

匹

4

1

1

1

2

2

2
4

1
2
1

2

5

3

4

2

1

1

2

2

1

1

1

3

2

1

1

2

2

1

3

2

3

2

2

9

一ゆ

」

1

1

9
一側

hm
阻

m

m

m

…wm
例
市
m
m
制
加
胸
制
m
m
m
側
m
m

…mm
仰
削
刑
制
m
m
m
m
m
m
m
ω
m
m
m
m
ω
ω
仰
m
m
m
制
一h

h

p

L

1

2

3

3

6

I

t

s

-

3

3

1

a

2

3

4

1

1

2

1

1

2

2

2

1

1

8

1

2

1

2

4

J

I

l

l

4

2

3

-i
 

U
-l

;

一O

一

一

nr

州

阻

m

m

沼紛
m

m

m

m

m

z

m

加

m

m

m

g

淵

m

m

m

m

m

勺
m

m

m

別

剛

山

ω

m

m

諮

期

間

諮

問

“

一

宮

-

E

且

q

L

t

E

吋

L

一

(
一

l

一3
h

h
剛
一m
m
別
側
問
的
m
m
m
加
瑚
似
m
m
ω
m
m
卿
m
m
揃

m
m
m
w
m
m
一
m
m
m
m
糊
仰
開
始
澗
綱
州
制
働
m
m
側
側
湖
一
叫
し
訓

1
並
4

2

1

3

1

1

2

1

2

2

4

6

2

1

1

2

1

2

1

1

3

1

1

5

1

3

H

凶

7

一

刻

h

℃
り
一1
4
1
D
9
5
9
8
3
6
5
8
β
9
5
4
3
9
5
5
8
1
1
8
3
5
6
4
5
9
6
2
4
4
3
3
3
4
D
A
5
6
6
一
凶

d

r
仰
一2
3
4
2
2
2
0
4
3
3
3
2
3
3
2
3
3
3
4
3
3
5
0
4
4
3
4
1
3
3
3
4
4
4
3
3
5
4
4
4
2
3
1
一
町
民

一

一m
出

。
)一

7

9

0

1

1

3

4

5

9

0

1

2

3

6

7

0

3

7

0

3

4

8

8

9

3

6

8

1

1

2

3

6

7

9

6

7

0

5

0

1

4

ア

コ

同
%
一1
.
l

2
.
2
2
2
2
2
2
3
3
3
3
3
3
4
4
4
3
5
5
3
5
5
6
6
6
7
7
7
7
7
7
7
8
8
9
9
0
1
9
2
1
一
:
・4

6
f-
l

l

l

1

1

1

1

1

1

1

1

1

1

l

i

l

l

l

l

l

l

l

l

l

i

l

l

l

l

l

l

l

l

l

1

1

1

1

2

2

一

e

・幻

一

一
n
〉

山
一日
山
口
口
M
M
U
U
M

山山口口日
u
u
u
u
u
u
u
u
u
u
u
u
u
u
u
u
u
u
u
u

山口

γ
一山凶

器
…
部
総
総
…
部
…
諾
諾
総
統
…
…
…
結
…
…
…
諸
問
忠
則
一
…

尚
一日
刊
灯
特
川
w
m
引
m
A
日
M
日
以
話
幻
先
日
刀
ω
自
白
臼
併
の
“
u
ω
ω
河
η
η
η
刊
門
万
引
川
竹
川
河
刊
月
初
別
m
u
m
M
明
白
川
川



-ー~

Table 11 Chemical compositions for HOAc and HClleachates of limestone and skarn calcite企omthe Kamioka mine. 
Rock Deposit Loc凶ity Fe Al Mg Mn Ca Na Ba Sr Pb Zn 

orebody and dri11-core (ppm) 卸a2卸m) (ppm) (%) (ppm) (ppm) (ppm) (ppm) (ppm) 
Acetic acid (HOAc) 
Limestone Mozumi East No.4 2100 。65 2950 27.7 135 138 87 13 

Mozumi North No.20 459 6 503 240 41.2 145 。256 。
Tochibora No.5 OTSU 674 7 1910 127 39.5 259 5 797 27 2 
Tochibora No.9 691 88 607 180 34.3 290 5 809 17 2 

Shiroji ore Mozumi North No.20 1040 。172 6500 42.4 148 。276 23 25 
Mozumi East No.4 1590 126 223 12100 30.7 139 。176 126 193 
Tochibora No.5 OTSU 3080 。424 29500 39.2 135 10 528 50 5 
Tochibora No.9 9530 25 1070 43500 38.5 336 396 231 36 
Sako・nishi 9MAHSU-l 7740 。505 10600 40.8 134 。420 15 3 

Mokuji ore Mozumi EastNo.4 718 。45 4710 41.2 199 。249 。2 
恥fozumi No吋1No.20 147 63 64 3950 41.3 189 。322 10 2 
Tochibora No.9 36 。 4 3080 43.4 110 。69 。
Tochibora Shiragane 418 。35 9400 39.5 170 2 315 7 3 

Hydrochloric acid (HCl) 
Limestone Mozumi East No.4 4080 234 155 4530 30.4 127 3 129 278 302 

Mozwni North No.20 780 347 852 245 39.1 95 226 33 12 
Tochibora No.5 OTSU 733 258 2070 119 34.5 185 5 685 40 12 
Tochibora No.9 1990 3730 1930 217 31.1 275 7 741 36 12 

Shiroji ore Mozwni North No.20 1050 54 183 5850 37.9 85 2 242 33 53 
Mozumi East No.4 4200 1340 683 11200 27.9 86 153 583 514 
Tochibora No.5 OTSU 2980 55 411 26800 35.3 87 11 462 74 44 
Tochibora No.9 9060 188 1020 39000 34.3 219 2 353 852 559 
Sako・nishi 除以HSU-l 7300 46 484 9910 37.5 90 368 70 5 

Mokuji ore Mozumi East No.4 892 73 58 4500 38.1 129 213 27 66 
恥fozumi North No.20 184 4270 81 3690 38.6 196 2 296 35 20 
Tochibora NO.9 67 36 9 2890 40.3 65 。60 22 13 
Tochibora Shiragan巴 687 51 41 8600 35.9 112 4 271 47 48 
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Pig 3. Scatter plots of O 13C， Al， Fe， Mn， Zn， and P against o 180 for limestones and 

silicate rocks 企omthe Sako・nishi紅 ea.The concentrations of Al， Fe， Mn， and Zn 
紅'efor the HCl-1eachates， that of P is for the aqua-regia leachates. rhe oxygen 
and carbon isotopic data are taken from MITI (1998a). Thin liries are 

recommended threshold values for the Al， Fe， and Mn contents to sep訂 ate
hydrotherma11y-a1tered limestone仕omthe una1tered one in the Sako・nishi紅'ea.
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distributed. 

Carbon isotopiじcompositionsof marine carbonates vary only within narrow 

limits regardless of their geologic age (0.56土1.55%0，Keith and Weber， 1964; 

mollusk shells -1.7 to 4.2%0， Keith et al.， 1964). The average 813C value (3.65+ 

1.23%のofgroup A limestone is a little higher than出atof typical marine 

carbonates. 1n contrast， the 8180 va1ues of marine carbonates are known to vary 

with geologic age and changes in the temperature of sea water (Faure， 1986). Shieh 

and Taylor (1969) reported 8180 values of 22-27~100 for marine carbonates.百le

maximum 8180 values for una1tered limestone in the Kamioka mining紅 ea訂e

around 22%0， indicating that they are slightly but distinctly depleted in 180 

compared with reported marine carbonates. The 8180 and 813C values of 

metamorphic and hydrothermal carbonate are generally lower出anthe primary 

values. Carbonate rocks experiencing decarbonation reactions become depleted in 

180 and 13C because the CO2 released during reaction is enriched in 180 and 13C 

through metamorphism and hydrothermal alteration (Shieh and Taylor， 1969; 

Black， 1984; Taylor and O'Neil， 1977; Kim and Nはai，1980; So et al.， 1993). As 

pointed out by Wada (1978)， only the 8180 values of group A limestone decrease 

without conspicuous decrease of 813C values， when compared with values from 

marine carbonate. 1 assume that this selective depletion of 180 in the unaltered 

limestone in Kamioka resulted from the interaction between limestone and 

hydrothermal fluid出athad a low 8180 va1ue and a low C021H20 ratio， such as 

evolved meteoric water or magmatic fluid generated during regional 

metamorphism. 

4.2. Description of Limestone 

The collection of pure limestone was sometimes difficult where thin layers of 

出e1nishi rock， gneiss， and calc-silicate rock are intercalated in limestone. 

However， microscopic observation shows 白at the limestone is clearly 

distinguished仕om出einterca1ating silicate rocks by the absence of plagioclase and 

titanite. ，Most of the limestone is pale gray in color with significant amounts of 
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disserninated black graphite. Although correlation between出e8180 and 813C value 

and color of limestone are not distinct， it is recognized白atlimestone which has 

low isotopic composition tends to be greenish white to gray in color (Fig. 4). 

4.2.1. Group A 

Thirty eight carbonate samples from limestone fall within group-A. Group-A 

limestone is white to pale gray in color (Fig. 4A) and consists mainly of 

equigranular holocrystalline calcite (grain size: 0.5 to 2mm) and small amounts of 

diopsidic clinopyroxene，住emolite，olivine， and graphite (Fig. 5A-2).百leobserved 

boundaries between ca1cite grains are sharp and polygonal (Fig. 5A-l). A 

deformation structure develops occasiona1ly in these ca1cites. Olivine is p紅 tly

altered to serpentine， and diopsidic clinopyroxene to位emolite.Kano (1998) 

revealed出atlimestone of the Hida belt is extremely poor in出edolomitic 

component (rich in白eca1cic component)， and ]jmestone of the central mass 

exhibits co紅 se-to medium-grained， typical granoblastic texture without the 

development of any mylonitic s位ucture，and is characterized by sma11 amounts of 

diopsidic clinopyroxene，仕emolite，olivine， and graphite. 

4.2.2. Group B 

Fifty four carbonate samples from limestone fal1 within group-B.ηle majority 

of the group-B limestone is pale gray to pale green in color (Fig. 4B). Coarse-

grained ca1cite is dorninant， but sma11 aggregates or rnicro-veinlets (to 0.1 mm in 

wid出)of fine-grained ca1cite occur locally. Under the rnicroscope， the fine-grained 

ca1cites are more位ansp紅 entthan出ecoarse-grained ones.τbe limestone contains 

diopsidic clinopyroxene， and olivine wi白 rninoractinolite， ch1orite，住emolite，

prehnite， pyrite， and stilpnomelane. Actinolite， eh1orite， and町emolitereplace 

primary diopsidic clinopyroxene. In some cases， act:inolite replaces仕emolitealong 

the rims and cleavage of pseudomorphosed clinopyroxene (Fig. 5B-2). Chlorites is 

sporadically distributed and associated with actinolite. Prehnite occurs as vein with 

fine-grained and columnar crγstals (20-100μm in width) ， and is hydrotherma1 in 
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A-l A-2 

19叩」

Fig. 4. Representative hand specimens of limestone in the Sako-nishi and 

Mozumi areas. Plate numbers of A， B， C， and D correspond to 
limestone of groups A， B， C， and D， respectively. A-1， sample 0808 
containing graphite and showing pale gray (δ 180=21.1σ%0 and 
O 13C=4.4%0); A-2， sample 1106 composed of an aggregate of 

calcite with polygonal grain boundaries (δ 180=17.2%0 and 
δ13C=3.9%0); B-1， sample 605 containing amphibole and chlorite 
and showing pale green (δ 180=13.8%0 and δ13C=4.3%0); B-2， 

sample 2102 with dissemination of brown sphalerite and pyrite 

mostly oxidized into hydroxide along the rim (δ 180=12.2%0 and 
δ13C=1.3%0); C-1， s但nple0104 with bllackish veinlet of fine-

grained calcite ( o 180=8.3%0 and δ13C=0..2%0); C-2， sample 0112 

composed of fine-grained calcite and chlorite exhibiting amoeba-

like texture or replacing mafic minerals (δ 180=10.2%0 and 
δ13C=2.5%のD-1，sample RH006 with pale orange veinlets of 

fine-grained calcite ( O 180=2.9%0 and O 13jC=-1.6%0); D-2， sample 

RH005 with fine-grained calcite occurring as matrix and veinlets 
(O 180=1.1%οand O 13C =-0.5%の.Samples RH005 and RH006 are 

taken仕omMITI (1998b). 

36 



Fig. 5. Microscopic photograph of limesωnes in the Sako・Dishiarea (see p.41). 
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Fig.5. (continued) 
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Fig.5. (continued) 
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B-3 

Fig.5. (continued) 
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Fig. 5. (continued) 

Left microphotograph (A-1 to A-4) shows the textural change of limestone 

and right one (B-1 to B-4) shows the occurrence of hydrothermal minerals. 

A-1 and A-2， sample 2408 composed of an aggregate of coarse-grained 

calcite with polygonal grain boundaries and containing sporadic diopsidic 

clinopyroxene (8180=16.6 %0 and 813C=3.5~)()); A田 3，sample 0104 

composed of fine-grained calcite as veinlet or network and accompanying 

chlorite and pyrite (8180=8.3 %0 and 813C=O.2 %0); A-4， sample RH006 

composed of an aggregate of dominant， fine-grained calcite (8180=2.9%。
and 813C=-1.6%o); B-1， sample 3102 accompanying quartz (Qz) vein1et and 

an aggregate of clay minerals (Clay) (8180=13.2%0 and 813C=2.8%o); Bム
sample 0605 containing actinolite (Act) and chlorite (Chl) replacing 

tremolite (Tre) along the rim and cleavage (8180==13.8%0 and 813C=4.3%o). 

B-3， sample 403 containing prehnite (Preh) vein1et (8180=13.4 and 

813C=1.8). B-4， sample 0112 with dissemination of sphalerite (Sph) and 

chlorite (Chl) with calcite (Cal) (8180= 1 0.2 %0 and 813C=2.5 %0). 
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origin as well as fine-grained calcite (Fig. 5B-3). These observations suggest出at

most chlorites result from replacement of mafic minerals within the group-A 

limestone. However， the chlorite seems to be hydrothermal in origin， because in 

some instances sphalerite occurs toge出erwith chlo:rite (Fig. 5B-4). Most pyrite is 

euhedral and oxidized into limonite along the rim. 

4.2.3. Group C 

Fifteen carbonate s但nples 仕omlimestone f，ul within group-C. Group-C 

limestone is greenish white to bluish white in color， exhibiting a speckled 

appe紅 ancea10ng with a blackish vein structure due to mafic minera1s such as 

chlorite (Fig. 4C). The ratio of出e仕組sparentfine-grained ca1cite to coarse-

grained calcite is greater白an白atof group-B limestone (Fig. 5A-3). Transparent 

fine-grained calcite develops as veinlets or sometimes occurs as a ne同rork，and 

most mafic minera1s originally-contained in limestone are altered into chlorite or 

actinolite. Anhedra1 chlorite exhibiting amoeba-like texture accompanies calcite 

velns σig. 5A-3). Sphalerite and pyrite tend to be locruly associated with chlorite 

when the amount of chlorite is relatively large. 

4.2.4. Group D 

Ten carbonate samples from limestone fall within group由 D.Group-D limestone 

was collected仕om出eoutcrop above the Mozumi d.eposits and合illcores from the 

Sako-nishi area (MITI， 1998a; 1998b). Group-D linlestone is gray to bluish white， 

occasionruly orange in color σig. 4D)， and consists mai凶yof仕組sp紅 entfine-

grained crucite. The amount of coarse-grained calcite is less出an出atof the group-

C limestone (Fig. 5A-4). Anhedra1 chlorite exhibi七ingamoeba-like texture occurs 

in group-D limestone， and often tends to be observed ruong crucite veins. Mafic 

minera1s in the group-D limestone have been completely rutered to chlorite. In 

these altered limestones， sulfide minera1s such as sphalerite and pyrite occur 

locally. 
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4.3. Description of lnishi・rockand gneiss 

Samples of gneiss， Inishi-rock， and ca1c-silicate rock were more ore less 

subjected to hydrothenna1 a1teration. Strongly a1tered rock is greenish due to the 

presence of chlorite. As a result of a1teration， primary plagioclase， commonly 

contained in these silicate rocks， is partly a1tered to sericite or epidote， while 

pnm紅 ymafic silicates of clinopyroxene and hornblende are partly a1tered into 

chlorite or actinolite. Chlorite and prehnite are dominant in silicate rocks a10ng the 

Atotsu-1 GO and N20GO faults. The presence of titanite is useful for the 

identification of the original lnishi rock or calc-silicate rock because of no 

alteration of出ismineral even in strongly 180-depleted rock. 

In the same way of grouping of limestone， lnishi rocks and gneisses were 

collected from企illedcore were divided into four groups based on average of出e

8180 va1ues of limestone layer interca1ating silicate rocks: A (OI80:> 15%0)， B 

(8180: 10-15%0)， C (OI80:5-10%0)， and D (OI80:く5%0).

4.3.1. Group A 

Inishi rock of group-A consists mainly of plagioclase， diopsidic clinopyroxene， 

titanite， qu紅白， and partly sma11 amounts of potash feldspar (Fig. 6A-1). Diopsidic 

clinopyroxene shows a fresh appe紅 anceby the naked eye， however， most of it is 

altered to actinolite along the rim and cleavage. Chl.orite is sporadica11y dis凶buted

and associated with actinolite. Plagioclase is genera1ly clear， but is loca11y dusty 

due to saussuritization， which forms an aggregate of illite and calcite. Plagioclase 

is sometimes a1tered to clinozoisite a10ng the rilm and cleavage. Epidote and 

clinozoisite occur as veinlets or sometimes as a pseudomorphed plagioclase， and 

tend to be dominant in silicate rocks in the vicinity of出eSako-nishi ore body. 

Prehnite vein is genera11y observed around the Sako-nishi ore body. Spha1erite， 

cha1copyrite， and pyrite tend to be locally associated with veinlets of prehnite and 

clinozoisi te. 
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Fig. 6. Microphotograph of lnishi rock in the Sako田 nishiarea (see p.48). 

lmm 
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Fig.6. (continued) lmm 
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Fi g. 6. ( contInued) lmm 
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Fig. 6. (continued) lmm 
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Fig. 6. (continued) 

Left microphotograph (A-1 to A-4) shows the a1teration of clinopyroxene， 

right one (B-1 to B-4) shows the occurrence of plagioclase associated with 

vein. A-1， sample 3HS-3 (155.5m) composed of plagioclase (Pl)， 

clinopyroxene (Cpx)， titanite (Tit) ，組dapatite (Ap) (8180= 16.1 %0 and 

813C=1.2 %0); A-2， sample 7KK-1 (204.8m) containing actinolite (Act) 

replacing clinopyroxene along the rim and cleavage (8180= 11.7 %0 and 

813C=1.0 %0); A-3， sample 4HS-6 (169.0m) containing chlorite (Chl) 

replacing clinopyroxene along the rim and cleavage (8180=11.5 %0 and 

513C=2.4%o); A-4， sample 4HS-6 (672.7m) amoeba-like chlorite completely 

replacing clinopyroxene accompanied qu紅 包 (Qz) (8180=7.4 %0 and 

813Cュ-D.9%o);B-1， sample 2HI-1 (127.4m) accompanying epidote of high 

clinozoisite component (Ep) veinlet and an aggregate of chlorite 

(8180=12.5%0 and 813C=1.1 %0); Bム sample51-IS-9 (525.0m) containing 

prehnite (Preh) veinlet and epidote of less clinozoisite component replacing 

plagioclase along the rim (8180=11.0 %0 and liI3C=1.1 %0). B-3， sample 

5HS-7 (329. 7m) composed of prehnite after plagioclase， chlorite after 

clinopyroxene， calcite (Cal) and chlorite vein (818~O=4.5 and 813C=2.3). B-4， 

sample 5HS-7 (329. 7m) containing epidote of high pistacite component 

replacing plagioclase along the rim and ca1cite veinlet (8180=4.5 %0 and 

813C=2.3 %0). 
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.4.3.2. Group B 

Although the lnishi-rock of group-B has the same mineral asserhblage as出atof 

group-A， it tends to become dominant in qu紅白， K-feldspar， and saussuritized 

plagioclase.百lereplacement of plagioclase by clinozoisite along the rim becomes 

more pronounced (Fig. 6B-l，2). Except samples in drill cores along the N20GO 

f~ult， clinopyroxene is genera1ly fresh and is wea1dy altered to actinolite andJor 

chlorite along the rim (Fig. 6A-2，3). Epidote of high clinozoisIte component and 

prehnite is developed around the Sako-nishi deposit. Drill-core samples a10ng the 

N20GO fault contain pyrite with network-like ch10rite after clinopyroxene. 

4.3.3. Group C 

Quartz， calcite， ch10ritized clinopyroxene， and saussuritized plagioclase are 

widely observed in the group-C lnishi-rock (Fig. 6A-4). The grain size of illite in 

saussuritized plagioclase becomes larger. Most o:f the plagioclase is altered to 

prehnite and epidote with less clinozoisite component. Alteration to clinozoisIte 

and dissemination of pyrite are widely observed around the Sako-nishi deposit. 

4.3.4. Group D 

Quartz， calcite， and K-feldspar are dominant. Plagioclase is altered to illite and 

epidote with high pistacite component (Fig. 6B-3，4)， while the a1teration of 

clinopyroxene to actinolite and ch10rite is not so common compared to 

clinopyroxene in other groups. The degree of pydte dissemination is similar to 

group-C Inishi-rock. Quartz， calcite， epidote after plagioclase， ch10rite after mafic 

silicates， and veinlets of epidote andJor ch10rite are predominant in gneiss出anln 

Inishi -rock. 

4.4. Cathodoluminescence Image 

The cathodoluminescence signa1s reflect the dis凶butionof位acemeta1lic 

elements and lattice defects. The cathodoluminescence signa1s of carbonate 

minerals are red to orange， and in general are qualitatively described by the 
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strength of the signa1 as either bright， dull， or non-luminescent. 1t is genera11y 

considered出at出eMn2+ concentration con仕olsthe luminescence intensity (Frank 

et al.， 1982; Marshall， 1988). Minimum concen仕ationsrequired to activate 

luminescence detectable to the eye are known to exceed 20 ppm of Mn2
+ (Savard et 

al.， 1995). On the other hand， it has been shown白a1tFe2
+ decreぉesthe intensity of 

批 lurpinescenee.The intensity begins to weaken 'when the concentration of Fe2
+ 

exceeds several thousand ppm， and the sample becomes non-luminescent when it 

reaches levels of several tens of thousands of ppm (Savard et al.， 1995). 

Microscopic observation shows that carbona1te minerals occurring in the 

limestones of the Sako-nishi紅 eacan be divided roughly into two groups: co紅 se-

grained ca1cite within origina1 crysta1line limestone， and fine-grained calcite of 

hydrothermal origin. Generally， the cathodoluminescence image of coarse-grained 

calcite is dark， but that of fine-grained calcite is bright (Fig. 7 A). This is出us位ated

in Figures 7 A and 8， showing that bright luminescence zones are distributed along 

grain boundaries of ca1cite， and veinlets with s仕ongluminescence intensity are 

developed across the aggregate of calcite. Areas with a bright luminescence image 

tend to increase with decreasing 8180 and 813C values. In particular， luminescence 

images of fine-grained ca1cite veins occurring in group D limestone are 

characteristically bright (Figs 7B and 8). These observations indicate出at出e

hydrothermal fluid with high Mn content replaced calcite into Mn-enriched calcite 

from the grain boundaries and through the aggregate of the grains. 

4.5. Mineral Chemistry 

4.5.1. Calcite 

Coarse-grained carbonate minerals constituting crysta1line limestone are nearly 

pure ca1cite， only slightly enriched in Mg (Table 12). This agrees well with the 

conventional result of Fujinuki (1973) and Kano (1998). On the other hand， fine-

grained calcite in limestone in groups C and D and skam ca1cite tend to be 

enriched in Mn and Fe. The Mn enrichment is significant in ca1cites in group D 

limestone. As a result， calcites in strongly 180-depleted limestone have high MnlFe 
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Fig. 7. Microphotograph (left) and cathodoluminescence image (right) 
of group圃 Dlimestone. (A): the upper sample (δ 180=1.4 %0 and 
O 13C=1.6 %0) col1ected from dril1 core (7MAKK・1)in the 
Sako・nishiarea. (B): the lower salnple (δ 180=1.1 %0 and 
δ13C=-O.5 %のcollectedfrom an outcrop in the Mozumi紅'ea.
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MnO(wt%) 

0.8 

Fig.8. 
Cathodoluminescence image 
(upper) and microphotograph under 
open nicol (lower) of group-C 
limestone(δ 180=7.1 %oan-d 
O 13C=-0.8%o) collected from the 

drill core of 7MAKK-1. EPMA 
analysis for the determination of 
MnO content in calcite was made 
along a blue line in the lower 
photograph. 
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Table 12 Representative chemical f calcite in limest dsk 

Group A B C D skarn 。180 (%0) 17.6 17.6 13.8 12.6 8.4 7.1 1.1 1.1 n.d n.d 

Sample 77 77 36 14 3HS-3 7KK-l RHOO5 RHOO5 7KK-l 恥10kuii
427.6m 427.7m 355.8~ MO  

FeO* 0.00 0.09 0.27 0.00 0.46 0.08 0.33 0.33 0.30 0.43 

MnO 0.01 0.00 0.12 0.00 1.02 0.71 3.86 4.07 1.81 2.47 

MgO 0.00 0.36 0.26 0.00 0.07 0.01 0.70 0.82 0.00 0.03 

CaO 56.90 56.05 55.19 56.77 54.35 54.21 51.48 51.21 54.97 53.34 

Numher of cations on the basis of 3(0) 

Fe 0.000 0.001 0.004 0.000 0.006 0..001 0.005 0.005 0.004 0.006 

Mn 0.000 0.000 0.002 0.000 0.014 0..010 0.055 0.058 0.025 0.035 

民19 0.000 0.009 0.006 0.000 0.002 0.000 0.017 0.021 0.000 0.001 

Ca 1.000 0.990 0.987 1.000 0.977 0..989 0.923 0.917 0.970 0.958 

MnI(Fe+Mg+Mn) 0.00 0.00 0.17 0.00 0.64 0.91 0.71 0.70 0.86 0.84 

* Total Fe as FeO. n.d=not detennined. 
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ratios σig.9). 

百lerelationship between the chemical composition of' the calcite and the 

luminescence image for underground limestone of group C is shown in Figure 8. It 

is notable出atpoints of high Mn content exhibit bright yellow to orange 

luminescence， whereas points of nearly pure c，ucite appear to be dark red. 

Accordingly， ca1cite showing bright luminescence in group C and D limestones is 

consistent with chemica1 composition data of ca~cite ， which showed a higher 

concentration of Mn出anofFe. 

4.5.2. Hydrothermal Silicate Minerals 

Silicate minerals identified in the hydrothermal altered limestone include ch1orite， 

actinolite， tremolite， epidote， prehnite， and stilpnomelane. Representative 

analytical data of several silicate minerals are shown in Table 13. Clinopyroxene 

in unaltered limestone is characterized by higher Mg content 出an sk紅 n

clinopyroxene. This result is consistent with previous data by Kano (1998) and 

Mariko et al. (1996). Amphiboles replace primary diopsidic clinopyroxene in 

limestone， and exhibit a comparatively wide compositional range from near 

tremolite to actinolite. In particular， the amphibole of spha1erite-bearing limestone 

is enriched in the actinolite component with increased amounts of Mn a10ng the 

rim and cleavage. 1 assume出atthe amphibole co:mposition becomes enriched in 

Fe and Mn with the advance of a1teration. Epidote occurs in group D limestone. It 

is low in Mn content. The pistacite molecule of白eepidote ranges from 20 to 30%. 

Ch10rite is classified into two types based on the mode of occurrence: one is 

resulted from the replacement of mafic mineral:s in crystalline limestone; the 

second is of hydrothermal origin showing vein texture.百lecrystal structure of出e

chlorite exhibits a wide range of element substitutions， such as Al and Si in 

te紅油edralsites， and Fe， Mn， Al， and Mg in octahedra1 sites. However， the 

chemical compositions of ch10rites in a single sarnple are a1most similar between 

出etwo types， indicating出atthe chemical composi tion of the chlorite is controlled 

through interaction with a hydrotherma1 fluid. Chlorite in limestone containing 
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Table 13 Representative chemical f sili nus in li d sk 

Mineral Chlorite Amphibole Pyroxene Epidote 

Group B B C C skam A B B A D D D 
O 180 (%0) 12.6 13.8 8.3 8.9 n.d 16.8 13.8 13.8 16.8 4.0 4.0 4.0 

sample 14 36 32 2 7KK-l 27 36 36 27 7KK・17KK-l 7KK-l 
355.8m 388.6m 388.6m 388.6m 

Si02 29.96 29.34 31.53 27.80 23.47 57.31 55.98 .54.16 53.73 50.63 36.37 37.45 

Ti02 0.00 0.00 0.00 0.07 0.00 0.00 0.04 0.05 0.00 0.04 0.07 0.09 

A1203 19.37 15.40 17.73 17.64 19.47 0.43 0.62 0.25 0.31 0.06 18.79 23.32 

Cr203 0.00 0.00 0.00 0.03 0.00 0.00 0.15 0.00 0.00 0.00 0.00 0.01 

Fe-total* 16.69 20.89 14.00 22.37 35.21 1.77 8.89 16.81 1.93 20.57 17.89 11.87 

MnO 0.00 0.50 0.00 0.30 0.82 0.00 0.17 0.47 0.00 1.09 0.07 0.03 

MgO 19.08 18.49 25.01 16.00 6.16 22.65 17.83 12.85 16.44 4.53 0.00 0.00 

CaO 0.46 0.15 0.18 0.18 0.02 13.58 12.29 11.69 24.95 22.60 23.39 23.46 

Na20 0.00 0.05 0.40 0.01 0.00 0.00 0.20 0.11 0.00 0.04 0.03 0.00 

Total 85.56 85.20 88.85 84.38 85.15 95.75 96.16 96.39 97.36 99.56 96.61 96.23 

Number of cations on the basis of 28(0) for chlorite， 23(0) for amphibole， 6(0) for pyroxene， and 12.5(0) for epido低

Si 6.120 6.222 6.132 5.990 5.445 7.978 8.006 8.032 2.004 2.018 

Ti 0.000 0.000 0.000 0.011 0.000 0.000 0.004 0.006 0.000 0.001 

Al (total) 4.664 3.849 4.063 4.480 5.322 0.071 0.105 0.044 0.014 0.003 

AIVl 2.784 2.071 2.195 2.470 2.767 

AIN 1.880 1.778 1.868 2.010 2.555 

Cr 0.000 0.000 0.000 0.005 0.000 0.000 0.017 0.000 0.000 0.000 

Fe 2.852 3.705 2.277 4.031 6.831 0.206 1.063 2.085 0.060 0.686 

Mn 0.000 0.090 0.000 0.055 0.161 0.000 0.021 0.059 0.000 0.037 

Mg 5.812 5.845 7.251 5.139 2.131 4.701 3.801 2.841 0.914 0.269 

Ca 0.100 0.034 0.037 0.042 0.005 2.026 1.883 1.858 0.997 0.965 

Na 
‘ 

0.000 0.021 0.152 0.004 0.000 0.000 0.055 0.032 0.000 0.003 

Fe/(Mg+Fe) 32.92 38.79 23.90 43.96 76.22 4.20 21.86 42.33 6.18 71.81 

* Total Fe as FeO for chlorite， amphibole， and pyroxene， and as F~03 for epidotβ. 

n.d=not dete口凶ned.
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sphalerite is enriched in Fe， as shown in Table 13， a1though a distinct relationship 

is not recognized between the chemica1 composition of chlorite and the oxygen and 

carbon isotopic compositions of the limestone because of the sma11 number of 

samples. Although the MnO content of chlorite is low (1 % or less)， there is a weak 

positive correlation between the ratio of Fe/(Fe+M:g)， designated hereafter as the 

Fe# va1ue， and the MnO content σig. 10A). 

4ふ ChemicalComposition of Limestone 

4ふ1.Acid Leaching ofLimestone 

On the basis of observations and geochemica1 data， it is interpreted出atveinlets 

of chlorite and ca1cite in the 1imestone and silicate rock of the Sako-nishi area紅 e

hydrotherma1 in origin. According to previous experimenta1 studies， it is known 

出atca1cite dissolves in acetic acid， while both ca1cite and chlorite dissolve in 

hydrochloric acid (Oinuma and Kobayashi， 1965; Kitano et a1.， 1981). A 

comparison of Ca， Sr， Mn， Fe， Mg， Al， and Zn contents in the HOAc and HCl 

leachates of the Sako-nishi limestones and skarn c~ùcites indicates出atthere is no 

significant di妊'erencein the concen住ationof Sr， !vln， and Ca in either HOAc or 

HCl leachates (Figs 11 and 12). It is suggested出en出atthese elements are 

concentrated in the ca1cite. On the other hand， Al， Fe，組dMg concentrations in the 

H Cl leachate are much higher出anthose in the HOAc leachate. Likewise， the 

concentration of Zn is high in the HCl leachate. It is therefore suggested出at

selective leaching of these elements from chlorite occurred. Therefore， Ca， Sr， and 

Mn are leached using HOAc， while Fe， Mg， Al， and Zn are leached only by HC1. 

Table 14 shows chemica1 composition in the leachates of the Sako-nishi 

limestones using aqua regia. There is no difference on chemica1 composition in the 

leachates of the Sako-nishi limestones between using aqua regia or using HCl 

(Table 14， Fig. 13). Therefore， the chemica1 composition of leachate with each acid 

seems to be consistent one with the other. 
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Table 14 Chemical compositions for aqua regia digestion of limestone and silicate rock 
in the Sako・nishi紅白.

Sample Rock 618O 613C Fe Al Mg Mn Ca P Na Ba Sr Pb Zn S 
No. No. type (%0) (%0) % % % ppm % ~ % ppm ppm ppm ppm (%) 

RK3106 Ls 8.3 3.3 0.10 0.03 0.12 310 30.0 20 0.01 10 1040 30 18 0.01 
2 RK3105 Ls 8.9 3.2 1.00 1.63 0.88 390 30.0 390 O.Oll 10 683 94 50 0.01 
3 RM0618 Gn 9.7 0.2 0.15 0.05 0.86 285 8.0 1 ()() 0.01 5 227 2 6 0.01 
4 RS0112 Ls 10.2 2.5 0.30 0.12 0.46 530 30.0 0.5 0.01 55047344221700.11 

5 RS0111 Ls 10.6 2.8 0.20 0.06 0.10 455 30.0 80 0.01 40 435 2 0.01 
6 RS0405 Ls 10.6 3.2 1.11 0.56 0.48 290 30.0 330 0.01 30 854 28 96 0.06 
7 RS0802 Ls 11.2 2.8 0.81 0.37 0.30 395 30.0 380 0.01 10 737 44 80 0.02 
8 RK2502 Cs 11.3 -0.1 1.27 0.78 0.37 250 10.9 300 0.01 10 268 12 168 0.01 
9 RK3103 Ls 11.6 1.3 0.13 0.01 0.33 125 30.0 0.5 0.01 5 471 52 36 0.01 
10 RK2106 Gn 11.9 1.8 0.69 1.39 0.16 160 7.8 510 0.01 5 190 26 136 0.01 
11 RKl003 Ls 12.1 2.3 0.28 0.16 0.55 195 30.0 50 0.01 5 736 4 10 0.01 
12 RK2102 Ls 12.2 1.3 0.45 0.12 1.59 705 30.0 20 0.01 5 601 8 8 0.11 
13 RK2509 Ls 12.2 1.0 0.12 0.13 0.08 250 30.0 230 0.01 70 580 8 52 0.01 
14 RK2104 Ls 12.6 3.9 0.12 0.03 0.11 255 30.0 10 0.01 20 811 8 8 0.01 
15 RK0702 Ls 13.1 4.4 0.08 0.02 0.18 130 30.0 200 0.01 10 1030 6 0.01 
16 RK2514 Ls 13.2 0.5 0.15 0.04 0.21 215 30.0 110 0.01 40 327 16 32 0.01 
17 RK3112 Ls 13.4 4.6 0.17 0.15 0.43 80 30.0 30 0.01 10 886 10 4 0.01 
18 RS0403 Ls 13.4 1.8 0.26 0.30 0.04 260 30.0 120 0.01 5 354 6 18 0.03 
19 RK2107 Ls 13.5 2.2 0.16 0.51 0.26 190 30.0 490 0.01 5 277 4 10 0.02 
20 RK0704 Ls 13.8 4.0 0.02 0.01 0.01 175 30.0 10 0.01 240 1420 28 6 0.01 
21 RK0705 Ls 14.3 3.1 0.21 0.11 0.42 230 30.0 30 0.01 10 457 32 24 0.01 
22 RK2507 Ls 14.6 3.8 0.19 0.10 0.22 490 30.0 10 0.01 30 713 12 8 0.01 
23 RK 1006 Ls 14.7 3.0 0.22 0.21 0.11 2∞30.0 890 0.01 10 639 16 34 0.01 
24 RK2105 Ls 15.1 4.8 0.08 0.02 0.26 l∞30.0 10 0.01 60 723 20 8 0.01 
25 R恥10616Ls 15.1 4.1 0.06 0.01 0.56 55 30.0 10 0.01 5 717 2 8 0.01 
26 RK2505 Ls 16.6 3.1 0.38 0.15 2.92 300 30.0 0.5 0.01 10 483 14 94 0.01 
27 RKl004 Ls 16.8 0.1 0.17 0.08 0.12 85 30.0 160 0.01 5 347 24 0.01 
28 RK2506 Ls 17.4 3.8 0.11 0.04 0.67 120 30.0 10 0.01 10 646 16 14 0.01 
29 RK0703 Cs 18.0 3.5 0.41 0.56 3.75 105 30.0 50 0.05 40 313 24 32 0.12 
30 RK2504 Ls 18.5 3.9 0.18 0.02 0.24 240 30.0 60 0.01 5 740 20 10 0.01 
31 RM0302 Ls 8.1 0.2 0.18 0.04 0.18 5∞30.0 70 0.01 40 463 12 0.01 
32 RSOI04 Ls 8.3 0.2 0.37 0.23 0.80 475 30.0 0.5 0.01 10 596 2 8 0.02 
33 RSOI06 Ls 9.6 2.1 0.09 0.03 0.20 170 30.0 20 0.01 20 378 6 0.01 
34 RM0603 Ls 12.5 2.0 0.11 0.03 0.18 225 30.0 10 0.01 130 1490 40 20 0.01 
35 R恥10604Ls 13.6 3.5 0.28 0.11 0.61 230 30.0 30 0.01 540 629 26 174 0.06 
36 RM0605 Ls 13.8 4.3 0.28 0.03 0.12 590 30.0 90 0.01 180 904 66 60 0.02 
37 RK0701 Ls 15.9 3.3 0.36 0.38 0.51 140 30.0 110 0.01 5 993 14 28 0.01 
38 RK3109 Gn 10.3 ー7.8 2.07 1.26 0.30 440 4.4 700 0.01 60 266 6 48 0.01 
39 RK2103 Ls 14.7 2.4 0.50 0.18 0.65 560 30.0 140 0.01 40 541 50 260 0.06 
40 RS1701 Cs 7.2 0.2 0.62 0.41 0.26 200 30.0 350 0.01 10 208 598 1380 0.03 
41 RS1710 Ls 9.7 1.2 0.25 0.28 0.13 150 30.0 150 0.011 5 321 2 6 0.03 
42 RK2513 Ls 9.8 四 1.0 0.05 0.32 0.03 110 30.0 250 0.011 5 620 10 16 0.01 
43 RS0406 Ls 10.6 3.2 0.15 0.01 0.63 105 30.0 10 0.011 10 853 34 32 0.01 
44 RK2512 Ls 10.9 0.3 0.12 0.19 0.16 395 30.0 210 0.011 20 344 4 0.01 
45 RM1503 Ls 11.0 1.6 0.14 0.09 0.35 155 30.0 60 0.01 40 238 6 1 0.04 
46 RK3111 Cs 11.7 2.1 0.54 0.41 1.55 380 30.0 0.5 0.011 20 446 8 52 0.17 
47 RS1104 Ls 11.9 3.4 0.06 0.01 0.39 125 30.0 90 0.011 30 628 2 28 0.01 
48 RM0613 Ls 12.0 4.1 0.20 0.23 0.34 130 30.0 30 0.01 10 855 26 28 0.01 
49 RM0617Ls 12.1 2.0 0.11 0.06 0.41 130 30.0 70 0.01 10 614 2 12 0.01 
50 RS0419 Ls 12.1 2.9 0.47 0.42 0.88 130 30.0 10 0.01 5 562 12 32 0.08 
51 RM0612 Ls 12.3 2.5 0.09 0.17 0.14 255 30.0 20 0.01 40 428 28 62 0.01 
52 RM0619 Ls 12.4 0.9 0.16 0.03 0.14 285 30.0 90 0.01 10 438 6 0.01 
53 RM0606 Ls 12.5 4.8 0.12 0.02 0.20 345 30.0 80 0.01 100 858 6 16 0.01 
54 RM0615 Ls 12.9 3.3 0.16 0.03 0.18 410 30.0 10 0.01 30 722 10 58 0.01 
55 RS0810 Ls 13.0 3.6 0.25 0.03 0.43 165 30.0 0.5 0.01 40 890 18 26 0.01 
56 RM0614 Ls 13.1 3.5 0.17 0.03 0.39 235 30.0 10 0.01 30 837 22 10 0.01 
57 RK3102 Ls 13.2 2.8 0.07 0.03 0.09 110 30.0 0.5 O.()} 1101α泊 14 20 0.01 
58 RM0911 Ls 13.3 3.0 0.22 0.05 0.29 260 30.0 10 0.01 10 1390 34 84 0.01 
59 R長i0910Ls 13.6 3.9 0.13 0.06 0.45 135 30.0 60 O.()} 10 1035 22 0.01 
AbbrevlatlOns:Ls=llmestone;Gn=gnelss;Cs=ealC-Slllcate rock; 1n=1mshiI1記E
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Table 14 (continued) 
Sample Rock 6180613C Fe Al 加Ig Mn Ca P Na Ba Sr Pb Zn S 

No. No. type (%0) (%0) % % % ppm % ppm % ppm ppm ppm ppm (%) 
60 RK3107 Ls 13.7 2.5 0.33 0.09 0.71 705 30.0 130 0.01 40 505 28 22 0.02 
61 RK2510 Ls 14.0 3.4 0.50 0.08 0.23 385 30.0 140 0.01 10 878 6 16 0.01 
62 RS0805 Ls 14.3 3.3 0.62 0.04 0.19 365 30.0 10 0.01 40 781 52 38 0.04 
63 RS0812 Ls 14.7 3.9 0.40 0.10 0.32 300 30.0 230 0.02 30 847 4 8 0.01 
64 RS0408 Ls 15.0 4.5 0.12 0.02 0.19 165 30.0 10 0.01 10 801 8 6 0.01 
65 RS0809 Ls 15.3 3.5 0.12 0.05 0.13 115 30.0 10 0.01 5 981 10 8 0.01 
66 RS1103 Ls 15.4 3.8 0.12 0.07 0.48 150 30.0 70 0.01 80 1150 20 40 0.01 
67 RK0706 Ls 15.8 5.1 0.30 0.07 0.26 195 30.0 10 0.0] 10 619 24 38 0.11 
68 RS0804 Gn 15.8 ー0.1 0.04 0.02 0.03 100 30.0 860 0.01 5 85 2 34 0.01 
69 R加10608Ls 15.9 4.8 0.13 0.04 0.22 365 30.0 70 0.01 100 775 16 38 0.01 
70 RK2108 Ls 16.3 4.3 0.11 0.03 0.19 155 30.0 0.5 0.01 30 705 30 38 0.01 
71 RS2408 Ls 16.6 3.5 0.21 0.16 0.88 150 30.0 20 0.01 20 481 16 12 0.01 
72 RS0801 Ls 16.8 4.6 0.06 0.01 0.17 120 30.0 60 0.01 60 812 10 10 0.01 
73 RM0610 Ls 17.1 1.4 0.05 0.05 0.25 165 30.0 70 O.O]l 90 533 6 24 0.01 
74 RM2302 Ls 17.1 3.5 0.11 0.05 0.11 255 30.0 10 O.O]l 5 738 8 4 0.01 
75 RS1l06 Ls 17.2 3.9 0.14 0.04 0.36 260 30.0 100 0.0] 30 881 8 26 0.01 
76 RM1207 Ls 17.3 3.6 0.35 0.29 0.57 140 30.0 160 0.03 20 934 76 32 0.01 
77 RM0311 Ls 17.6 4.2 0.05 0.04 0.25 55 30.0 10 0.01 10 950 22 26 0.01 
78 RS0811 ， Ls 17.7 4.4 0.09 0.01 0.19 120 30.0 10 0.01 5 909 12 20 0.01 
79 RS0416 Ls 17.9 4.4 0.23 0.01 0.07 530 30.0 40 0.01 570 1120 22 16 0.04 
80 RM0915 Ls 18.6 3.3 0.27 0.08 0.25 210 30.0 40 0.01 10 858 58 26 0.01 
81 RK2511 Ls 18.7 3.3 0.34 0.11 0.92 195 30.0 110 0.01 30 553 22 112 0.04 
82 RK3108 Ls 19.0 5.3 0.08 0.07 0.30 45 30.0 10 0.01 10 710 20 42 0.01 
83 RS2410 Ls 19.5 4.4 0.08 0.05 0.37 125 30.0 10 0.01 10 745 8 20 0.01 
84 RS0807 Ls 20.0 4.0 0.52 0.04 0.15 260 30.0 30 0.01 5 913 8 2 0.09 
85 RS0808 Ls 21.1 4.4 0.14 0.02 0.22 320 30.0 70 O.Ol 10 973 8 1 0.01 

RK0707 Gn 0.19 0.44 0.04 35 0.7 60 0.05 5 2 233 1 10 0.1200.12 
R RKloo1 lnK1001In 0 0.58 0.93 0.34.5 80.930.34 1 10505 1 1.0.0 1 120 0200ル1 4 400 2 200 2 2 20 0.0100.01 
R RKloo2 GnK1002Gn 2 2.06.06 1 1.60 0.65.600.65 2 275 0.8750.8 5 590 0.01900.01 8 800 4 400 6 7 74 0.0140.01 
R RKloo5 lnK1005In 1 1.7373 1 1.3535 0 0.58.58 2 21515 1 1.6.6 2 240 0.03400.03 1 100 2 288 8 4 48 0.0180.0l 
R RK2101 InK2101h 0 0.64 0.45 0.21.640.450.21 8 800 1 1.55 3 370 0.0170O.O.1 5 2 266 8 4 46 0.0160.01 
R RK2I09 GnK2109Gn 0 0.39 0.37 0.09.390.370.09 1 10505 1 1.4 1780 0.02.417800.02 1 100 4 422 2 222 1 12 0.1020.10 
R RK2201 CsK2201Cs 1 11.81.8 1 1.9 0.29 0.53.90.290.53 0 0.05.05 1 115 30.01530.0 8 880 0.01800.01 3 30 101501015 2 244 2 22 0.0120.01 
R RK2202 GnK2202Gn 1 1.38 0.81380.81 0 0.54.54 3 350 2.1502l 2∞00.03.03 7 70 1330133 6 3 36 0.0160.01 
R RK2501 GnK2501Gn 0 0.55.55 2 2.59 0.07.590.07 7 70 3.6036 1 140 0.01400.0l 5 1 100 1 100 2 28 0.0180.01 
R RK2503 GnK2503Gn 0 0.67 0.31.670.31 O 0.06 .06 6 60 0.200.2 5 590 0.01900.01 5 6 1 100 1 18 0.0880.08 
R RK3101 GnK3101 Gn 0 0.32 0.19 0.04.320.190.04 1 105 0.40504 7 70 0.0100.01 1 19090 9 2 244 2 20 0.0100.01 
R RK3104 lnK3104In 0 0.43.43 1 1.2323 0 0.63.63 1 15555 2 2.6.6 0 0.5 0.01.50.01 1 100 2 277 1 100 5 54 0.0140.01 
R RK3110 LsK3110Ls 1 15.454 0 0.9 0.41.90.41 0 0.45.45 2 2.57.57 6 630 30.03030.0 1 190 0.01900.01 3 30 5210521 2 222 9 90 0.0100.01 
R RM0301 InM0301 h 0 0.93.93 1 1.7575 0 0.49.49 3 30505 2 2.4 2690 0.03.426900.03 3 300 4 400 2 3 34 0.0140.01 
R RM0303 Gnh40303Gn 0 0.39.39 1 1.15.15 0 0.10.10 6 600 1 1.0.0 3 30 0.0500.05 1 100 2 255 2 1 12 0.0120.01 
R RM0304 Gnhf0304GI1 2 2.21.21 1 1.18 0.62.180.62 3 315 0.2150.2 4 480 0.03800.03 3 300 1 133 2 4 48 0.0180.01 
R RM0305 GnLf0305Gn 0 0.19 0.18 0.02.190.180.02 3 30 0.200.2 1 10 0.0100.01 5 5 2 6 6 0.010.01 
R恥f10306Gn0306GI1 0 0.86 0.87 0.25.860.870.25 6 655 0 0.7.7 3 300 0.01000.01 1 100 9 2 1 18 0.0180.01 
R RM0307 GnM0307Gn 0 0.84.84 1 1.06 0.l7.060.17 1 11010 1 1.0.0 7 70 0.0300.03 5 8 1 122 2 28 0.0180.01 
R恥f10308Gn0308Gn 0 0.58.58 0 0.43.43 0 0.12.12 9 90 0.100.l 8 80 0.0300.03 3 300 1 122 8 2 24 0.0140.01 
R RM0309 GnM0309Gn 0 0.38 0.29 0.02.380.290.02 9 90 0.100.l 0 0.5 0.03.50.03 5 4 1 144 1 14 0.0140.01 
R RM0310 Gnbf0310Gn 0 0.19 0.37 0.02.190.370.02 2 20 0.400.4 1 10 0.0100.01 5 4 6 6 6 0.010.01 
R RM0312 Gnhf0312Gn 0 0.11.11 0 0.14 0.01.140.01 1 155 0 0.3.3 0 0.5 0.01.50.01 5 2 4 4 0.010.01 
R RM0601 InM0601h 1 1.86.86 1 1.04 0.12.040.12 2 29595 1 1.0.0 5 570 0.01700.01 1∞ 3 311 1 100 8 82 0.0120.01 
R RM06021nhf0602In 3 3.33.33 1 1.8686 1 1.09.09 5 530 0.9300.9 2 230 0.03300.03 6 600 2 211 1 10 182 0.0101820.01 
R RM0607 Gnhf0607Gn 0 0.32 0.46 0.06.320.460.06 3 39090 1 1.4.4 1 10 0.0200.02 5 2 211 1 122 2 24 0.0140.01 
R RM0609 Csh40609Cs 0 0.77.77 0 0.53 0.22.530.22 1 160 0.7600.7 2 220 0.02200.02 2 200 1 188 8 2 22 0.0120.01 
R RM0611 Gnbf0611Gn 0 0.38.38 0 0.27 0.05.270.05 2 205 0.2050.2 1 10 0.0200.02 5 4 1 166 2 26 0.0160.01 
R RM0901 GnM0901 Gn 0 0.39 0.61.390.61 0 0.06.06 7 755 0 0.6.6 5 50 0.0100.01 5 6 1 12 0.0120.01 
R RM0902 GnM0902Gn 0 0.86 0.63.860.63 0 0.18.18 1 155 0.2550.2 2 280 0.01800.01 1 100 9 8 2 28 0.0180.01 
R RM0903 GnM0903Gn 2 2.36 4.12 0.27364.120.27 1 175 5.27552 3 360 0.01600.01 5 2 244 1 100 6 66 1.306130 
R加f10904Gn0904Gn 0 0.46 0.53.460.53 0 0.21.21 6 60 0.400.4 5 50 0.0100.01 1 100 1 122 2 1 12 0.0120.0l 
R RM0905 InM0905h 1 1.64 0.72 0.30.640.720.30 3 305 0.4050.4 7 730 0.02300.02 3 300 1 166 8 5 52 0.0120.01 

A Abbreviations: Ls=limestone; Gn=gneiss; Cs=ealc-silicabbreviations:Ls=limestone;Gn=gneiss;Cs=caicdilica臼 rrock;In=Inishi rock.ock;Iphist1i rock-
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Table 14 (continued) 
Sample Rock 6180613C F己-瓦 Mg Mn Ca P Na Ba Sr Pb Zn S 

No. No. type (%0) (%0) % % % ppm % ppm % ppm ppm ppm ppm (%) 

RM0906 Gn 0.22 0.15 0.03 100 0.5 0.5 0.01 5 14 6 10 0.01 
RM0907 Gn 1.05 1.30 0.26 180 1.2 120 0.01 10 18 8 40 0.01 
R恥10908Gn 0.39 0.36 0.04 50 0.2 10 0.01 5 10 12 10 0.01 
RM0909 Gn 0.80 0.86 0.17 130 0.5 200 0.03 10 15 14 26 0.01 
RM09121n 2.87 2.53 1.26 305 1.8 2400 0.01 10 86 18 130 0.01 
RM0913 Gn 1.03 1.47 0.30 275 1.1 560 0.02 80 47 6 68 0.01 
RM09141n 1.86 0.93 0.63 235 2.2 1940 0.01 50 72 20 162 0.01 
RM1201 In 4.46 2.34 1.54 905 2.2 550 0.01 60 44 2 90 0.10 
R長11202Gn 2.49 1.91 0.85 340 1.4 1050 0.05 50 31 4 60 0.02 
RM1203 Gn 0.48 1.53 0.09 200 1.7 90 0.02 20 13 16 14 0.01 
RM1204 Gn 0.28 0.16 0.07 130 1.2 0.5 0.01 20 65 24 8 0.01 
RM1205 In 0.80 1.29 0.19 155 1.8 1090 0.03 10 21 2 40 0.01 

RM1206 Cs 0.40 3.73 0.20 160 6.1 350 0.01 5 53 4 16 0.01 
RM12081n 0.61 0.38 0.14 95 0.2 50 0.01 10 10 10 20 0.01 

RM1209 In 1.19 1.55 0.44 280 1.6 610 0.03 10 27 14 34 0.01 
RM1210 Gn 0.10 0.19 0.01 40 0.0 0.5 0.01 10 3 8 6 0.01 
R恥11211Gn 1.75 1.09 0.65 250 0.6 310 0.01 20 11 8 40 0.01 
RM1212 Gn 0.50 0.47 0.17 70 1.7 70 0.02 5 32 8 44 0.01 
RM12131n 2.69 1.93 1.89 625 2.2 1080 0.03 3380 163 6 80 0.02 
R恥11401Gn 0.47 0.33 0.01 135 0.1 10 0.01 20 3 18 18 0.01 
RM1402 Gn 0.64 0.45 0.20 140 0.2 30 0.03 30 8 12 16 0.01 
RM1403 Gn 0.10 0.11 0.01 5 0.0 0.5 0.02 5 3 4 0.01 
RM1404 Gn 1.79 2.31 0.73 225 2.7 270 0.01 10 31 8 56 0.01 
RM1405 Gn 0.44 0.23 0.05 85 0.1 0.5 0.01 5 4 12 10 0.01 
RM1501 Gn 0.14 0.13 0.02 70 0.0 10 0.03 5 3 8 4 0.01 
RM1502 Gn 1.01 1.51 0.23 160 1.6 220 0.01 40 21 10 18 0.01 
RM1504 Gn 0.57 4.78 0.06 120 5.9 320 0.01 5 35 2 22 0.01 
RM1505 Gn 0.51 1.67 0.13 150 1.7 20 0.01 20 14 20 14 0.01 
RM2301 Gn 0.48 0.60 0.12 35 0.6 70 0.03 10 15 4 16 0.01 
RM2303 Gn 4.05 2.26 1.20 510 0.4 1560 0.01 60 16 18 94 0.01 
RS0803 Gn 0.28 1.82 0.01 65 3.2 40 0.01 5 21 12 14 0.01 
RS0806 Gn 2.33 1.15 0.65 415 1.1 600 0.01 30 29 6 68 0.01 
RS1108 Gn 0.30 2.65 0.09 65 3.1 0.5 0.03 5 79 10 16 0.01 
RCK0701 Gn 1.22 0.82 0.20 70 1.2 950 0.06 10 42 2 18 
RCK0702Gn 3.27 1.46 0.31 170 1.1 1230 0.08 40 69 8 136 
RCK0703Gn 3.75 1.57 0.99 180 0.9 1040 0.04 10 26 2 36 
RCK1oo2 Gn 2.72 1.95 1.42 255 1.7 830 0.16 70 47 64 
RCKloo6Gn 1.33 1.17 0.27 170 1.2 1090 0.06 30 44 2 42 
RCK2103 Gn 4.97 2.05 0.89 260 1.6 1530 0.06 60 34 98 
RCK3101 Gn 2.58 1.14 0.46 500 2.0 90 0.01 940 45 42 396 
RCK3102Gn 1.62 0.82 0.38 290 1.5 560 0.05 60 37 26 60 
RCK3106Gn 0.52 0.62 0.52 235 2.8 310 0.05 50 54 2 32 
RCK1oo1 In 0.95 1.10 0.15 240 2.4 710 0.06 50 60 50 
RCKloo3 In 1.32 1.30 0.50 150 2.3 2510 0.07 60 119 30 
RCK 1 004 In 2.49 1.63 0.95 325 2.2 3520 0.06 40 89 2 54 
RCKloo5In 1.85 4.74 0.83 230 4.6 1510 0.03 10 49 42 
RCK1oo71n 1.53 1.53 0.33 390 1.5 1070 0.06 70 68 4 52 
RCKloo8 In 3.40 1.44 0.26 400 0.3 820 0.06 230 22 4 80 
RCK21011n 2.80 5.13 0.37 290 5.7 1060 0.03 <10 39 6 62 
RCK2104 In 5.01 2.71 1.65 775 2.1 1440 0.07 120 75 86 
RCK3111 In 1.51 3.97 0.13 285 6.1 1150 <.01 10 44 10 72 

Abbreviations: Ls=limestone; Gn=gneiss; Cs=calc-silicate rock; In=Inishi rock. 
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4ふ2. Relationship between Oxygen Isotopic <:omposition and Elemental 

Composition ~f Limestone 

Correlation matrix of isotopic composition and elemental composition of 

leachate using HCl and aqua regia仕omcarbonate rocks of出eSako-nishi紅 ea紅e

shown in Table 15. Fe， Al， Mn， Zn， S， and Na exhibit a weakly negative correlation 

with 8180 values. A similar tendency is also recognized for 813C. Fe and Zn may 

partly be derived from sulfides such as pyrite and spha1erite， and出ismay be 

supported by positive correlation between bo白 elernentsand S. However， Fe also 

exhibits a strong positive correlation with Al， while Zn exhibits a strong positive 

correlation with S. The variation in the former elements can be ascribed to changes 

in the chemical composition of chlorite， while the latter can be ascribed to changes 

in the quantity of spha1erite. Microscopie observations indicate出atchlorite and 

spha1erite often occur toge出erin the hydrothenna1ly a1tered limestone. The 

composition of the limestone therefore appe紅 sto reflect the pattem of 

hydrothenna1 a1teration. On the other hand， pyrite in outcropping limestone is 

mostly a1tered to iron hydroxide， but出ata1teration is rarely observed in 

underground limestone， indicating出atthe iron hydroxide was produced by 

weathering. However， the effect of the weathering is thought to be negligible 

because the concentration of the elements and isotopic composition tend to be白e

same in bo出 outcroppinglimestone and underground limestone. 

4ふ2.1.Concentration of S， Mg， and Sr in limestone 

The concen佐ationof elements plotted against 8180 value in the Sako-nishi 

limestone are divided into two types. One type includes S， Mg， and Sr; the 

concentrations of these elements do not change regularly with 8180 value σig. 14). 

Although altered limestone is expected to be enriched in S due to the presence of 

sulfides in association with mineralization， a11 the limestone samples contain of 

く0.1% S， suggesting negligible amounts of sulfides，. This is supported by the low 

concentrations of Zn (く100ppm) in most samples. Because ca1cite and limestone 

can contain certain amounts of Zn仕oma few ppm to severa1 hundred ppm (Brand 
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Table 15 Correlation coefficients among isotopic and elerr.tenta1 compositions of limestone 
in the Sako-nishi area. 

HClleachate 
8180SMO..... 813CPDB Fe Al Mg 民金1 Ca Na Ba Sr Pb Zn S 

8180SMOW 1.00 

813CPDB 0.61 1.00 

Fe ー0.51 ー0.33 1.00 

Al ー0.57 ー0.410.85 1.00 

乱19 ー0.06 ー0.08 0.31 0.25 1.00 

Mn ー0.58 ー0.44 0.77 0.65 0.25 1.00 

Ca 0.10 0.12 -0.22 -0.27 0.07 -0.12 1.00 

Na ー0.33 ー0.47 0.52 0.64 0.20 0.51 -0.13 1.00 

Ba ー0.05 0.03 -0.03 -0.02 -0.02 0.17 0.16 0.()5 1.00 

Sr 0.14 0.38 0.00 -0.06 -0.09 司 0.06 0.25 0.()7 0.11 1.00 

Pb ー0.07 0.01 0.09 0.01 0.18 0.23 0.24 0.()4 0.65 0.01 1.00 

Zn ー0.11 ー0.03 0.05 0.03 0.11 0.23 0.23 0.()1 0.68 -0.06 0.94 1.00 
S ー0.02 ー0.01 0.25 0.06 0.25. 0.27 0.09 -0.03 0.38 -0.14 0.42 0.44 1.00 

* Number of s但nples紅 e80 samples 合omground(77) and core(3). 

Aqua regia leachate 
8180SMO..... 813CPDB Fe Al 乱19 Mn Ca Na Ba Sr Pb Zn S 

Ol80SMOW 1.00 

813CPDB 0.71 1.00 

Fe ー0.50 -0.54 1.00 

Al -0.39 ー0.42 0.69 1.00 

恥19 ー0.34 -0.45 0.84 0.47 1.00 

Mn ー0.39 ー0.27 0.52 0.19 0.38 1.00 

Ca 0.42 0.51 -0.59 -0.52 -0.67 -0.06 1.00 

Na ー0.43 ー0.48 0.53 0.38 0.60 0.31 -0.70 1.00 

Ba ー0.02 0.10 -0.03 -0.11 -0.07 0.27 0.17 0.03 1.00 

Sr 0.30 0.41 -0.20 -0.37 -0.09 -0.04 0.40 -0.23 0.15 1.00 

Pb 0.01 0.08 -0.08 -0.06 -0.05 0.09 0.06 -0.07 0.53 0.04 1.00 

Zn 国 0.18 -0.03 0.06 0.01 0.06 0.29 -0.04 0.02 0.55 -0.11 0.70 1.00 
S ー0.17 -0.20 0.30 0.45 0.27 0.15 -0.36 0;16 0.31 -0.31 0.20 0.27 1.00 

* Number of samples are 123 samples企omground(78) and core( 45). 
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and Veizer， 1980; Calderoni and Ferrini， 1984; Reeder， 1996)， it is likely出atmany 

samples studied do not Cuntain sphalerite， which is dominant in出eKamioka mine. 

Twelve samples 合omcore and contain greater出an100 ppm Zn， and three samples 

more than 1000 ppm. Because the concen住ationof S in the limestone sample 

containing 1815 ppm Zn is identica1 to白atof S calculated 合omthe stoichiometry 

of spha1erite (0.09%)， the high concentration of Zn in these samples would indicate 

出epresence of sphalerite. However， the concen仕ationof sphalerite-S expected 

from a concen仕ation-ofsevera1 tens of ppm Zn is at most 0.005%. This va1ue is far 

below the concentration of S in most samples， indicating the negligible 

contribution of spha1erite S in most samples. Likewise， the possible presence of Fe-

sulfide (mostly pyrite) is not s仕onglysupported仕oln(1) the fairly constant va1ue 

of the average concentration of S (0.02-0.03 %) within each limestone group and 

no significant correlation between Fe and S in出elimestone， a1though all samples 

contain sufficient amounts of Fe to compensate for pyrite S. According to Pingitore 

et al. (1995)， severa1 hundred ppm of S04 can substitute for C03 in carbonate. 

Therefore， it is likely that， except for samples with high concen仕ationsof Zn， most 

S in the Sako-nishi limestone is present as sulfate. 

Mg is a major cation which substitutes for Ca in carbonate.百lesimilarity of 

Mg content between the limestone groups (average: 0.18-0.29% for each group) 

indicates that Mg accommodated in carbonate does not move substantially during 

a1teration and changes in isotopic ratios. Sr in limestone generally decreases with 

increasing diagenetic process and metamorphic grade (Brand and Veizer， 1980; 

Schuiling and Oosterom， 1966)， but Ballanca et a1. (1984) show that minera1ized 

limestone in hydrothennal fluorite deposits of northwestem Sicily become 

enriched in Sr. However， the Sako-nishi limestone shows neither remarkable 

enrichment nor depletion of Sr with 8180. It is notable that the Sr content of出e

Sako引 ishilimestone (average: 417-559 ppm for each group) is distinctly higher 

th組 曲atof vein carbonates (58田 195ppm). Fujinuki (1973) and Musashino (1973) 

document出atlimestones in J apan with high carbon content are enriched in Sr 

(>500 ppm)， partly due to出eadsorption of Sr on graphite or organic carbon. 

68 



Therefore， the high concen仕ationof Sr in出eSako-nishi limestone can be 

attributed to its high graphite content. 

The similarity of the concentrations of S， Mg， and Sr among individual 

limestone groups seems to indicate 出atthese elements， which dominantly 

substitute for Ca or C03 in the carbonate lattice， do not exchange with associated 

hydrothenna1 solutions which resulted in the carbon and oxygen isotope a1teration. 

As a result， the isotopica11y-a1tered limestone in the Sako-nishi area cannot be 

identified by a combination of these elements. One example，出eMg-Sr relation， is 

illustrated in Fig. 14. 

4ふ2.2.Concentration of AI， Fe， Mn， P， and Zn in limestone 

In contrast to S， Mg， and Sr， the concentrations of Al， Fe， Mn， P， and Zn tend to 

increase with decreasing in 8180 va1ue (Fig. 3).. The concentration of these 

elements in limestone， a1though it varies widely within each group， is 2 to 5 times 

higher in group-C and 3 to 7 times higher in group-D出anin group-A. Of出ese，

the concentration of Al is relatively constant within each limestone group and 

shows a good correlation with variations in 8180 va1ue.百lea1tered limestone 

(groups B， C， and D) can be separated from the origina1 limestone (group-A) at 

about 0.1 % Al (Fig. 3B). Most of出es住ongly180 -depleted limestones have more 

than 0.3% Al. However， the combination of Al， M[n， P， and Zn is ineffective in 

distinguishing una1tered from a1tered limestones because the individua1 groups 

overlap on the binary diagrams for these elements. 

On the other hand， the ratio of Mg to Fe tends to change with 8180 va1ue σ19. 

15A). Group-C and group-D limestones have Mg:Fe ratios lower出an1.0， while 

group-A limestones have Mg:Fe ratios greater出an1.0. Furthennore， there is a 

positive correlation between Fe and Mn σig. 1513). Consequently， the ratio of 

Mg:(Mg+Fe+Mn)， designated hereafter as Mg*， can be utilized as叩 indicatorfor 

出eclassification of the Sako-nishi limestone in terms of the degree of a1teration. 

The a1tered limestones are discriminated from those of group-A in the Mg* versus 

8180 va1ue diagram (Fig. 16). 
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The enrichment of Al， Fe， Mn， P， and Zn in the altered limestone is ascribed to 

(1) the formation of Al and Fe bearing minerals such as chlorite and skarn silicates 

or (2)出esubstitution of these elements into Ca or C in carbonates， or (3) the 

adsorption of these elements on graphite. The total concen仕ationof S， Al， Fe， Mg， 

Na， 'Mn， P， Sr， and Zn is high in group-D limestone (average 1.86 wt.%)， while it is 

relatively constant in the limestone of the other groups at around 0.58土0.38wt.% 

(Tables 2， 10， and 14). Ca1cium carbonate is known to accommodate significant 

amounts， of Fe2
+ and Mn2

+ and to contain about 30 ppm of Al (Ca1deroni and 

Ferrini， 1984)，. while a tendency for enrichment of Fe， Mn， and Zn in carbonates is 

genera11y known to occur during the diagenetic equilibration process (Brand and 

Veizer， 1980). These data appear to support the second possibility. However， the 

average concen仕組onof Al ranges from 0.17% in group-B limestone up to 0.699も

in group-D limestone. Such high concen紅ationsof Al in carbonate are unlikely. 

Furthermore， the absence of a significant correlation between 8180 va1ue and the 

concentrations of Mg， Sr， and S (Fig. 14) suggests a negligible exchange of these 

elements between the carbonate in limestone and the hydrothenna1 fluid. 

Instead， the presence of Al and Fe bearing minera1s of hydrotherma1 origin is 

more probable. This conclusion is supported by the positive correlation between Al 

and Fe in the a1tered limestones (Fig. 15C).百leenrichment of Mn and Zn in 

group-C and -D limestones (average: 255 and 562 ppm for Mn and 29 and 236 

ppm for Zn， respectively) (Tables 2 and 10) compared to that in group-A limestone 

(average: 164 ppm for Mn and 32 ppm for Zn， respectively): is a1so at住ibutableto 

mafic silicates in group-C and -D limestones， a1though carbonate can contain 

severa1 hundred ppm of Zn (Reeder， 1996). Skarn pyroxenes of the Pb-Zn type紅 e

generally enriched in Mn and contain 300-400 ppm of Zn (Einaudi and Burt， 1982; 

Nakano et a1.， 1994). However， there is no data on the widespread presence of 

skarn pyroxene in the Sako-nishi a1tered limestone. The high concen仕ationsof Al， 

Fe， Mn， and Zn in the a1tered limestone is more likely at凶butableto chlorite 

because出isminera1 is dominant in the altered silicate rocks and minera1ized zone 

(Hirokawa et al.， 1995; MMAJ， 1996) and can contain sufficient amounts of Zn 



(Nakano et al.， 1991). Likewise， epidote may partly account for the high 

concen仕ationof Al and Fe in the altered limestone due to its common occurrence 

in hydrotherma1ly altered silicate rock.百llSis consistent with the petrographical 

observation that one minera1ized limestone in the Sako-nishi area contains 

plagioclase， epidote， chlorite， sericite， calcite， and quartz as secondary minerals 

(MMAJ， 1996). 

4ふ2.3.Potential indicator for the determination of hydrothermally altered 

limestone 

百leelementa1 composition of isotopica11y altere:d limestone in the Sako-nishi 

紅 eastrongly suggests the presence of Al-Fe bearing minerals， mainly ch10rite and 

epidote. 1¥S出e813C and 8180 va1ues of carbonates in group-D limestone partly 

overlap with those of the skarn calcites of the Kamioka mine (Fig. 3A).百lese

carbonates may have crystallized through a reaction of limestone with the sk紅 n-

forming fluid. In contrast， it is assumed出atMg， Sr， and S accommodated in 

carbonates did not exchange with the fluid. Therefore， it appe紅 S出atthe isotopic 

ha10 of白e813C and 8180 va1ues in the Sako-nishi limestone resulted仕om出e

isotopic exchange of C and 0 between the limestone and hydrotherma1 fluid in 

association with the formation of Al-Fe minera1s as the fluid percolated through the 

grain boundary and/or sma11 cracks in the limestone. 

Figures 3 and 14 show出atthe group-D limestone plots largely in a region of 

above 0.3% Al， 0.3% Fe， 300 ppm Mn， 200 ppm P， and 50 ppm Zn， suggesting出at

these va1ues can be used as potentia1 criteria for focusing on potentia1 areas of 

minera1ization. In con仕ast，weakly to moderately altered limestones (groups B and 

C) can be discriminated from group-A limestone by 0.1 % A1， while the 

discrimination is not fully achieved with other elements (Fe， Mn， P， and Zn) (Fig. 

3). 

The elemental composition of some impure limestones plot in or close to出e

region of altered limestones (Figs. 3 and 14)， implying血at出eycontain increasing 

amounts of hydrotherma1 minera1s rather出anoriginating仕omlimestone with high 
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concentrations of detrital minera1s. This indicates that it is difficult to use the 

concentration data a10ne to distinguish whether the elementa1 composition of 

altered limestone is due to血epresence of hydrotherma1 minera1s or detrital 

llUnera1s. For example， if出eorigina1 limestone is enriched in detrital Al minera1s， 

Al content cannot be applied for the determination ()f 180-depleted limestone. This 

is likely to occur because the Sako-nishi limestone contains thin beds of Inishi rock 

and gneiss. The contamination of limestone is dependent on the large di百erence

between出e8180 va1ue of hydrotherma1 fluid and that of limestone. The ICP-OES 

method has an advantage over the isotope method owing to its rapidity and 

convenience of ana1ysis， but has a disadvantage due to its sensitivity to出e

chemica1 heterogeneity of the origina1limestone. 

1 expect that elementa1 ratios wiU be more effective for the identification of 

altered limestone出anthe element concen仕ationdata because the ratios are less 

affected by the amounts of non-carbonate minerals. As the element pattems of the 

Sako-nishi limestone can be divided into 2 types， it: appears出atelement ratios of 

出e2 types are potentia1ly useful for the classification of limestone. Fig. 16 shows 

the relationship between the 8180 va1ue of Sako-nishi carbonate rocks and Mg*， 

AνMg， and Mn/Sr. Note出at出eA1IMg ratios in limestone， similar to Mg*， change 

regularly with 8180 va1ue. Furthermore， some impu:re limestones are distinguished 

from limestone and vein carbonates in the binary diagrams using ratios of Mg*， 

AνMg， and MnlSr. Group-A limestone and a1tered--limestone are roughly divided 

by va1ues of 0.4 for Mg*， 0.6 for A1IMg， and 0.3 for MnJSr. Heavily-180 depleted 

limestones (groups C and D) are clearly separated in the AlIMg-MnlSr diagram. 

MnlSr ratios tend to be high in s仕ongly180 depleted limestone， indicating their 

usefulness as a supplement to the classification of altered limestone. Figures 3 and 

16 demonstrate the effectiveness of Al content and the ratios of Mg*， AνMg， and 

MnJSr in limestone as a tool for the exploration of skarn deposits. 

4.7. Bulk Chemical Composition oflnis悩・rockand Gneiss 

Inishi-rock and gneiss are mainly composed of plagioclase， clinopyroxene， 

74 



titanite， and qu紅白 withvariable modal compositions (Table 3). They are more or 

less subjected to hydrothenna1 a1teration， in whic:h plagioclase is replaced by 

prehnite and epidote， and clinopyroxene by actinolite and chlorite σig. 6). The 

elementa1 compositions of Inishi rocks and gneisses are given in Table 16初 d

those of their leachates using aqua-regia are in Table 17. Although the 

concentrations of all elements in bulk rock samples are higher than those in 

leachate ones，出istendency is more pronounced in N a and Alσig.17); the 

concen位以ionof Na in aqua regia leachate of Inishi rocks (average=O.08 wt. %) is 

very low compared with出atof whole rock (average=2.43 wt. %). A positive 

correlation between N a and Al in bulk rock s但nplesindicates白atthe two elements 

are mainly contained in plagioclase， which is predolminant in the silicate-rocks. In 

contrast， a strong positive correlation among Ca， Fe， Mn， and Mg of bulk rock 

samples (Table 18) is at位ibutableto clinopyroxene which is a major constituent of 

Inishi rock， a1though a p紅 tof Ca is present in plagioclase since plagioclase in un-

altered lnishi rock contains 32-38 mol% anorthite (Takeno and Iiyama， 1983). 

4.7.1. Relationship between Oxygen Isotopic Composition and Elemental 

Composition of Aqua圃 regiaLeachates in lnishi rock and gneiss 

lt is notable in Table 17出atthe chemica1 compositions of aqua regia leachates 

of these silicate rocks change widely compared to those of limestone， in 

accordance with their complex minera1 assemblage. Table 19 shows the correlation 

coefficients among the concen仕ationsof elements of silicate rocks and the va1ues 

of (5180 and (513C of limestones in their vicinity. Figures 18 and 19 show the 

concentrations of Ca， Sr， Fe， Mn， Zn， S， Al， Mg， K， and Na of aqua-regia leachates 

of Inishi-rock and gneiss plotted ag氾nst(5180 value. The variation pattems of the 

elements are divided into three groups (1， II， and III). Group-1 is composed of Ca， 

Sr， Fe， and Mn， whose concentrations increase with the decrease of 8180 va1ue. 

Group-II is composed of K and N a， whose concentrations increase with increasing 

8180 value. Group-m is composed of Zn， S， Al， andl Mg， whose concen仕ations訂 e

less dependent on the (5180 va1ue. 
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Table 18 Correlation coefficients among isotopic and whole rock chemica1 compositions of Inishi rock and 
gneiss in the Sako・nishi訂 ea.

Inishl rock 

In 。180 。13C Si02 Ti02 A1203 Fe203* MnO MJgQ CaO K20 Na20 P205 

O 180 1.00 
O 13C 0.59 1.00 

Si02 -0.19 0.12 1.00 

Ti02 0.23 0.32 ー0.12 1.00 
A1203 0.08 0.49 0.44 0.28 1.00 

Fe203* ー0.03 ー0.29 -0.53 0.02 -0.55 1.00 

MnO ー0.05 自 0.37 -0.56 ー0.26 ー0.73 0.75 1.00 
MgO 0.14 0.22 ー0.28 0.34 -0.06 0.39 0.05 1.00 

CaO 0.06 自 0.29 ー0.69 ー0.13 回 0.71 0.32 0.55 0.11 1.00 

K20 ー0.09 ー0.04 0.49 ー0.26 0.09 自 0.40 ー0.28 ー0.30 -0.38 1.00 

Na20 0.12 0.48 0.30 0.24 0.69 ー0.35 -0.44 ー0.15 ー0.65 ー0.21 1.00 

P205 0.36 0.53 ー0.10 0.61 0.42 ー0.16 -0.32 0.40 ー0.11 ー0.14 0.24 1.00 

忠 Numberof samples are 45 for Inishi rock， which were collected仕omdrilled core. 

Gneiss 

Gn O 180 。13C Si02 Ti02 A1203 Fez03 * MnO 恥~gQ CaO K20 Na20 P205 。180 1.00 。13C 0.60 1.00 
Si02 0.68 0.18 1.00 
Ti02 ー0.08 0.31 ー0.68 1.00 
A1203 0.54 0.32 0.02 0.62 1.00 

Fe203* ー0.54 ー0.22 -0.85 0.70 0.27 1.00 
MnO ー0.80 ー0.43 ー0.87 0.49 ー0.06 0.90 1.00 
MgO -0.47 -0.14 -0.79 0.70 0.21 0.94 0.79 1.00 
CaO ー0.73 ー0.16 ー0.76 0.25 ー0.50 0.36 0.59 0.35 1.00 
K20 0.32 0.31 0.39 ー0.34 0.10 ー0.18 ー0.22 -01.33 -0.41 1.00 

Na20 0.62 0.11 0.61 ー0.10 0.38 ー0.54 -0.66 -01.49 ー0.63 ー0.25 1.00 
P205 0.23 0.49 ー0.38 0.77 0.49 0.35 0.04 0.52 0.11 ー0.38 0.10 1.00 
ホNumberof samples are 12 for gneiss， which were collected from drilled core. 
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Table 19 Correlation coefficients arnong isotopic and elemental compositions of lnishi rock and gneiss 

in the Sako・nishiarea. 

。180 O 13C Fe Al Mg 恥1n Ca Na Ba Sr Pb Zn K P Ti S 

O 180 1.00 
O 13C 0.59 1.00 

Fe -0.19 -0.32 1.00 

Al ー0.22-0.11 0.42 1.00 

Mg 自0.23-0.13 0.69 0.65 1.00 

Mn ー0.11-0.35 0.68 -0.03 0.13 1.00 

Ca ー0.24-0.27 0.24 0.00 0.05 0.56 1.00 

Na 0.34 0.47 -0.35 -0.08 -0.24 -0.30 -0.32 1.00 

Ba 0.11 -0.22 0.44 -0.10 0.12 0.41 0.04 -0.03 1.00 

Sr -0.33 -0.35 0.36 0.05 0.22 0.42 0.79 -0.18 0.18 1.00 
Pb ー0.26-0.16 -0.03 -0.15 -0.10 0.04 0.56 -0.11 0.14 0.73 1.00 

Zn ー0.15-0.23 0.12 0.02 -0.04 0.15 0.03 -0.15 -0.04 0.11 0.27 1.00 

K 0.01 -0.06 0.00 0.03 0.15 -0.16 -0.24 0.09 0.46 -0.02 0.11 -0.02 1.00 
P 0.32 0.52 -0.10 0.17 0.15 -0.29 -0.24 0.43 -0.20 -0.15帽 0.20-0.09 -0.02 1.00 
Ti 0.32 0.48 -0.20 0.03 -0.05 -0.33 -0.33 0.47 -0.36 -0.32 -0.29 -0.17 -0.32 0.51 1.00 
S -0.17 -0.25 0.15 0.02 -0.03 0.20 0.10 -0.17 -0.05 0.15 0.28 0.99 -0.04 -0.08 -0.18 1.00 

牢Numberof sarnples are 45 for lnishi rock and 12 for gneiss， which were collected仕omdrilled core. 
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Similarly to limestone， Ca and Mn in aqua-regia leachate are derived from the 

dissolution of calcite， which occurs as vein and/or an aggregate accompanying 

with chlorite and epidote in the Inishi-rock and gneiss particularly of group-C and 

D. This is consistent with high Ca and Mn content in group-C and -D gneiss. Of 

the group-I elements， the average concentration of S:r in silicate-rock leachates was 

122 ppm in group-A， 96 ppm in group-B， 236 ppnl in group-C， and 229 ppm in 

group-D.百leSr concentrations are more close to that of skarn ca1cite (269:!:: 113 

ppm)出anthat of limestone (400-600 ppm)， demonstrating出atSr in the aqua-regia 

leachate is deri ved企omhydrotherma1 calcite. This is consistent with previous 

studies出athydrotherma1 calcite is genera11y poor in Sr around 100-200 ppm. A 

strong positive correlation among Ca， Mn， and Sr suggests their derivation from 

hydrotherma1 ca1cite. 

It is a1so assumed from the chemica1 comparison of hydrotherma11y-a1tered 

limestone that Fe， Al， and Mg in the leachate紅 ederived from chlorite. However， 

although the concentration of Fe in the leachate tends to increase monotonically 

with the decrease of 8180 value， the tendency is not so evident for Al and Mg.百世s

suggests that in silicate rocks， pyrite becomes more dominant rather白anchlorite. 

百lIsis consistent with the positive correlation between Fe and S (correlation 

coefficient=0.38)， the dominant dissemination of pyrite in group-C and -D gneiss， 

and the association of amoeba-like chlorite with sulfides such as spha1erite and 

pyrite. Although Zn is contained in spha1erite for samples with high Zn content 

above 500 ppm， most Zn in the leachate would be contained in chlorite because of 

a lack of meaningful relationship between Zn and S for samples with Zn less出an

500 ppm.百leincrease of Fe and Mn with the decrease of 8180 va1ue indicates出at

hydrotherma1 ca1cite and pyrite become dominant with the advance of 

hydrothermal a1teration. 

The decrease of Na and K in hydrotherma11y ，utered rock is ascribed to出e

predominance of N a-and K-deficient， hydrothenna1 minera1s such as calcite， 

chlorite， pyrite， quartz， epidote， and prehnite. 
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4~7 .2. Potential indicator for the determination of hydrothermaUy altered 

silicate rock 

Although the ICP-OES method has an advantage over the isotope method 

owing to its rapidity and convenience of analysis， but has a disadvantage due to its 

sensitivity to the chemica1 heterogeneity of the origina1 rock. Further there is no 

element which can sep紅 ategroup-A silicate rock from group-D one mainly due to 

the wide variation of elementa1 concentrations. 1 expect that elementa1 ratios will 

be more effective for the identification of altered rock出anare the concentration 

data. Several relationships between the ratios of group-1 elements to group-11 or -

IIIones訂 eplotted against 8180 value (Fig. 20). The A1JMg and MnJSr ratios were 

useful for classiちringlimestone but not for the silicate rocks. The low effectiveness 

of A1JMg seems to result from出atchloritization in the silicate rocks is not so 

intense compared to出atin limestone. In contrast， the relative constant of Mn/Sr 

ratio is due to that the two elements in the silicate rock leachate are derived only 

from the hydrotherma1 ca1cite while there is a large difference in Mn/Sr ratio 

between the hydrotherma1 calcite and limestone calcite. In contrast， the group-A 

silicate rock is separated clearly from the group-D one by using Ca/Na and Ca/K 

ratios; in particular， the two rocks are separated by Ca/Na ratio of 100 (Fig. 21). 

Likewise， Mn/Mg and Fe/ Al ratios seem e妊'ectivefor the classification of 

hydrotherma11y-a1tered silicate rocks. 

84 



0
 

••• • 0
 

・.
 

• • 
• • 0

 

• 
0
o
 

，
0. 

• 
‘ • 

♂
 

・・
• 

20 

10 
-va ω

 

F

A

p

a

 

‘.J

・--A

・剖

e

M
白

.。

100 

1-
• ‘.. 

〉・• 
司.・.

0 • 。回Mn 
Sr 

• • 
。

0 • • • 圃• 

• • .・・.・
-.-o .・• • 0 ・

0 • 

• 
圃

• 全L10 
Mg • • • 

..-・.・.10- 一

。。。

rP 

。。

-. • • 
• 

。

20 15 10 5 
0.1 

0 20 15 10 5 。
。180(%0) 

MnO.l→ 

民19

ヘ
¥ 

¥ 

¥ 

¥ 

o 0 ¥  • ¥ • ¥ 
¥圃 . ・¥

¥. 

¥ -・¥臓¥・・ .. 0¥  、 F¥

¥... . 11{ 

o s \・・ー・・.圃~---¥ ¥- ..・・.¥
.¥V  

。 ¥. ー・
¥ o  

¥ 

。¥
¥ .¥ • 

• 
0 • 

。

6180(%0) 

• 

¥
 

¥
句

¥
 

¥
 ¥

.
0
.
 

¥
・
・
'
・
.
・

、

.
1
.
，目

、

。
O

E

E

l

-

-

¥

¥

・

・

¥

¥

-

-

¥

 

¥

E

・・
園

、

.

¥

-O

、.

¥

・

、
-
h
。
劃
・
¥

¥

0

 

0
・

¥回
¥

.

.
 
。

¥
 

， 

• -
。

• 
10 

h
一一刻

20 15 10 

δ180 (%0) 

5 
0.01 

0 

• 
20 15 10 

6 180 (%0) 
5 

0.1 
0 

¥ι

・一

・¥.・一

¥一一
E

一

¥
.
・
一

¥

・

も

r'
一

¥

.

a

司守一

¥
 

.

.
 

一

¥

.

圃

'

-
.
 

叩

t

一

¥

関

M

一

¥

。

。

一

・

¥. 

一。一。、
¥
 -

g
 

am

・

¥
 

¥
 

¥
 

¥
 

¥
 

¥
 

¥
 

¥
 

¥
 .、.

¥
 

¥
 

¥
 

¥

.

 

10∞o 

1000 

10∞o 

-• 。-a 10∞ 

0
 

••• 4
F

・L
・・
¥
 

¥
 

¥
 

¥
 

¥
 

E
R

・h

¥
 

。

¥
 -

E
R
 

¥
 

-• • 
。

• 。Ca 100 
K 

• .・
、.

0

・

o 0 

0 • • -
• -

Ca 
Na 

100 

10 
• • • • • 

。

20 15 10 

O 180 (%0) 
5 。20 15 

。

10 

O 180 (%0) 
5 

10 
0 

Scatter plots of AlIMg， MnJSr， Fe/ Al， MnJ1¥1g， Ca/N a， and Ca/K against 

O 180 for Inishi rocks and gneisses from出eSako-nishi紅 'ea.

Fig.20. 

85 



Limestone intercalated 
silicate rocks 

O 180 (0/00) 
>15 

10・ 15
5 -10 ・0-5 

lnishi rock 

。• -

。• 
•• 
川‘
一

a

・

・
1
 .・

9

・
一 • • 」
F

o
 

o
 

-

-

f
E

・

-ta--』
r
B

ae--
--
--

10 

1 Fe 
Al 

。
Gneiss 

• 
• 

。。

0 

• 
。

Mn 
扇面 0.1

10000 1000 
Ca 
Na 

100 
0.1 

10 10000 1000 
Ca 
Na 

100 
0.01 

10 

/ 

/ 

/ 

/ 

/ 

/、・ ，
/ 、 /

/ .-¥ / 
， ¥. ノ

イー・0・ ノ ，

/¥一 .401.. ノ〆，. ーも ¥ / 
// ー'OD11'-.. ~ \ ・

台 /‘

/ ふ /

/ . / 

.~ ・ /，。
/ 

申
• 1 .・1 .・I..SJ-----ー---寸 ・-ーーーー c官己 ーー ーーー ーーーー-

~ 

cl. ..・;
日‘ 司• 。 11. 

• 
1000 

Zn 100 

(ppm) 

• 

• 

1000 

Zn100 

(ppm) 

。.

1 0.1 
陥
一
刻

0.01 
10 
0.001 10000 1000 

Ca 
Na 

100 
10 
10 

Fig.21. Relationships between MnlMg-CaJNa， Fe/Al・CaJNa，Zn・CaJNa，and 
MnlA1-Zn for Inishi rocks and gneisses仕omthe Sako-nishiぽea.

86 



Chapter 5 DISCUSSION 

5.1. Hydrothermal Minerals and Chemical Composition of Limestone 

百ledepletion of Mg in carbonate in limestone of the Sako-nishi紅 eais similar 

to limestone of the Hida area which is genera1ly poor in the dolomite component 

(Kano， 1998) (Table 12). Depletion in the doloJ[nite component in carbonate 

indicates出atMg is accommodated in mafic minerals of白eSako-nishi limestone. 

It is also shown that Mg moves loca11y during hydrotherma1 alteration because 

hydrotherma1 Ca-amphibole has variable Mg contents compared to clinopyroxene 

in the host rock (Table 13)， while the Mg content of bulk limestone is 

comparatively constant irrespective of a variation of 8180 and 813C va1ues σig. 14). 

百1Issuggests the possibility出atthe Mg in mafic Jjninera1s of una1tered limestone 

became fixed again during hydrothermally a1tered process. On the other hand， the 

Sako-nishi limestone contains minor amounts of Fe in pyrite and goethite and 

major amounts of Fe in mafic minera1s such as chlorites. Accordingly， high 

concentrations of Fe and Mn in a1tered limestone demonstrate Fe and Mn contents 

are obviously added to limestone during hydrothemta1 a1teration. The ratio of Mg* 

(Mg/(Mg+Fe+Mn)) tends to decreぉewith increasing 8180 value. 

百leabsence of significant deformation and increase of amounts of fine-grained 

calcite occurring as veinlets with decreasing 8180 va1ue， a11 suggested that fine-

grained calcite precipitate仕omhydrothermal fluid. Mariko et a1. (1996) reported 

the elementa1 composition of skam ca1cite in the Mozumi deposits is similar to出at

of the Sako-nishi deposits. MnC03 content of ca1cite within the Shiroji ore (6.5 to 

11.5 mol.%) is ex住aordinarilyhigh compared to出atwithin the Mokuji ore (0.5 to 

4.5 mol. 0/0). MnC03 content of skam ca1cite in the Mozumi and Tochibora deposits 

(1.0 to 7.1) is enriched compared to the limestone of group-D. The Mn to Fe ratio 

in hydrotherma1 chlorite is low compared to the ratio in hydrotherma1 calcite 

(Tables 12 and 13). This could reflect Mn and Fe contents derived mainly from 

chemica1 composition of calcite and chlorite in limestone， respectively. 1t is 

supposed that the low Mn to Fe ratio in chlorite was control1ed by a chemica1 
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distribution in which chlorites were enriched through Fe fractionation rather出an

Mn fractionation relative to calcite (Iiyama and Tamura. 1981). It is interpreted 

that the positive Mn-Fe correlation within the Sako..nishi limestone (Fig. 15) may 

have been caused largely by白epresence of hydrothermal chlorite and calcite 

which increased with the advance of alteration. Furthennore， the a1tered limestone 

(group-C and -0 limestone) plots in a region of high concentrations of Fe and Mn 

(Fig. 15). This correlates with the observed hydrothermal alteration mineral 

assemblage in limestone. Mn and Sr are mainly distributed in ca1cite. The average 

concentration of Sr in limestone of group-A is 559 + 201 ppm. 

In contrast， the average concentration of Sr in skarn ca1cite is 269 + 113 ppm， 

less significant出an出atin limestone. Barbieri et a1. (1984) reported that出e

concentration of Sr in hydrotherma1 ca1cite is in general low， around 200 ppm. 

Skarn ca1cite is enriched in Mn and depleted in Sr compared to limestone (Table 4) 

resulting in a high MnJSr ratio for the hydrotherma1 ca1cite. Accordingly， 1 attribute 

the tendency for Sr depletion to correspond to increasing 8180 va1ues in the Sako-

nishi limestone to the presence of hydrothermal ca1cite. In addition to出e

concentration of Sr and Mn continuously change with isotopic shift of limestone 

(Fig. 15). Consequently，出istendency suggests出atthe f1uid出atp紅 ticipated in 

the hydrotherma1 a1teration of the limestone was origina11y the same as f1uid 

responsible for skarnization-mineralization. The high concentrations of Fe， Mn Al， 

and Zn in the HCl-leachate of altered limestone demonstrate出atthese elements 

were obviously added to the limestone during hydrotherma1 alteration. As a result， 

the ratio of Mg* in the HCl-leachate of limestone tends to decrease (Fig. 16C)， 

while the A1JMg and MnJSr ratios tend to increase σig. 16A，B )， with decreぉlng

8180 va1ues due to the increasing amounts of Fe and Al derived from chlorite and 

those ofMn企omca1cite. 

5.2. GeochemicaI Mapping of Limestone 

The distribution of the 8180 value of carbonates in the Sako-nishi outcropping 

rocks is shown in Figure 22A. It is seen that the 818
() value tends to be low within 
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出emInera1ized zone (Fig. 22A). However， it is a1so recognized出atsome 

limestone with low 8180 va1ues was barren. This result shows出atthe oxygen 

isotopic composition in the outcropping carbonate does not a1ways co汀espondto 

the hydrothermal a1teration zones because the isotopic composition of carbonates 

does not only depend on the oxygen isotopic CODlposition of the hydrotherma1 

fluid a1one， but a1so on the water/rock ratio and on the temperaωre of出e

hydrotherma1 fluid. In particular， the oxidation of pyrite. to goethite indicates the 

involvement of surface-water with low 8180 va1ues. As a result of the interaction 

with surface-water， the outcropping limestone in the non-mIneralized area may 

have variable 8180 va1ues. It is notable， however，出at出eMg*， AνMg， and Mn/Sr 

ratios and the Zn content in出eHCl-leachate of lim.estones and silicate rocks tend 

to show anoma1ous va1ues within the minera1ization zone (Fig. 22B， C， D， and E). 

An index of these elements reflects the presence of hydrothermal minerals， 

because the variation in the Mg* va1ue and Zn content of mafic minera1s is not 

conspicuous during the weathering of mafic mi:nera1s to secondary mi:nera1s 

(Nakano et a1.， 1991).. 

In order to reliably ide:nti今mInera1izedzones， the weight of potentia1 was 

determined using the ratios of Mg*， MnJSr， AνMg， cmd Zn content， and 8180 va1ue. 

For出ispurpose of weighting， it was assumed出ateach set of analytica1 data 

consisted of a complex population and出at白eelements i:n unaltered crysta1li:ne 

limestone were homogeneous compared to the a1tered limestone. The threshold 

was determined by splitting the data into more出anone population units. The steps 

in this construction are as follows: (1) plotting of the cumulative frequency 

dis仕ibutioncurves for each element ana1ysis va1ue， (2) by replacing the arithmetic 

ordinate sca1e with a probability sca1e， the cumulative frequency curve is 

represented by one or more s凶 ightlines， and (3) the threshold of each ana1ytica1 

va1ue for the population unit is determined by reading the intersections of the 

distribution lines directly仕oma probab出typlot (Lepeltier， 1969; Otsu et a1.， 

1984). Using the above method， each element-analysis data set was partitioned 

into six population units for Mg* and Mn/Sr and four population units for Al/Mg 
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and Zn content， and then each unIt was substituted for a point in ascending order 

from 0 to 1 at 0.2 intervals (Table 20).百lepotential score (tenned PS hereafter) of 

the limestone is the total number of points for each data. The dis位ibutionmap of 

PS is given in Figure 22F. 

Among the four zones， only zones 1 and IV had high scores (Fig. 22F). 

Although zones II and 111 showed an excess relative to the background 8180 value 

(Fig.22A)， PS mapping indicates that出eyare not potentia1ly mineralized. This is 

consistent with that concealed ore bodies have not been identified in the two zones 

during past exploration. The mineralized zone 1 with high PS score is distributed 

along the Atotsu-1 GO fault. This is consistent with indications from mapping of 

the isotopic zonation of wall rocks owing to hydrothenna1 activity (Naito et al.， 

1995). High PS score in zone lV suggests the presence of promising mineralized 

zone in the underground. This result is consistent vlith the widespread occurrence 

of hydrotherma1 minerals in the Inishi rock and gneiss in this zone. The elementa1 

ratios of the a1tered limestone zones indicate not oruy the existence of an紅 eaof 

hydrotherma1 activity related to mineralization， but also indicate directly the 

presence of hydrotherma1 minera1s such as chlorite and ca1cite. This elementary 

sca1ing method yields better results出anthe isotopic zonation mapping. 

5.3. HydrothermaI Alteration Accompanied with C:hlorite 

Chlorite is a common mineral in low-grade metamorphic rocks and 

hydrotherma1 deposit， and many as such numerous studies have documented the 

characteristics and habit of出ismineral. Figure 10 shows the relationship between 

the ratio of Fe# value (Fe/(Fe+Mg))， and出ete仕油edra1site of Al value of chlorite 

in limestone in the Sako-nIshi紅 ea，comp紅 ed \~ith chlorite of hydrotherma1 

deposits. The Fe# va1ue of chlorite仕omKuroko deposits and epithennal gold-

silver deposits is low， however that of polymetallic vein deposits is high 

(Shikazono and Kawahata， 1987; Nagasawa et a1.， 1976). On the other hand， the 

Fe# value of chlorite 台omepithennal Pb-Zn vein deposits has an intermediate 

range comp紅 edwith other deposits (Nagasawa et al， 1976). lt is therefore evident 
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Table 20 Threshold values (score points企om0 to 1 at 0.2 interval) of 
Mg*， MnISr， Alぶ19，and Zn in limestones企om白eSako-nishi area. 

Point Mg* 恥企lISr AIlMg Zn 

o >0.75 <0.2 く 0.35 < 40 

0.2 0.6 -0.7 0.2 -0.4 0.35田 0.60 40 -70 

0.4 0.5 -0.6 0.4 -0.55 0.60 -1.2 70 -200 

0.6 0.4 -0.5 0.55 -0.85 > 1.2 > 200 

0.8 0.3 -0.4 0.85 -1.5 

1.0 く 0.3 > 1.5 
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出atthe chemical composition of hydrothenna1 chlorite has a wide compositional 

range. The Fe# va1ue of chlorite from the Kamioka deposits is high， similar to白at

of polymetallic vein deposits. It is known that in vein type deposits， the Fe# va1ue 

of chlorite from hydrotherma1ly a1tered rock (0.3-0.5) is low， the same as出atof 

primary mafic minera1s， but出atfrom hydrotheロnfuveins (0.3-0.7) is relatively 

high (Shikazono and Kawahata， 1987). In the propylitic a1teration zone of Toyoha 

(Sawai， 1984， 1986) and Hosokura (Takahashi， 1988) vein type deposits， the Fe# 

value of ch10rite increases as the center of出ea1teration zone is approached.百le

Fe# value of chlorite from the Sako-nishi limestone does not vary with decreasing 

oxygen and carbon isotopic composition， but is distinctly low comp紅 edto出at

from skarn deposits. This tendency is similar to出erelationship of chlorite between 

hydrothenna11y altered rocks and hydrothenna1 veins .. 

It is reported by Y oneda (1989) that the MnO content of chlorite from vein-type 

deposits in J apan has a wide ranges from 1.1 wt% to 17.5 wt~σig. 10A).百le

MnO content of chlorite from the Kamioka deposits ranges from 0 wt% to 1.0 wt%， 

which is similar to the variation observed in the Toyoha Zn-Pb-Ag deposit (Sawai， 

1984， 1986， 1988). In addition， the relationship between Mn and Fe of chlorite 

from the Kamioka deposits is a1so recognized in出atof chlorite from the Toyoha 

deposits (Sawai， 1986). On血isbasis， the relationship in the chemical composition 

of ch10rite between skarn ore bodies and the Sako.-nishi limestone bears a close 

resemblance to vein type deposits. This indicates that hydrotherma1 a1teration of 

limestone can be attributed to hydrothermal fluids having common condition to 

vein type deposits such as the Toyoha deposits. 

Genera11y， chlorite is found as a retrograde a1teration mineral in skarn deposits， 

and is a particularly abundant and widespread product of alteration in Zn-Pb type 

skam deposits (e.g.， Einaudi et al.， 1981). In the Kamioka deposits， the Shiroji ore 

(containing ca1cite-quartz) fonned during the later retrogressive stage compared to 

出eMokuji ore (containing hedenbergitic clinopyroxene) based on evidence from 

the filling temperature of fluid inclusions and mode of occurrence (Mariko et a1.， 

1996). According to Takeno and Iiyama (1983)， in the Tochibora and M紅 uyama
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deposits， clinopyroxene skarn and Inishi rocks have been altered to assemblages 

containing actinolite， and hastingsite or chlorite， respectively， associated with 

granitic porphyry magmatizm. In the Mozumi deposits， large amounts of chlorite 

and sericite occur (Nagasawa and Shibata， 1986). The formation of actinolite and 

chlorite in the Mozumi deposits corresponds to the Shiroji ore stage (Mariko et al.， 

1996). It is reported that disseminated Pb-Zn type deposit exhibiting fissure control 

and containing epidote and ch10rite is found in the Sako-nishi area and Atotsu area 

in the westem area of the Sako-nishi and Mozumi deposits. (Sakurai et al.， 1993; 

Hirokawa et al.， 1995). The formation temperature of disseminated Pb-Zn type ore 

vary from 100 to 200 oC and are lower than出atof出eMoku ji ore. It is therefore 

suggested that silicate minerals which were rich in iron， such as actinolite， 

hastingsite， and chlorite in the Kamioka ore deposits， were formed toge出erwith 

ca1cite which is rich in Mn in the Shiroji ore during almost the same stage. It is 

considered出athydrothenna1 alteration of limestone can be attributed to series of 

hydrothennal fluids which were also responsible for mineralization of the Mokuji 

and Shiroji ores， and were rich in Fe and Mn. 

Study conceming the 仕actionationof Fe， Mg and Mn between chlorite and 

hydrothennal fluid is important to estimate the nature and physica1 and chemical 

environment of the hydrothermal fluids which participated in ch10rite formation. 

Temperature is the most important factor influencing chlorite composition. 

Theoretical prediction using solid solution models (Sverjensky， 1985; Wa1she， 

1986) and thennometry utilized tetrahedral site of aluminum which was 

demonstrated from the relationship between filling temperature data and chemical 

composition of chlorite in geothermal system (Cathelineau and Nieva， 1985) has 

been advocated. 

Figure 23 shows plot of出eKamioka chlorite data in two thennometers. 

Temperature of formation for chlorite in limestone is 50 oC lower than出atin skam， 

however having error among thennometers. The alteration zone within limestone， 

formed during a retrogressive of stage， is therefore considered to have developed at 

a lower temperature comparison出初出atof出esk紅 ll.Thennodynamic data of 
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Sverjensky (1985) shows the FefMn ratio of chlorite is dependent on temperature. 

Bottrell and Yardley (1991) reported that血isrelationship applies in the oxidizing 

environment， but not in the reducing environment from an examination of chlorite 

from low grade metamorphic rocks. If Fe and Mg in chlorite is assumed to be in 

equilibrium with a fluid phase and pyrite， the exch加 geof Fe2+， Mg2+， and Mn2
+ 

between chlorite and the hydrotherma1 fluid may be related to factors such as pH， 

oxygen fugacity， temperature， and total dissolved sulfur (Shikazono and Kawahata， 

1987; Yoneda， 1989). Accordingly， it is necessary to provide data conceming出e

chemica1 composition of the fluid and ba1ance of complex species in order to 

reconstruct the environment of formation from the Fe， Mg， and Mn ratios of 

hydrotherma1 chlorite. Yui (1968) pointed out 出atthe oxidation-reduction 

environment during formation of hydrotherma1 deposits is strongly affected by the 

reaction between graphite and hydrotherma1 fluid. The lack of correlation between 

the color of limestone and 813C， suggests出atreaction between graphite and 

hydrotherma1 fluid does not progress within isotopic shifts caused by hydrothermal 

activity.百llSis consistent with Wada (1978)， who indicated出atthe carbon 

isotopic composition of graphite in limestone of the Kamioka deposit did not 

achieve equilibrium with the hydrotherma1 fluid responsible for skamization. 

The isotopic composition of limestone varies with the isotopic composition of 

the hydrotherma1 fluid， tempera加re，and water/rock ratio. No systematic 

correlation exists between the estimated temperature from chlorite出ermometry

and oxygen isotopic composition of limestone. This may suggest出atthe oxygen 

isotopic composition and water/rock ratio of hydrotherma1 fluid varied during 

alteration. Information on temperature， fluid composition which is estimated from 

the chemical composition of chlorite coexisting with carhonate minerals and the 

fluid inclusion data， all may provide further strong constraints on the isotopic shifts 

in carbonate rocks. 

5.4. Application to Exploration for Zn-Pb Hydrothermal Deposit 

Zn type skarn deposits which contain mainly Zn--Pb-Ag ore is characterized by 
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their distinctive manganese-rich mineralogy which can be correlated with prograde 

clinopyroxene and retrograde chlorite and ca1cite (Einaudi et al.， 1981).百11S

tendency has been 白目her clarified by Meinert (1992). Nakano (1998) 

demonstrated出atsk紅 ndeposits in Japan are classified into Zn-Pb and Cu-Fe 

types. It is pointed out 出atthe Zn-Pb type of Nakano (1998) contains 

clinopyroxene and spha1erite with high MnJFe ratio and resembled the Zn type of 

Einaudi et al (1981).百leZn-Pb type skarn deposit of Nakano (1998) exhibits 

characteristic Mn-rich carbonate and silicate， respectively including kutnahorite 

(Hoei mine， Miyahisa et a1.， 1975) and rhodochros:ite (Nakatatsu mine， Shimizu 

and Iiyama， 1982; Nakamura and Shimazaki， 1987; Chichibu mine， Miyazawa， 

1958)， and epidote (Nakate吋0紅白 inthe N akatatsu mining district， N akamura and 

Shimaz紘i，1987). Amounts of high Mn carbonates increase commonly away from 

a center of skarn and ore body， and in the retrograde stage. Shiroji ore occurs near 

the limestone contact. The Mn content in hydrotherma1 ca1cite of limestone tends 

to increase with in a relatively altered limestone， such as group-D， occurring near 

出eskam zone associated with hydrothenna1 a1teration. The chemica1 variation in 

the Sako-nishi hydrothenna1ly-a1tered limestone (Figs. 3 and 14) is di百'erentfrom 

those of carbonates related to diagenesis and other hydrothenna1 a1teration. During 

diagenesis， carbonates tend to become enriched in Sr and Mg and depleted in Fe 

(Brand and Veizer， 1980). According to Bellanca et a1. (1984)， the characteristic of 

mineralized limestone of fluorite and barite in northwestem Sicily become 

enriched in Sr and Fe， and depleted in Mg. The elementa1 variation of the Sako-

nishi limestone is regarded as typica1 among Zn-Pb type skam deposits (Figs 3， 9 

and 10). 

A mineral assemblage of chlorite-carbonate-quartz-pyrite， which is often 

observed in limestone of group-C and -D， is an assemblage which characterizes 

chloritization. The hydrothenna1 a1teration of limestoile except lack of an 

assemblage of zeolite-albite-K-feldspar is closely s:imilar to propylitic alteration 

and mineralization over1apped propylitic alteration. When the origina1 rock is a 

silicate rock in the Kamioka mine， the a1teration zone associated with disseminated 
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Zn-Pb-Ag mineralization is also characterized by a mineral assemblage typical of 

propylitic alteration (Machida et al.， 1987; Sakurai et al.， 1993; Hirokawa et al.， 

1995). In the Nakatatsu mine， a Zn-Pb skarn deposit the same as Kamioka， a 

similar alteration mineral assemblage is reported ¥vhere the original rock was a 

volcanic rock of basaltic to andesitic composition (Nishikawa and Tochimoto， 

1985). In the Kamioka skarn deposit， most of出eoriginal rock is limestone， not 

containing silicates such as plagioclase. This suggests出atthe lack of silicate 

minerals in limestone results in a di妊erencein the mineral assemblage from a 

typically propylitic alteration assemblage which characterizes igneous rocks such 

as andesites and dacites. Propylitic alteration is characterized by conspicuous 

depletion and addition， respectively of Ca and K content without removal of Mg， 

however variation of Ca and K is not found in the Sako-nishi limestone.百l1SlS 

consistent with the analysis of silicate rocks. 

On the contrary， chlorite and carbonate minerals are universally produced in not 

only skarn deposits but also hydrothermal deposits and peripheral hydrothermally 

altered rock. In particular， chlorite and carbonate minera1s enriched in Fe and Mn 

are dominant in and around base metal deposit. l¥ccordingly， Al， Fe， and Mn 

contents and the Mg* value of hydrothermal minerals such as chlorite and 

carbonate minerals may be indicative of the proximity to hydrothermal 

mineralization. Hydrochloric acid selectively dissolves chlorite and calcite. It is 

likely that出eleaching method studied herein using hydrochloric acid and a 

combination of hydrochloric acid and acetic acid provides an application useful in 

the detection of geochemical anoma1ies around hydrothermal deposits. 

98 



Chapter 6 CONCLUSIONS 

Detailed investigations on the minera1ogy， petrography， and geochemis句ron 

the limestone and interca1ated silicate rocks in the Sako-nishi area of the Kamioka 

Zn-Pb-Ag mine， central Japan， yielded the following results: 

1. The 8180 and 813C va1ues of the Sako-nishi limestone ranged widely between -

2.5 aIid +21.1%0 and between -5.9加 d+5.3%0， respectively， due to interaction 

with hydrotherma1 fluids with a dominant meteoric water component. It was 

classified into four groups as A， B， C， and :D in 5%0 interva1 by oxygen 

iSOtOplC composluon. 

2. With a decrease of 8180 va1ue， the amount of hydrothenna1 ca1cite increased. 

The ca1cite is transp紅 entunder白emicroscope and occurs as fine-grained and 

veinlets ca1cite increased. It is enriched in Mn， depleted in Sr， and has bright 

cathodoluminescence image. 

3. Clinopyroxene of origina1 limestone a1tered )into actinolite within weakly 

a1tered zone， while it is a1tered into chlorite within s佐onglya1tered zone. The 

hydrothenna1 chlorite becomes dominant in altered limestone whose 8180 

va1ue is less出an10%0・Itis enriched in Fe and contains sma11 amounts of Mn 

compared to mafic minera1s within una1tered lirnestone. 

4. Ca1cite and chlorite in skarn deposits is highly enriched in Mn and Fe. Sk紅 n

ca1cite showing a bright luminescence image contains Mn of 2 wt. % or greater 

and is a1so characterized by low Sr content (300:i:: 100 ppm). Chlorite 

geothennometer yielded the fonnation temperatures of about 200-250 t， 

which is compatible with the homogenization temperature of fluid inclusion 

and is lower than the formation temperaωre ()f skarn clinopyroxene around 

300-350 t. 

5. The occurrence and chemica1 composition of hydrothenna1 minera1s in the 

limestone， skar百， and ore indicate出at出e180-depleted zones were formed in 

the later stage 合omfluids， which were responsible for minera1ization and 
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skarnization， and for Fe and Mn enrichment. 

6. Dissolution experiments on limestone showed白atacetic acid can dissolve 

carbonate while hydrochloric acid and aqua四 regiaacid can dissolve the 

carbonate and chlorite selectively. 

7. As the 8180 va1ue decreases， the concentrations of Al， Mn， Fe， and Zn in 

hydroch1oric and aqua-regia acid leachate increase， while only slight changes 

are observed in Mg and Sr， owing to the dissolution of hydrotherrna1 chlorite 

and ca1cite.百leAl content (-0.1 %)， Mn content (-30Oppm)， Fe content (-

0.3%)， Fe/Mg ratio (-2.0) and AlIMg ratio (_. 1.0) of the acid leachate are 

effecti ve for identiちringaltered limestone in出eSako-nishi紅 白.

8. Four mineralization zones are known in the outcrop of白eSako-nishi訂 ea.

Althoughthese zones do not always correspond to the 8180-depleted value 

possibly due to weathering or isotope fractionation at low tempera印re，

hydrochloric acid leachate of limestone仕om1these areas has a high MnJSr 

ratio and low Mg va1ue. 

9. An index which combines elementa1 com~~osition with stable isotopic 

composi tion was in仕oduced. This index proved to be effective for 

specification of mineralization， because it was clearly anomalous along the 7-

GOHI fault and the Atotsu-1GO faults， which are thought to have played a 

major role in facilitating the passage of hydrotherrnal fluid responsible for 

mineralization. This structure indicates出atthe skarn deposits of血eSako-

nishi area belong to Mozumi-type Zn-Pb skarn deposits. 

10. It is suggested that isotope alteration zones are produced by rapid precipitation 

of fine-grained calcite企omthe hydrothermal fluid in the minute cracks which 

developed in limestone， and isotope exchange reaction between limestone and 

Mn-Fe rich hydrothermal fluid which developed during the latter stages of 

skarnization. 

11. Inishi-rock and gneiss are subjected to hydrotherrnal alteration whose minera1 

assemblage is s泊ril紅 tothe altered limestone. The concentrations of Ca， Sr， 

and Mn of aqua恒 regialeachates of these silicate rocks increase systematically 
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with the decrease of O180 value of associated linlestone" due to出epresence of 

hydrothermal calcite and pyrite. The Al/Mg and MnJSr ratios were effective 

for出eseparation of hydrothermall)μaltered silicate rocks from una1tered ones. 

12. Mineral assemblages observed in altered rock of出eSako-凶shciarea closely 

resemble chloritic and propylitic a1teration hosted by silicate rocks recognized 

in Zn-Pb type vein deposits. Analysis of acetic acid and hydrochloric or aqua-

regia acid leachate in addition to cathodolumLInescence image provides an 

effective tool for identiちringhydrothenna1ly a1tered rock of Zn-Pb type 

deposits including skarn type because it makes possible the detection of the 

elementa1 composition of hydrotherma1 mLInerals such as chlorite and 

carbonate and because of the rapidity and convenience of ana1ysis. 
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