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Abstract 

GEOCHEMISTRY OF THE YAKUNO OPHIOLITE 
IN SOUTHWEST JAPAN 

by 

Yoshiyuki Koide, Sakae Sano*, Akira Ishiwatari** 
and Hiroo Kagami* 

(with 13 text-figures and 3 plates) 

The Yakuno ophioli tc is exposed in the eastern part of the Maizuru Tecto nic Belt which consists o f 
ophiolitic rocks. Thc Yakuno ophiolite is made up of ultramafic, mafic, intermediate, and felsic rocks which are 
rega rdcd as the fragments of an ancient oceanic crust. Major element analyses (23 samples) and Sr isotope 
determinations (12 samples) were made for the reprcsemati ve rocks of the Yak uno ophiolitc. The chemical 
features of the rocks and relict dinopyroxenes indicate that the ophiol it e belongs to the tholeiitic rock series 
and shows a similarity to MORB in discrimination diagrams. However, the Yakuno ophiolite is much thicker 
than normal oceani c crust, and is associated with evolved rocks such as quartz diorite, gra nophyre and 
trondhjemite, but not with typical sheeted dyke complex. The Yakuno ophiolite is higher in normative 
plagioclase com em and initial Sr isolOpc ratio (0.705092) than typical MORB. Hencc, the Yakuno ophiolilc 
resembles both ocean ridge and oceanic island basalts in magmatic nature, which suggests that it has been 
gcneratcd by oceanic island magmati sm at an ocean ridge. The Rb-Sr isochron age of thc Yakuno ophiolite 
was dctermincd as 285 Ma, which is almost idemical with those of othcr ophiolites from the Maizuru TeclOn­
ic Belt. So far as the availablc chemical data are concerned, the ophiolites from the Maizuru Tectonic Belt 
seem to have originated at various teclOnic settings, i. e . oceanic island at ocean ridge, ocean ridge, island arc 
and marginal sea from east 10 west. 

Introduction 

Upper Paleozoic greenstones from the Inner Zone of Southwest Japan occur in 
four belts; Tamba Belt (Hashimoto et aI., 1970; Hashimoto and Saito, 1970; 
Hashimoto, 1972; Sano, 1986), North Zone of Sangun-Chugoku Belt (Hase and 
Nishimura, 1979; Nishimura et a!., 1979), Sang un Metamorphic Belt (lshiwatari, 
1978; Koide, 1984), and Maizuru Tectonic Belt (including both so-called Maizuru Belt 
and Middle Zone of the Sangun-Chugoku Belt, Koide, 1986). The greenstones from 
the Maizuru Tectonic Belt have been regarded as dismembered ophiolites of 280-
300 Ma (Koide et a!., 1987). 

The Yak uno ophiolite is exposed in the eastern part of the Maizuru Tectonic Belt. In 
the Yakuno area, the rocks show a typical ophiolite sequence though dyke swarm and 
pelagic sediments are scarce, and they are similar to MORB in chemistry . lshiwatari 
(l985a) showed that the Yakuno ophiolite was affected by relatively higher pressure 
metamorphism than the typical ocean floor metamorphism. He, therefore, concluded 
that the Yak uno ophiolite was derived from an unusually thick oceanic crust (15-
30 km thick). 

In this paper , the authors discuss magmatic property of the Yak uno ophiolite based 
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on the new data of major element chemical analyses and Sf isotope ratios. 
The authors express their appreciation to Prof. K. Tazaki of Ehime University, and 

Pro f. Y. Katsui and Dr. K. Niida of Hokkaido University. 

Outline of Geology and Petrography 

The Yakuno ophiolite and its equivalents extend from Oshima Peninsula to Ibara 
in a WSW direction (Text-fig. I). The ophiolite massif is thrust over the Tamba Belt 
on the south, while on the north it is in high angle fau lt contact with the Nabae Group 
(Upper Triassic) and the Maizuru Group (Permian). The massif consists of many tec­
tonic slices, each of which contains onl y a part of the ophiolite succession (Text-fig. 2). 

Ishiwatari (1985a and b) divided the Yakuno ophioli te into three members based on 
lithofacies; metavolcanics, metacumulates and metaresidua members (Text-fig. 2). 

The metavolcanics member is made up mainly of massive basalt flows with small 
amounts of pillow lavas, hyaloclastites and reworked volcaniclastic rocks. They often 
intercalate thin layers of black slate. Numerous dolerite dykes and sheets are observed 
in this area, but they do not form a typical "sheeted dyke complex" . 

Between the meta volcanics and the metacumulates, there is a transitional zone 
which is composed of fine-grained pyroxene amphibolite and coarse-grained horn­
blende metagabbro . The former is basaltic (Fe-rich) in composition , whereas the latter 

, .. 
, 
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OSHIM A 

Text-fig. I Geological map of the Yakuno ophiolite (i shiwalari, 1985a) and sample loca lities. The legend of 
lithology of the ophiolite is shown in Tex t-fig. 2. Insert shows the distribut ion of (he ophiolitic rocks in 
the Inner Zone of Southwest Japan. Y: Yakuno, K: Kamigori, 0: Ohara, I : Ibara. 
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resembles the underlying mafic metacumulate rocks in chemistry. 
The metacumulate member is divided into three zones based on lithology. The up­

per zone is made up mainly of layered pargasite-two pyroxene metagabbro with some 
layers of pargasite-plagioclase wehrlite and pargasite-clinopyroxenite . This zone grades 
upward into the transition zone . The middle zone is composed of alternating layers of 
two-pyroxene metagabbro , pyroxenite (mainly clinopyroxene rich olivine websterite), 
and peridotite (lherzolite and wehrlite) . The lower zone is dominated by massive dunite 
with some layers of wehrlite, lherzolite, harzburgite and chromitite . Rhythmic layering 
is developed in the uppermost section. 

The metaresidua member is composed wholly of chromian spinel peridotite, in 
which harzburgite is dominant. 

The associated complexes in this area are hornblende-quartz diorite, which was in­
truded into the meta volcanics, porphyrite, granophyre, trondhjemite and quartz kera­
tophyre. The q uartz diorite was a ffected by the same metamorphism as the count ry 
metavolcanics. The ultramafic, mafi c and evolved rocks are regarded as the products 
of the same magmatism. 

The Yak uno ophiolite has been extensively subjected to metamorphism rangi ng 
from prehnite-pumpellyite facies to granulite facies (l sh iwatari, 1985a ). Based on the 
metamorphic mineral assemblage of mafic rocks, the ophiolite can be divided inlo 
seven metamorphic zones from A to G and become progressively higher grades toward 
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Text-fig. 2 Schematic columnar section of thc Yakuno ophiolitc ( Ishiwa lari, J985a) . 
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the lower succession in the fo llowing order of metamorphic facies ; prehnite­
pumpellyite, greenschist, epidote amphibolite, amphibolite, hornblende granulite and 
pyroxene granulite facies. 

The metamorphic facies series, including prehnite-pumpellyite and epidote am­
phibolite facies, suggests a low geothermal gradient and a high pressure compared with 
the normal metamorphic conditions of ocean floor metamorphism. Such metamorphic 
conditions of the Yakuno ophiolite require an unusually thick oceanic crust, 15-
30 km (ishiwatari , 1985a) . The actual thickness of the ophiolite is about 7 km. There­
fore , it is likely that the Yak uno ophiolite has become considerably thin due to tectonic 

slice. 

Table I Rock chemistry and c. I.P .W. norm of the Yakuno oph iolite 
Chemical compositions arc reca lculated on water free basis. mBas : metabasa lt, mOol: meladoleritc, 

mGb : metagabbro, Amph: amphibo lite, Gm: granulite, spWbs : spinel we bsterite, qz-Di: quart z diorite, 

Sample No 950 929 894 1949 9161>. 887 1721C 

Rock Name mBas mBas mBas mBas mDol mEas mool 
Meta.Zone A A A A A A A 

Si02 
Ti0 2 
A1 20 3 
FeO'" 

~lnO 

~lg0 

CaO 

Na20 
K,O 

P20 5 

Or 
PI 

Ab 
An 

Ne 

Di 
Wo 

En 

" Hy 

En 
F, 

01 
Fo 
Fa 

Mt 
Il 
Ap 

53 . 71 52.6650 . 1450 . 3051 . 1052 . 2051.77 
1 . 19 1 . 23 1 . 24 1.35 1 .4 3 1 . 64 1 . 97 

15 . 33 16 . 09 17 . 63 15.00 16 . 40 16 . 26 15.67 
8.67 8 . 96 9 . 93 10 . 87 9 . 81 9 . 04 10 . 72 
0 . 19 0 . 14 0 . 64 0 .1 6 0 .1 8 0 . 18 0 . 19 
7 . 71 6 . 67 6 . 17 7 . 75 8 .3 7 7 . 70 6 . 75 
7 . 50 8 . 23 9 . 41 10 . 39 8 . 88 9 . 58 8 . 75 
4 . 07 5 . 34 4 . 27 4.10 6 . 51 2 . 18 3 . 53 
1 . 63 0 . 69 0 . 56 0 . 07 0 . 12 1.22 0.75 
n . a . n.a. n . a . n . a. 0 .2 0 n . a. 0 . 25 

1 . 29 
9 . 62 4.07 3 . 31 0 . 41 0 . 71 7 . 20 4 . 49 

53 . 13 54 . 62 57 . 40 52.59 58.23 49.37 54 . 46 
34 . 40 36.74 30 . 15 30 . 30 29 . 66 18 . 43 29 . 83 
18.72 17.87 27.25 22 . 29 28 . 60 30.94 24.63 

4.54 3 . 22 2 . 36 
13.6418 .74 15.98 23 . 92 10 . 56 12 . 60 11.44 

7 . 70 9.56 8.09 12 . 19 5 . 88 6.90 6.39 
4 . 58 5 . 37 4 . 12 6.71 3 . 47 4.12 3 .4 5 
1.36 3 . 80 3 . 78 5.03 1 .2 1 1 . 58 1.60 
4 . 06 12.7020.7814 . 22 
3.13 9 .421 5 . 03 9 . 71 
0 . 93 3 . 29 5.75 4. 51 
9.91 13.99 15.84 16 . 08 7 . 23 3 . 58 
8 . 05 7.86 7 . 87 8 . 81 5 .5 6 2 . 55 
1.86 6 . 12 7.97 7 .2 7 1 . 66 1 . 04 
1 . 19 1 . 71 1 . 90 2 . 08 1.42 1 . 39 1 .57 
1 .2 7 2 . 33 2 .3 5 2 . 56 1 . 70 2 . 17 2 . 40 

0 .4 6 0 . 58 

932 2140C 16678 1924 1931 
mDol mBas mDol mBas mBas 

B 8 B B 8 

50 . 3252 . 71 50 .4 453.4551 . 44 
0.83 0 . 97 1 . 41 1 . 45 2.12 

17.4615 . 5216 . 1915 .3 215.32 
8 .4 3 10.09 10 . 19 10 . 35 10 . 21 
0 . 15 0 .2 9 0.26 0 .22 0 . 22 

10 . 07 8.00 7 . 63 7 . 04 5 . 97 
8 . 85 8 . 04 9 . 72 7 . 36 10 . 09 
2 . 46 4 . 16 2 . 72 4 . 12 4.29 
1.33 0 . 23 1 . 44 0 . 68 0 . 35 
0.10 n.a . n.a . n.a. n.a. 

7 . 85 1 . 36 8 . 50 4 . 01 2 . 07 
53 .4 3 58 . 11 50 . 66 56 . 09 56 . 32 
20 . 79 35 . 15 22 . 99 34 . 82 34 . 83 
32 . 6 42 2 . 9627 . 6821 . 2721.48 

0.76 
12 .5 1 7 . 9515 . 0711 . 3523 .44 
7.04 4.41 
3.95 0 . 72 
1 . 52 9.99 
9.12 7 . 97 
6.59 2.03 

8 . 55 6 . 34 11.90 
4.79 3.45 6.31 
1. 73 1 . 56 5.22 
5.08 13.41 
3.74 9.23 

2.5412 . 12 1.35 4.18 
8 . 6510 . 00 9.39 4 . 7211 . 44 
6 . 56 2 . 12 7 . 32 3 .3 9 5.98 
2 . 09 0 . 96 2 . 07 1 . 33 5 . 46 
1.43 1 . 20 1 .4 0 1 .5 1 1 . 95 
1 . 11 0 . 96 1 . 53 1.75 4.02 
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Rock and Mineral Chemistries 

Major element chemical analyses of 23 representative rocks were carried out by the 
X-ray fluorescence analyser. The localities of analysed samples are shown in Text-fig. 
I. The analysed samples comprise nearly ali of the metamorphic zones and rock types. 
Table I lists the analysed data which are recalculated on water free basis. c.I.P.W. 
norm is calculated using the ratio of Fe203/FeO ~ O.15 (Brooks, 1975). New analyses 
of the reference samples, JB- I and JG-I, were also made by the same method, and the 
resu lts are listed in Table 2, which show close agree with the recommended values 
(Ando et a i., 1974). 

Gphy: granophyre, Trnj: trondhjemite, FeO* : tOfa l iron as FeO, c.I. P. W. norm** : calculated on the basis 
of Fe20) / FeO ra( io=O. IS. Sample loca lit ies are shown in Text-fig. I. Data of 950, 929,894, 1949,887, 
1931, 2140C, 1924, 1667B and 642 after Ishiwata ri ( 1980MS, 1985a and b). 

Sample No 
Rock Name 
~leta. Zone 

Si02 
Ti0 2 
A1 20 3 
FeO'" 

NnO 
MgO 

CaD 
Na20 
K,O 

P205 

CIPW Noz:-m"'''' 
Q 

C 

Or 
PI 

Ab 

An 
Ne 

Di 
Wo 

En 
F, 

Hy 
En 
F, 

01 
Fo 
Fa 

Mt 

Il 
Ap 

1832 2524A 2028 
mGb Amph Amph 

E E E 

45.11 51 . 39 48 . 62 
1.37 1.98 3 . 71 

15.9314 . 8513 . 57 
11.71 9.6015 . 10 

0 .2 2 0.15 0 . 22 
10 . 08 5.36 5.62 

1755 1759A 
mGb mGb 

F F 

44.34 48.93 
1.31 1.55 

19 . 4415 . 19 
12.6211.11 

0 . 18 0 . 27 
6.19 8 . 57 

642 
Grn 

G 

49.28 
O. I 8 

16 . 67 
5 . 59 
0 . 11 

11 . 80 
12 . 6512 . 05 8 . 77 14.23 11.27 14.88 

2 . 73 4.25 3 . 05 1 . 65 2 . 93 1 . 48 
0 . 20 0.16 0.69 0 . 04 0 . 10 n . d . 
n . a . 0 . 23 0 . 65 n.d. 0 . 09 n . a. 

1 .1 80 . 944 . 07 
39 . 94 53.15 47 . 01 

9 . 3732.2125.76 
30 . 5820 . 9421.26 

7.42 2 . 01 
26 . 15 30 . 67 13.31 
13 . 40 15 . 56 7.49 

7 . 83 8 . 12 3 . 36 
4 . 93 6 . 99 2 . 46 

1 5 . 44 
8 . 90 
6 . 53 

20 . 47 7 . 11 1.98 
12.08 3.65 1.20 

8 . 38 3 . 46 0 . 78 
2 . 24 1.84 2.23 
2 . 60 3 . 76 4 . 60 

0.53 1.50 

0 . 24 0 . 59 
55 . 6252 . 71 
10 . 17 24 . 75 
45 . 44 27 . 96 

2 . 04 
20 . 76 19 .97 
10 . 4511.39 

4 . 89 6.46 
5.45 2 . 12 

2 . 39 
1 . 80 
0 . 59 

16.4211.39 
7 . 36 9 . 15 
9.06 2 . 25 
2 . 41 1.49 
2 . 48 1 . 60 

0 . 21 

51.33 
12 . 52 
38 . 82 

26.43 
14.60 
10.37 

1 • -16 

5.85 
5 . 13 
0 . 72 

10 . 78 
9 . 72 
1.06 
0 . 76 
0.19 

19' 
spWbs 

49.64 
0.09 
6.45 
7 . 71 
0 . 15 

25 . 31 
10.32 

0 . 27 
0 . 05 
0.02 

0.30 
18.51 

2 . 28 
16 . 22 

26 . 74 
I 4.53 
11.00 

1 . 21 
26 . 10 
23 . 51 

2.59 
21 . 88 
19 . 95 

1 . 93 
1.13 
0.11 
0 . 05 

2223 2224 948 1697 
qz-Di qz-Di Gphy Trnj 

57.80 68 . 33 78.05 75 . 74 
2 . 27 0 . 68 0 . 36 0 . 30 

15 . 0415 .3012 . 0812 . 73 
10.44 6.81 2.74 4.04 

0 .26 0 . 16 0 . 04 0 . 08 
2.86 0 . 68 0.62 0 . 35 
5.77 2.32 1.13 2 . 21 
3 . 93 4 . 51 4 . 64 4 . 52 
0 . 79 1.07 0 . 33 n.d. 
0.84 0 .14 0 . 02 0 . 03 

12.41 28.0844.8441.64 
2 . 84 2.08 1.35 

4 . 66 6.32 1.95 
54 . 24 48 . 71 44 . 72 48.99 
33 . 21 38 . 13 39 .24 38 . 23 
21.04 10 . 59 5 . 47 10 . 76 

1.68 
0 . 87 
0 . 32 
0 . 49 

17 . 1911.48 5 . 57 7 . 14 
6 . 79 1 . 69 1.54 0.87 

10.39 9.79 4.02 6 . 27 

1 . 85 1 . 33 0 . 56 0 . 81 
3 . 83 1 . 33 0 . 75 0 . 62 
1 . 94 0 .32 0.05 0 . 07 
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Table 2 Ana lyses of J8-\ and JG- I 
XRF: new analyses (this work), Recom: recommended va lues 

(Ando CI aI., 1974). FcO*: tolal iron as FcO. 

Sample No. 18-1 lG-1 
Rock Name XR F Recom XRF Recom 

SiCl 53. 13 53.39 73.23 72.87 
TiOl 1.38 1.38 0.25 0.26 
AIlO3 14.60 14.83 14.39 14.35 
FeO* 8.45 8.29 1.92 1.99 

MilO 0. 16 0.15 0.06 0.06 
MgO 8.16 7.89 0.78 0.75 
CaO 9.53 9.48 2. 15 2.22 
Na20 2.88 2.86 3.26 3.4 1 
K20 1.46 1.46 3.88 3.99 
P205 0.26 0.27 0.08 0. 10 

In the alkali-s ilica diagram (Text-fig. 3), the data of the Yakuno ophiolite plot 
mostly in the tholeiitic field classified by Macdonald and Katsura (I 964) . The SiO, 
contents range widely from 44 to 78 wt"7o. The variation trend of the ophiolite ranges 
from the alkal ine to the tholeiite fields through the high a lumina basalt field (Kuno, 
1966). Most of the mafic rocks are apparently higher in alka li than MORB (Miyashiro, 
1975). 

Text-fig. 4 shows the Ne-Pl-Ol-Hy-Q diagram of c.I.P.W. norm (Yoder and Til­
ley , 1962). Rock chemistry of the metabasalt and metadolerite widely _ranges from 
nepheline-normative to quartz-normative field , but most of them are ol ivine­
hypersthene-normative (i .e. olivine tholeiite). The evolved rocks, such as, quartz di­
orite, trondhjemite and granophyre, trend to quartz tholeiite. The Yak uno metabasalts 
together with the lbara metabasalts are apparent ly higher in plagioclase than MORB. 

Miyashiro (1973) showed that the tholeiitic and calcalkalic rock series can be classi­
fied by using of the SiO" TiO, and FeO' versus FeO' I MgO diagrams (Text-fig. 5). 
In these diagrams, the Yakuno ophioli te mostly plots in the tholeiitic field and shows 

o 
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,G 
~qz-Di 

• 
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50 60 70 wi 'I, 

Si02 

Text-rig. 3 Na20 + K20 - SiOl diagram 
Sol id line is the boundary between the 
alkalic (A lk) and tholeiitic (Th) rock 
suites (Macdonald and Katsura, 1964), 
Broken lines are the bou ndaries among 
the al kali (ALK), high-alumina basalt 
( HAB) and tholeiite (TH) rock series 
(KUlla, 1966). Rectangular rield re­
presents MORB (Miyashiro, 1973). 
Symbols with A to G: ultramafic and 
maric rocks of the metamorphic zones 
A to G. qz-Di: quartz diorite, Trnj: 
trondhjemite, Gphy: granophyre. 
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a similarity to MORB (M). The FeO' IMgO ratios are less than 2.0, which are nearly 
comparable with the general range of ophiolites (Miyashiro, 1975). 

Pearce et a!. (1977) proposed a graphical discrimination by usi ng the MgO­
FeO*-AI,OJ diagram (Text-fig. 6) for subalkaline basalt-andesite (51-56 WI"lo SiO,). 

Text-rig. 4 Ne-P I-OI- Hy-Q diagram of 
c. I.P. \V. norm 

Ne 

r---~I 
MORB 

/ 

PI Q 

• • 

So lid line area: MORB (Thompson et 
aI., 1972), broken line area: Ibara 
mctabasalls (Koide, 1986), dotled line 
area: Shikoku basin (Marsh et aI., 
1980). Symbols are same as in Text-fig. 
3. 

/--.:;: .. \; 

N 
o 
tJ) 

N 
o 
f.= 

wt"!. 
55 

50 

2 

1 1 

9 

01 

o 
____ -T 

o 

7L-_~ __ ~ ________ ~ 
o I FE'O*/MgO 2 

Hy 

Text-rig. 5 Si02, Ti02 and FeO* versus 
FeO* I MgO diagrams 
Solid line boundary between calc-alk aline 
(CA) and tholeiite rock series (TH) 
(Miyashiro, 1975), broken lines: crystal­
lizalion trend s of abyssal tholeiite (M), 
liquid of Skaergaard (5), Tofua Island (T) 
and Kilauea in Hawaii Islands (K) 
(Miyashiro. 1975). Symbols are same as in 
Text-fig. 3. 
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Text-fig. 6 FeO*-MgO-Alz03 diagram 
The discriminant boundaries (solid lines) 
arc shown after Pearce el at. ( 1977); C: 
continental , 01: ocean is la nd, ORF: ocean 
ridge and noar. 0: orogen ic, and SC I: 
spreading center island. Broken line is (he 
boundary bel\\'cen tholeiitic (FeO*- ri ch 
side) and alkaline rock series ( FcO*-poor 
side) from intra-plate ocean islands. Sym­
bols are same as in Text-fig. 3. 

They also define the boundary between oceanic island tholeiites and oceanic island 
alkaline rocks in the same diagram. The analyses of the Yakuno ophiolite plot in a 
small area near the boundaries between the ocean ridge and floor (ORF) and the ocean 
island rocks (01) and between the ocean island tholeiite and alkaline rocks. 

Text-fig . 7 shows the diagrams of TiO" AJ,O" FeO', CaO, Na,O and K,O versus 
MgO. In these diagrams, the metabasalt and metadolerite of the Yakuno ophiolite plot 
in the field of the MORB glass (Basaltic Volcanism Study Project, 1981), while the 
evolved rocks plot in the field of those of the oceanic island basalt (OIB). 

The magmatic parentage of ophiolites can be identified in terms of the chemistries 
of relict minerals. Clinopyroxenes are commonly preserved in the metabasalt and 
metadolerite of the Yak uno ophiolite. The AI-Si and Ti-AI diagrams of clinopyroxene 
proposed by Kushiro (1960) have been widely used for discrimination of the magmatic 
parentage (e.g. LeBas, 1962; Aoki, 1964). Maruyama (I 976) advocated the boundaries 
between the tholeiitic and alkaline rock series. The relict clinopyroxene analyses of 
some Yakuno meta basalts and metadolerites plot in the high Si (I.SO - 1.95) , low AI 
(O.OS - 0.20) and low Ti (0.01 - 0.03) sides (Text-fig. S). The plotted field of the relict 
c1inopyroxenes coincides mostly with the tholeiitic field and the overlapped field of the 
tholeiitic and alkalic c1inopyroxenes, in which those from abyssal tholeiite plot 
(Maruyama, 1976). However, some of the metabasalt carry relict c1inopyroxenes rich 
in AI. 
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Sr Isotope Geochemistry 

Sr isotope determinations of 12 samples were carried out by using a full automatic 
thermal ionization mass spectrometer ("MAT 261" of Finnigan MAT LTD) of Insti­
tute for study of the Earth's Interior, Okayama University. Rb and Sr concentrations 
were measured by isotope dilution method. The analytical procedure was followed by 
Kagami et al. (1982). During the work the " Sr /"Sr ratio of NBS 987 was determined 
as 0.710239 ± 05 (normalized to the "Sr / " Sr ratio of 0.1194) and BCR- I as 
0.705009 ± 16. The Rb and Sr concentrations of standard samples were obtained as fol ­
lows; Rb 184.8 ppm and Sr 185.5 ppm for JG -I, Rb 41.5 ppm and Sr 448.4 ppm for 
JB-I, and Rb 46.5 ppm and Sr 327.8 ppm for BCR-1. 

Table 3 lists the newly obtained Sr isotope ratios and Sr and Rb concentrations. 
Text-fig. 9 shows the Rb and Sr concentration diagram. The Rb and Sr concentrations 
of MORB are characteristically lower than those of the basalts from other tectonic 
regions (Kurasawa, 1975). Koide et al. (1987) reported that basalts from both ocean 
ridge and marginal sea are similar to each other in Rb and Sr concentrations. The 
Yakuno ophiolite has Rb and Sr concentrations similar to MORB and marginal sea 
basalt. 

The " Sr /"Sr - " Rb /"Sr diagram (isochron diagram) for the Yakuno ophiolite is 
shown in Text- fig . 10. The Yak uno ophiolite does not form a clear isochron, and the 
plotted data are scattered. Except for the granulite, however, the rest II data indicate 
a positive correlation. Hence an isochron age of 285 Ma and the initial 87Sr / 86Sr ratio 
(SrI) of 0.705092± 157 are obtained by the use of the least squares method (York, 
1966) and decay constant 1.42 x IO - Ily-' for " Rb (Steiger and Jager, 1977). The SrI 
of each sample calculated on the basis of the isochron age 285 Ma is also shown in Ta­
ble 3. 

Text-fig . 11 shows an isotopic exchange diagram during rock and sea water interac­
tion. Tazaki (1985) reported that the Srls of the Slide Mountain ophiolite from the 
Canadian Cordillera are plotted on the isotopic exchange line of MORB and sea water. 
If Sr isotopic exchange occurred in the Yakuno ophiolite, the data are expected to plot 
on a line conecting MORB and sea water at 285 Ma. The plots of the ophiolite, 

Tabk 3 Sr iso tope ratios and Rb and Sr concentrations of the Yakuno ophiolite 
fPS r/ 86Sr rati os are normalized 10 the 86Sr/88Sr ratio of 0. 11 94. Sr ls are calculated based on the 

isochron age (285 Ma). Sample localities arc shown in Text-fig. I. 

Sample No Rock Meta . Zone 87 5r /86 5 1." 2 sigma Rb(ppm) Sr(ppm) 87Rb/86sr Sr1(285Ma) 

929 metabasalt A 0 . 705733 0 . 000031 5 .39 199.89 0.071 0 . 705446 
89' 0 . 705332 0 . 000035 9 . 3 1 281 . 03 0 . 096 0 . 704944 
1949 0 . 705395 0 . 00001 4 0 . 7 8 14 0 .4 5 0.016 0 . 705330 
'87 0 .706176 0 .00003 4 27 . 35 368 . 70 0 . 21 5 0.705306 
916" metadole r ite 0 . 705519 0 . 0000 2 5 0 . 74 2 41 . 11 0.009 0 . 705483 
1931 metabasalt , 0 . 705425 0 . 000020 5.09 319 . 23 0 . 0 46 0 . 705238 
1924 B 0 . 705705 0.000052 10.39 139 . 68 0 . 215 0 . 704832 
1832 metagabbro , 0 . 70 4381 0 . 000026 3 .2 5 280.36 0 . 033 0 . 70 42 45 
2524A amphibolite 0 . 70 4877 0.000021 1.89 405.88 0 . 013 0 . 704823 
1755 meta'i!abbro F 0 . 70 4772 0 . 000026 2 .1 5 167 . 39 0 . 037 0 . 704622 
1759A 0 . 705196 0 . 0000 4 5 0 .94 217 . 95 0 . 013 0.705145 
642 granulite G 0 . 70 44 53 0 . 000041 10 . 50 158 . 03 0 . 192 0 . 703673 
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Text-fig. 9 Rb-Sr diagram 
The fields enclosed by solid (MORB), 
broken (MSB) and dotted lines ( HTH ) 
are of MORB, marginal sea basalt 
(Koide ct ai., 1987) and Hawaiian 
tholeiite (Kurasawa, 1975; Koide ct aI., 
1987), respecti vely. Symbols are sa me as 
in Text-rig . J. 
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Texl-fig. 10 Isochron diagram 
The isochron obta ined from 11 samples except a granulite (X) shows Sr initial ratio 
0.705092 ± 157 and 285 Ma. 

however, are scattered, which suggests that the Yakuno ophiolite was not simply af­
fected by rock and seawater interaction. 

When the SrIs of old ophiolites are compared with " Sr /"Sr ratios of modern 
MORB, the isotopic evolution of the source region of MORB should be taken into con-
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siderat ion. The isotopic evolution of the source region of MORB in Text-fig. 12 is 
based on 1600 Ma and SrI 0.7023 which are determ ined by the mantle isochron 
(Brooks et aI., 1976). The midline of each histogram represent s the age of the respec­
tive ophiolite. As shown in this diagram, the Yakuno ophiolite has higher SrI ratios 
than the source region of MORB. On the basis of Srls, Koide et al. (1987) classified 
ophiolites into two types of high and low SrIs. The Yak uno ophiolite belongs to the 
high Sri type. The high SrI can be interpreted either by secondary addition of radiogen-
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Text-fig. 12 Sr i histograms o f ophiolit es vs. their age 
Srls of ophiolites a f C ca lculated on the basis of thei r magmatic age (Koide CI aI. , 1987). The somce reg ion 
of MORB is determined by the mantle isochorn ( 1600 Ma, SrI = 0.7023; Brooks c\ aI., 1976) and the Sri 
range of the modern MORB and marginal sea basalis (0.7025-0.7035). 
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ic Sr during alteration and metamorphism, or by derivation from the source material 
having higher Sr isolOpe ratio. In the latter case, the originall y high Sr isotope ratio 
may be deri ved from enriched mantle, such as the rocks from Kerguelen, Tristan da 
Cunha, Society, and Gough islands (Text-fig. 13; Zindler et a I. , 1984). 
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Text-fig. 13 Range of present 87Sr/86Sr 
rati os from seamounts, islands and 
ridges and Sri histogram of the Yakuno 
ophiolite 
MAR: Mid-Atlantic Ridge, lOR: In­
dian Ocean Ridge, EPR: East Pacific 
Rise, Sm: East Pacific Rise Small Sea­
mounts, Ga: Galapagos Islands, As: 
Ascension Island, Ca: Canary Islands. 
St: SI. Helena, Ic: Iceland , Ea: EaSier 
Island, Ha: Hawaiian Islands. Az: 
A zores, Gu: Guadalupe, Bo: Bou vet 
Island, Ko: Koolau, Wa: Walvis Ridge, 
So: Society Islands, Sa: Samoan Island, 
Tr: Tristan da Cunha, Kc: Kcrguclen, 
Go : Gough Island (Zindleret al.. 1984 ). 

The Yakuno ophiolite is considered 10 represent the fragments of oceanic crust as 
inferred from the rock facies and their succession (Text-fig. I and 2). However, the 
maximum metamorphic grade (granulite facies) indicates that the Yak uno ophiolite is 
much thicker than normal oceanic crust. No typical sheeted dyke complex has been 
found, but evolved rocks such as quartz diorite, granophyre and trondhjemite are as­
sociated. The metamorphic facies series including the prehnite-pumpellyite and the epi­
dote amphibolite facies suggests a geothermal gradient lower than that of ocean Ooor 
metamorphism. 

The Yak uno ophiolite belongs to the tholeiitic rock series and its chemistry shows 
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a similarity to MORB, judging from various discrimination diagrams such as the 
Na,O + K,O-SiO, (Text-fig. 3), Ne-PI-OI-Hy-Q (Text-fig. 4) and oxides­
FeO / MgO (Text-fig. 5), and oxides - MgO (Text-fig. 7) diagrams. 

Ophiolites have been affected by various alteration processes, e.g. ocean floor 
metamorphism and weathering, regional metamorphism I and atmospheric weathering, 
through which their original compositions may have been changed . In ophioli tic 
metabasalts, it shows a general tendency that FeO· (total iron as FeO), K,O and H,O 
increase, while CaO and SiO, decrease, but TiO, and P,O, remain unchanged with 
progress of alteration and metamorphism (Hattori et aI., 1972; Wood et aI. , 1976; 
Coish, 1977; Uchida, 1979 ; Gardner, 1980; Coish et aI., 1982). Therefore, the major 
element compositions of the Yak uno ophiolite may have been subjected to such secon­
dary effects . 

The chemistry of the relict minerals in ophiolites can be used for identification of 
their magmatic parentage (Kushiro, 1960; LeBas, 1962; Aoki, 1964; Maruyama, 
1976). The AI-Si and Ti-AI diagrams for the relict clinopyroxene chemistry of the 
Yakuno metabasalt and metadolerite show a tholeiitic affinity (Text-fig. 8). This relict 
clinopyroxene data indicate that most of the Yakuno ophiolite has not been subjected 
to change in composition to an appreciable extent qualitatively different. 

Although most of the Yak uno ophiolite belongs to the tholeiitic rock series, a few 
data of the ophiolite show an a lkaline affinity. In the Ne-PI-OI-Hy-Q diagram (Text­
fig. 4), the Yak uno ophiolite has higher normative plagioclase than MORB. The varia­
tion trend of the evolved rocks such as quartz diorite, granophyre and trondhjemite 
shows a tholeiitic trend and resembles that of oceanic island basalt (Text-fig. 7). The 
Sr I of the Yakuno ophiolite (0.705092) is higher than those of typical MORS (0.7025 
-0.7035, Text-fig. 13 ). Therefore, the Yakuno ophiolite shows chemical nature simi­
lar to both MORB and oceanic island basalt, which suggests that it was generated by 
oceanic island magmatism at an ocean ridge. 

The isochron age (285 Ma) of the Yakuno ophiolite, which was newly obtai ned 
here, is similar to those of other ophiolites from the Maizuru Tectonic Belt (Koide et 
aI., 1987). The Ibara ophiolite which is located in the western part of the belt has been 
considered to be formed by the marginal sea volcanism on the basis of the rock and 
relict clinopyroxene chemistries and Sr isotope (Koide, 1986; Koide et aI., 1987). The 
Kamigori and Ohara complexes may represent the products of arc magmatism as in­
ferred from the plagioclase and clinopyroxene chemistries (l shiwatari, 1986). The 
ophiolitic rocks in the Akenobe area show the MORB-like nature in the rock and relict 
clinopyroxene chemistries (Igi, 1976; Koide, 1984). As discussed above, the Yakuno 
ophiolite is cosidered to be the products of oceanic island volcanism on an oceanic 
ridge . The arrangement of these ophiolites suggests that the Maizuru Tectonic Belt may 
represent an original geologic construction consisting of oceanic island at ocean ridge, 

ocean ridge, island arc and marginal sea from east to west along the belt. Accordingly, 
if this suggestion is valid , the Maizuru Tectonic Belt preserves a geotectonic configura­
tion across the plate boundary between ocean and island arc at the Late Paleozoic. 
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Concl usions 

I. The Yakuno ophiolite which is exposed in the eastern pan of the Maizuru Tec­
tonic Belt , is composed of ultramafic, mafic, intermediate and felsic rocks. The 
ophiolite is much thicker than normal oceanic crust, and is not associated typical 
sheeted dyke complex but with evolved rocks . 

2. The Yak uno ophiolite shows magmatic nature similar to both ocean ridge and 
oceanic island rocks in rock and mineral chemistries and Sr isotope ratio, which sug­
gests that it was generated by oceanic island magmatism at an oceanic ridge . 

3. The arrangement of various types of ophiolites of the Maizuru Tectonic Belt sug­
gests that the belt may represent an original geologic construction consisting of oceanic 
island at an ocean ridge, ocean ridge, island arc and marginal sea from east [Q west at 
the Late Paleozoic. 
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