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Abstract: Two groups of metamorphic rocks are found in association with
syenitic and granitic rocks in the Yamato Mountains; Group I includes two-
pyroxene-bearing gneiss and amphibolite, whereas Group II consists of granitic
gneiss and associated rocks accompanied by no orthopyroxene. Mineral para-
geneses of basic to intermediate metamorphic rocks of the two groups were ex-
amined in the simplified system Al,O;-FeO-MgO-CaO-Na,O.

Microprobe analyses reveal that hornblende of Group I is of pargasitic com-
position but hornblende of Group II has broad compositions ranging from
tremolitic to pargasitic ones. Mineral parageneses of the two groups are incom-
patible with each other in such ways that the hornblende-plagioclase assemblage
of Group I has higher (Na/Ca)%g/(Na/Ca)Pl values than that of Group II, and
that the clinopyroxene-hornblende tie lines of Group II are mostly included in the
two-pyroxene-hornblende triangles of Group I in the Al,05-FeO-MgO-CaO
tetrahedron. The hornblende-bearing assemblages of Group II are considered
to be of the amphibolite facies but not the granulite facies.

Although no direct contact between the granulite-facies and amphibolite-facies
metamorphic rocks has been found in the Yamato Mountains, the geological and
petrological relations of the syenitic rocks to the metamorphic rocks suggest that
the granulite-facies rocks and the syenitic rocks form a geological unit which is
in tectonic contact with the other geological unit composed of the amphibolite-
facies rocks.

1. Intreduction

The Yamato Mountains, situated around lat. 71°30'S and long. 35°45'E, are
underlain by high-grade metamorphic rocks of various compositions and plutonic rocks
of syenitic and granitic compositions. Geology and petrography of these basement
rocks have been reported by Kizaki (1965), Outa and Kizaki (1966), YosHIDA and
ANDO (1971), SHIRAISHI (1977), SHIRAISHI ef al. (1978, 1982a, b, 1983) and YANAI et al.
(1982). Metamorphic rocks of basic to intermediate compositions occur ubiquitously
in this region. Among them, two-pyroxene-bearing mineral assemblages and ortho-
pyroxene-free ones have been studied from petrogenetic points of view. Kizaxr (1965)
and SHIRAISHI (1977) explained the latter assemblages to be those of the amphibolite
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facies which resulted from granitization of the former granulite-facies ones. How-
ever, if the bulk compositions of rocks are inappropriate for the formation of ortho-
pyroxene, some kinds of hornblende may be still stable even under the granulite-facies
conditions.

We examined the mineral parageneses of basic to intermediate metamorphic
rocks in order to clarify the factors controlling paragenetic relations between ortho-
pyroxene-bearing mineral assemblages and orthopyroxene-free ones.

2. Geological and Petrographical Outlines

The Yamato Mountains consist of seven Massifs, A, B, C, D, E, F and G, which
range for 50 km from south to north. There occur high-grade regional metamorphic
rocks, syenitic rocks and granitic rocks. Figure 1 shows the compiled geological map
of this region.
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Fig. 1. Geological map of the Yamato Mountains. Localities of the specimens examined are shown.
1: Granite and pegmatite, 2: Granitic gneiss and biotite amphibolite, 3: Migmatitic gneiss,
4: Two-pyroxene-biotite gneiss and associated rocks, 5 : Clinopyroxene syenite, 6 : Porphyritic
two-pyroxene syenite, 7: Clinopyroxene quartz monzo-syenite, 8: Two-pyroxene syenite, 9:
Foliation, 10: Thrust fault.
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Table 1. Rock types and mineral assemblages of metamorphic rocks.

Group I* Group IT**
(1) Two-pyroxene-biotite gneiss and (3) Granitic gneiss and associated
associated rocks rocks
(Two-pyroxene-biotite gneiss) (Granitic gneiss)
Op+Cp+Bi+Kf+P14+Qz (LHb) Bi+Kf+Pl+Qz
Op-+Cp+Bi+Pl+Qz (LHb) Hb-+Bi+Kf+Pl+Qz
Cp+Hb+Bi+Kf+Pl+Qz
(Orthopyroxene-biotite gneiss) (Biotite amphibolite)
Op-+Bi+Pl+Qz (£Kf) Hb-+Bi+Kf-+Pl+Qz
Op-+Sp-+Bi+Pl Cp+Hb+Bi+Kf+Pl4+Qz

(Clinopyroxene-biotite gneiss)
Cp+Bi+Kf+Pl+Qz (+Hb)

(Two-pyroxene amphibolite)
Op-+Cp+Hb+Bi+Pl (+Qz)

(Clinopyroxene-hornblende-biotite gneiss)
Cp-+Hb+Bi+Pl+Qz (£Kf)

(Calc-silicate gneiss)
Gt+Wo-+Cp-+Sc+Qz+Sph (Pl
Wo-+Cp+Sc+Pl+Sph
Wo+Cp+Sc+Cc+Sph
Cp+Sc+Qz+Sph (4-Hb)

(2) Paleosome of migmatitic gneiss Abbreviations: Al-allanite, Ap-apatite, Bi-

(Two-pyroxene-biotite gneiss)
Op-+Cp+Hb-+Bi+Kf-+Pl+Qz

(Two-pyroxene amphibolite)
Op-+Cp-+Hb+Bi+Pl

(Clinopyroxene-biotite-K-feldspar rock)
Cp-+Bi+Kf+P1+4+Qz

biotite, Cc-calcite, Cp-clinopyroxene, Gt-
garnet, Hb-hornblende, Il-ilmenite, Kf-K-
feldspar, Mt-magnetite, Op-orthopyroxene,
Pl-plagioclase, Prh-pyrrhotite, Py-pyrite,
Qz-quartz, Sc-scapolite, Sp-spinel, Sph-
sphene, Wo-wollastonite, Zr-zircon

* 111+ Ap--Zr(+Mt, +Prh, £py), except for calc-silicate gneiss
** 4 Mt+Sph-+Ap-+Zr(£1l, +Py, Al

Metamorphic rocks are found in all the massifs. They are acid to basic, pelitic,
psammitic and calcareous in composition, but basic to intermediate rocks are ubiqui-
tous in occurrence. The metamorphic rocks can be classified into three groups on the
basis of the field occurrence and petrographical characters: (1) two-pyroxene-biotite
gneiss and associated rocks in Massifs A, D and G, (2) migmatitic gneiss in Massifs
D, E, F and G, and (3) granitic gneiss and associated rocks in Massifs B, C and D
(Fig. 1). Table 1 presents rock types and their mineral assemblages of the three groups.
The rocks of the left category in Table 1 (Group I) are characterized by two-pyroxene-
bearing assemblages, whereas those of the right (Group II) are orthopyroxene-free ones.

Further geological and petrographical descriptions of the metamorphic rocks in
this region are given in SHIRAISHI et al. (1982a, b).

3. Method

Nine rock specimens from Group I and five specimens from Group II were selected
for microprobe analyses of minerals. Rock types and mineral assemblages of these
metamorphic rocks are listed in Table 2, and their localities are shown in Fig. 1.
Eleven of the fourteen specimens contain hornblende. No textural evidence suggest-
ing disequilibrium can be observed in the selected specimens.
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Table 2. Rock types and mineral assemblages of specimens examined.
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Rock types Op Cp Hb BiPl(An%) Kf Qz Il Mt Prh Py Sph Others
Group 1
Y80A61 2Px-Bi gneiss + + +  29-30 + 4 -+ Ap,Zr
Y80A113 2Px-Bi gneiss + -+ + 23-26 + 4 Ap,Zr
Y80A104 2Px-Bi gneiss + + -+ 4+ 34-38 + -+ Ap,Zr
D73121010 2px-Bi gneiss + + + 4 22-25 -+ 4 -+ + Ap,Zr
Y080A110b 2Px amphibolite + + + + 52-67 + + Ap,Zr
Y80A120 2Px amphibolite -+ -+ + -+ 53-68 S + Ap
Y80AS531 2Px amphibolite + -+ -+ -+ 33-41 + -+ Ap
Y80A532 Cp-Hb-Bi gneiss + 4+ -+ 27-30 + -+ + 4+ Ap
Y80A103 Cp-Hb-Bi gneiss + -+ + 2829 + + Al Ap,Zr
Group II
Y80B1 Granitic gneiss + 4+ 4+ 25-27 + -+ + + + AlLAp,Zr
Y80B30 Granitic gneiss + 4+ 4+ 49 + 4 + + 4+ Ap
Y80B9 Cp-Bi gneiss 44+ 4+ 1921 o+ T + -+ AlLAp,Zr
Y80B502 Bi amphibolite + 4+ 26-34 + -+ + 4+ 4+ Ap,Zr
Y80B501 Granitic gneiss + 17-20 + + + -+ + + Zr
Abbreviations of mineral names refer to those in Table 1.
Table 3. Representative microprobe analyses of orthopyroxene.
Y80AG61 Y80A113 Y80A104 D73121010 YO080A110b  YB0A120 Y80AS531
SiO, 49.83 50.56 50.63 49.88 50.89 51.92 49.06
TiO, 0.05 0.03 0.11 0.09 0.14 0.05 0.12
Al,O, 0.32 0.29 0.27 0.56 0.49 0.49 0.39
Cr,0, 0.00 0.00 0.02 0.00 0.11 0.04 0.10
FeO* 31.53 28.80 35.23 30.05 34.03 27.03 34.83
MnO 1.61 1.36 0.70 1.11 0.69 0.78 1.13
MgO 15.32 15.45 13.11 16.54 13.82 19.10 12.87
CaO 0.74 C.58 0.54 0.79 1.24 0.55 0.88
Na,O 0.00 0.05 0.00 0.04 0.00 0.0 0.00
K,O 0.00 0.05 0.03 0.00 0.02 0.03 0.00
NiO 0.06 0.00 0.03 0.00 0.00 0.00 0.04
Total 99.46 97.17 100.67 99.06 101.43 99.99 99.42
6(0)
Si 1.971 2.014 1.997 1.962 1.983 1.982 1.971
Al 0.015 0.014 0.012 0.026 0.022 0.022 0.018
Ti 0.002 0.001 0.003 0.003 0.004 0.001 0.004
Cr — — 0.001 — 0.003 0.001 0.003
Fe 1.043 0.959 1.162 0.989 1.109 0.863 1.170
Mn 0.054 0.046 0.023 0.037 0.023 0.025 0.038
Mg 0.903 0.917 0.771 0.970 0.803 1.087 0.771
Ca 0.031 0.025 0.023 0.033 0.052 0.022 0.038
Na — 0.004 — 0.003 — — —
K —_ 0.003 0.001 — 0.001 0.001 —
Ni 0.002 — 0.001 —_ — — 0.001
Xre 0.536 0.511 0.601 0.505 0.580 0.443 0.603

* Total iron as FeO. Xre=Fe/(Fe-+Mg).
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Microprobe analyses of orthopyroxene, clinopyroxene, hornblende, biotite and
plagioclase in these specimens were made using JEOL JXA-733 under such conditions
as an acceleration voltage of 15kV, beam currents of 0.012-0.015 A and a beam
diameter of 3u. Generally, several grains of each mineral species per specimen and
two or more points per grain were analyzed. Except hornblende and plagioclase in
some specimens, compositional zoning of each grain and compositional variations
among one mineral species in each specimen are generally inconspicuous. Hornblende
in Specimens B9* and B30 is weakly zoned in composition, i.e. its core is higher in
Al O, content than its rim. Representative analyses of orthopyroxene, clinopyroxene,
unzoned hornblende or the core of zoned hornblende and biotite are selected (Tables
3 to 6) and plotted on all the compositional diagrams presented below. Hornblende
and plagioclase to be in contact with or proximate to each other are selected as their
pairs shown in Fig. 7.

4. Mineral Compositions

The chemistry of orthopyroxene and clinopyroxene in all the pyroxene-bearing
specimens can be represented by the following four main components: SiO,, FeO, MgO
and CaO, because the other components are small in amount (Tables 3 and 4). The
compositions of pyroxene are shown in Fig. 2. In Fig. 2, coexisting two-pyroxene

Di 20 40 6"0 — Hd

Y80;30 Kdbeer oY';OA532
Y8081 METAMORPHIC ROCKS

- Y80AB1
Y80A113 jl 2Px~Bi gneiss
40 D73121010
e | YOBOA110b  2Px amphibolite
Y80A120 2Px-Bi amphibolite
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Fig. 2. CaSiOsMgSiOs-FeSiO; diagram showing compositions of orthopyroxene and clinopyroxene,
and phase relations of two-pyroxene pairs.

* In the text and figures, specimen numbers listed in Table 2 are expressed for simplification in such
a way that Y80B9 is abbreviated to B9, D73121010 to D1010 and so on.
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pairs in the rocks of Group I are connected by tie lines. Clinopyroxene in all the
specimens, B1, B9 and B30, of Group II and in Specimen A532 of Group I is a little
poorer in (Mg-Fe)SiO,; component than that coexisting with orthopyroxene of Group I.
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Fig. 6. Fe/(Fe+Mg)-Si diagram for biotite.

The compositions of hornblende are plotted in Figs. 3, 4 and 5. These figures
indicate that the compositions of hornblende of Group I are restricted to a small par-
gasitic field, whereas those of Group II range broadly from tremolitic to pargasitic
ones.
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Figure 6 shows the compositions of biotite. Biotite of Group I is similar in com-
position to that of Group II as far as plotted in Fig. 6, but the TiO, content of the
former is generally somewhat higher than that of the latter (Table 6).

The anorthite content of plagioclase is given in Table 2. In some specimens,
compositional heterogeneity is observed not only within one plagioclase grain but also
among grains. In the former case, no regular compositional zoning from core to rim
is found. The anorthite content of plagioclase is generally higher in the specimens of
Group I than in those of Group II.

5. Mineral Parageneses

The basic to intermediate metamorphic rocks are composed mainly of such eleven
components as SiO,, TiO,, Al,O5, Fe,0,, FeO, MnO, MgO, CaO, Na,0, K,0 and H,O.
When minor Fe,O4 and MnO are neglected and H,O is eliminated as a perfectly mobile
component, mineral parageneses among mafic minerals and plagioclase in the rocks
containing quartz and ilmenite or sphene may be approximately expressed in the sys-
tem AL Os;-FeO-MgO-Ca0-Na,0-K,0. Biotite is also found as a chief K,O-bearing
phase in all the specimens. For consideration of phase relations among orthopyroxene,
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1 1 L 1 1
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Fig. 7. Na(M4) content of hornblende and anorthite content of coexisting plagioclase.
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clinopyroxene, hornblende and plagioclase, the system may be more simplified to the
Al,04-FeO-MgO-Ca0-Na,O one.

As obvious from the mineral compositions, Na,O is exclusively concentrated in
hornblende and plagioclase. When hornblende coexists with plagioclase, the Na,O
content of hornblende is controlled not only by metamorphic grade but also by the
anorthite content of plagioclase (SPEAR, 1980). The distribution of Na and Ca be-
tween coexisting hornblende and plagioclase in the specimens examined here is shown
in Fig. 7, where Na(M4) in hornblende was calculated by means of LEAKE (1978) assum-
ing that total iron is ferrous. It is apparent from this figure that the Na content of
hornblende depends on the anorthite content of coexisting plagioclase in each group,
though the Na-Ca partition is not always consistent among all the specimens of Group
I, and that (Na/Ca)y;/(Na/Ca)p; ratios of Group I are generally higher than those of
Group II as exemplified by D1010 and A532 of Group I and B9, BI and B502 of Group
II all of which carry plagioclase of similar anorthite contents. These relations suggest
that the hornblende-plagioclase assemblage of Group I is of higher grade than that of
Group II (SPEAR, 1980).

Setting aside the Na-Ca distribution between hornblende and plagioclase, phase
relations among orthopyroxene, clinopyroxene and hornblende in the rocks concerned
may be considered in the Al,05-FeO-MgO-CaO system. These phase relations in
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Fig. 8. CaO-MgO-FeO diagram showing phase relations of pyroxene andfor hornblende-bearing
mineral assemblages. The assemblage in a quartz-free specimen A531 is also plotted for
comparison.
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the Al,0;-FeO-MgO-CaO tetrahedron are depicted using both the CaO-MgO-FeO
diagram (Fig. 8) and Al,04-CaO-(MgO+FeO) diagram (Fig. 9). Figure 8 shows
phase relations of the pyroxene- and/or hornblende-bearing assemblages of Groups I
and II. Compatible relations are found among all of the three-phase (two-pyroxene-
hornblende) triangles, two-pyroxene tie lines and a clinopyroxene-hornblende tie line
of Group I, and between the clinopyroxene-hornblende tie lines of Group II except
for the mineral pair in Specimen Bl which gives anomalous Mg-Fe distribution be-
tween the two minerals. The clinopyroxene-hornblende tie lines of Group I, how-
ever, are in incompatible relation to those of Group IL Figure 9 shows phase relations
of the hornblende-bearing assemblages of Groups I and II. Figure 9 indicates that
the compositions of hornblende of Group I are restricted to a small field relatively
rich in Al,O,, whereas the Al,O; content of that of Group II is variable; that is, the
clinopyroxene-hornblende tie lines of Group II are mostly included in the three-phase
triangles of Group I. Thus, the mineral parageneses of Group I are incompatible
with those of Group II in the Al,05-FeO-MgO-CaO tetrahedron.

It is suggested from the incompatible paragenetic relations in the system Al,Os-
FeO-MgO-Ca0-Na,O described above that the clinopyroxene-hornblende assemblage
of Group II may not be stable under the granulite-facies conditions where the two-
pyroxene-hornblende assemblage of Group I is stable. As shown in Figs. 8 and 9,
the two-phase (clinopyroxene-hornblende) tie lines of Group IT mostly lie within the
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three-phase (two-pyroxene-hornblende) triangles of Group I; that is, the three-phase
assemblage may be in isochemical relation to the two-phase assemblage in the Al,O,-
FeO-MgO-CaO system. The hornblende-plagioclase assemblage of Group II may
also be in isochemical relation to that of Group I, because the tie lines of the former
intersect those of the latter as shown in Fig. 7. Taking into account the compositional
characters of hornblende (Figs. 3, 4, 5, 7 and 9), the different mineral parageneses
between the two groups might be related by the following reaction:

tremolitic hornblende + sodic plagioclase -+ quartz = pargasitic hornblende
+ orthopyroxene + clinopyroxene + calcic plagioclase + H,0.

Therefore, the hornblende-bearing assemblages of Group II are considered to represent
those of the amphibolite facies.

40 " \Q_? .
VAN,
3.0
& |
Fe’p
Bl o
2.0F (313)
A61(L52) /@ /® A113(5.41)
A532 (4.49)
A104 (4.91) fpg
10k A531 (512)
® Group [
O Group I
( )Ti0> wt%
O 2 1 N 1 . ]
0 1.0 20 30
(£
Fe/si

Fig. 10. Mg-Fe distribution between clinopyroxene and biotite.

Biotite is another Mg-Fe silicate common to all the specimens concerned. The
Mg/Fe ratios of clinopyroxene and biotite are plotted in Fig. 10 to test equilibrium
relations between the two minerals of each group. The Mg-Fe distribution between
the two minerals of each group is considerably regular in spite of some variations of
the TiO, content of biotite, and Ko 3, of Group I is lower than that of Group II.

Such relations suggest that biotite in each specimen coexists in equilibrium with clino-
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pyroxene, and that the difference in Ko$2 5, between Groups I and II reflects the dif-

ferent metamorphic conditions as mentioned above.

6. Geological Relations of the Granulite-facies and Amphibolite-facies Rocks

We have found no contact of the granulite-facies rocks with the amphibolite-facies
rocks in the Yamato Mountains (SHIRAISHI ef al., 1982b). However, it is possible to
infer indirectly the mutual relations between the two groups from geological and
petrological relations of the syenitic rocks to each group of the metamorphic roocks.
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Fig. 11. Two-pyroxene solvus temperatures, after WooD and BANNO (1973) and WoobD (1975),
for metamorphic rocks and associated syenitic rocks.

Orthopyroxene-clinopyroxene-bearing assemblages are widely recognized in meta-
morphic rocks in Massif D and those intimately associated with the syenitic rocks in
Massifs A and G, and in paleosomes of the migmatitic gneiss in Massifs D and F
(Fig. 1). Two-pyroxene phase relations and two-pyroxene geothermometry after
Woop and Banno (1973) for the metamorphic rocks are shown in Figs. 2 and 11,
respectively, together with those for the associated syenitic rocks. In Fig. 11, tem-
peratures after subtracting 60°C from Woop and BANNO’s temperatures are given
after Woop (1975). The tie-line relations in Fig. 2 are compatible with each other not
only among the metamorphic rocks and among the syenitic rocks but also between
both. Temperatures obtained from the metamorphic rocks fall consistently in a small
range of 730-770°C, and those from the syenitic rocks, 730-790°C, are very close to
the former ones (Fig. 11). The two-pyroxene-bearing gneiss and amphibolite of Group
I in Massifs A and G are enclosed as small masses or inclusions in the syenitic rocks
but show no textural sign of thermal recrystallization. These geological and petrologi-
cal characters suggest that the two-pyroxene-bearing metamorphic rocks were formed
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under uniform P-T conditions of the granulite facies in spite of their various modes of
occurrence, and that the syenitic rocks were emplaced during the granulite-facies
metamorphism which produced the metamorphic rocks of Group I.

On the other hand, the granitic gneiss and associated metamorphic rocks of the
amphibolite facies occur as large masses in Massifs B, C and D, and are in contact with
the syenitic rocks (Fig. 1). The contact relations between these metamorphic rocks
and the syenitic rocks, however, are of tectonic: being a thrust fault in Massif C and
an intensely deformed narrow zone composed mainly of gneissose granite in Massif
D (SHIRAISHI et al., 1982b).

Therefore, the granulite-facies rocks and the associated syenitic rocks are con-
sidered to form a geological unit which differs from the other unit of the amphibolite-
facies rocks. It is probable that each unit was lain on different crustal levels or occu-
pied different grade portions of a metamorphic sequence prior to the tectonic move-
ment; however, the tectonic and metamorphic history of each unit has been left for
future studies.
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