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Abstract

The following conclusions have been drawn through the study of a Rb-Sr
whole rock age of granites from Southwest Japan and through the comparison,
in terms of Rb and Sr contents, of different kinds of unit of the earth’s crust,
i.e., the oceanic floor basalts (abbreviated as OFB), phanerozoic granites and
recent volcanic rocks from island arcs and their corresponding orogenic belts
at the continental margin.

(1) The whole rock age and the initial Sr(87/86) ratio of granites from North
Kyushu are 166+40 m.y. and 0.70414 +0.00011 for the Itoshima granodiorite, 159+
13 m.y. and 0.70584+0.00010 for the Haki granodiorite, and 134+26 m.y. and
0.70456 +0.00010 for the Sawara granite respectively. The best estimate of the
whole rock age of the Yatsushiro granite from Central Kyushu is 409+37 m.y.
with an initial Sr(87/86) ratio of 0.7032+0.0006. A period of successive granitic
intrusive activities in North Kyushu is about 32 m.y., as far as these whole rock
age data are concerned. The difference between the Rb-Sr whole rock age and
the mean K-Ar age of granites is nearly constant, unless they underwent later
thermal effect. It is about 47 m.y.

(2) The following relation between the whole rock age t (m.y.) and the initial
strontum isotope ratio Sr(87/86), is found among the Yatsushiro, the Funatsu,
the Haki, the Amami-oshima, the Minami-osumi granitic rocks. That is Sr(87/86),
=—-115x10"%t +0.70780. A Rb/Sr ratio calculated from the rate of growth of the
Sr(87/86) ratio is about 0.278, which is very close to the recent estimates of the
abundance ratio of both elements in the continental crust.

(3) These granitic rocks, and the Sawara and the Itoshima granitic rocks are
concluded to have been derived respectively from 400 and 230 m.y. old andesitic
primary crusts with the Rb/Sr ratio of about 0.27. The initial Sr(87/86) ratio of
the primary crust is estimated at 0.7033, which is larger than the mean of OFB
by 0.0006.

(4) The major chemical composition of a material which has contaminated
volcanic rocks does not vary among young or0§enic belts such as island arcs
and mobile belts at the continental margin, and is andesitic or somewhat more
acid with the Rb/Sr ratio close to the estimates of the abundance ratio of both
elements in the continental crust.

(5) The andesites of low Sr(87/86) ratios have possibly been derived from OFB
under high pressure conditions. These andesites, however, are low in Rb con-
tent and therefore have low Rb/Sr ratios which are about one fifteenth of the
mean Rb/Sr ratio of the continental crust. Accordingly, it is impossible to
attribute the growth of the continental crust to the accretion of these andesites.
(6) It is found that the melting proportion can attain an extent of about 80
percent of OFB. And the existence of the secondary mantle current driven by
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the gravitational rise of a large amount of derivatives from OFB is suggested in
the upper mantle beneath the island arc. This hypothetical secondary mantle
current provides a favourable condition for the formation of the continental
crust.

(7) Two possible alternative magmatic processes are proposed for the formation
of the continental crust at the island arc. At first in both magmatic processes,
OFB sink along the seismic zone into the mantle, being transformed into eclo-
gite with the increase of depth, partially melt at depth of about 100-150 kms
and then give rise to an andesitic magma, In one of the magmatic processes,
this andesitic material rises in essentially solid state or in nearly solid state
with an incipient melted portion through the mantle, reaches the bottom of the
continental crust, and then remelts partially and mixes with a material produced
by the previous analogous magmatic process. A residuum is transported by the
secondary mantle current mostly toward the inner and partly toward the outer
side of the island arc. The melt fraction will meet and then be mixed with
the derivative material successively ascending from the seismic zone. This
magmatic process is analogous to the zone refining processing of the semi-
conductive material. With the proceeding of this kind of zone melting, water,
primarily contained in OFB, is enriched in the liquid zone. This enrichment
of water may promote the operation of this kind of the magmatic differentiation.
After the operation of the zone melting for a definite period, the chemistry of
the liquid zone converges into a definite composition which is equivalent to the
estimated overall composition of the continental crust.

In the other alternative magmatic process, a derivative material from OFB
is remelted incipiently near the base of the continental crust. And the melt
fraction is squeezed out from the material and then sticked at the base of the
continental crust.

The primary crust so formed has a specific Rb/Sr ratio irrespective of its
position in the island arc. Rb and Sr contents in granites can be sufficiently
explained in terms of the partial melting of the primary crust.
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1. Introduction

The origin of the continental crust is a fundamental problem in geology.

In
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1960’s, the isotopic studies on strontium coupled with the radiometric age deter-
mination on variety of rocks from the continental shields attested important facts
that there is a major addition to the continental crust of a material not enriched
in radiogenic strontium 87 from the mantle and that the continent is growing
in volume at accererating rates amounting to about 600 km3 per million years
(HurLEY et al., 1962; HurLEY and Runp, 1969).

In addition to this, recent estimates of the overall chemical composition of
the continental crust are close to andesite or diorite (TavLor and Wuite, 1965;
TAavLoRr, 1968; Ronov and YarosHEVsky, 1969; WyLrig, 1971). The andesitic
model of the crust, which is differentiated into an upper granodioritic crust and
a lower more basic one, is consistent with geophysical and geological observations
(TayLor, 1968; GreeN, 1970). Both of the trace element data (TayLor, 1968)
and the high pressure experimental results (GReeN and RiNnewoop, 1968) have in-
dependently supported the derivation of the calc-alkaline andesite in orogenic areas
from the mantle. In connection with this mantle derivation, it is noted that there
exists a close relationship between the chemical composition of volcanic rocks
from the island arcs and the depth of the seismic zone in the mantle (Kuno,
1966 ; DickinsoN and HATHERTON, 1967; SuciMura, 1967 ; HarT et al., 1970).

These facts do convince us that the continental crust grows in volume by
the accretion of an andesitic material derived from the mantle. Therefore they
must provide us satisfactory basis for the explanation of the origin of a granite,
which occurs in every orogenic belt and occupies the most part of the continental
crust.

The granite, which includes all kinds of intrusive granitoid in this paper, has
an important share in the formation of the continental crust. Therefore, in con-
nection with the origin of the continental crust, it is essential to unravel the
origin of the granite. A crucial point of the granite problem is petrological
prehistory of the source material of the granite,

Thus, the object of this paper is to examine petrochemical characters of the
source material of the granites in terms of Rb and Sr contents, to present some
additional facts for the origin of the continental crust and then to propose models
of the formation of the continental crust.

In this paper, the estimation of a Rb/Sr ratio of a source material of some
granites is at first attempted through the determination of initial strontium iso-
tope ratios and whole rock ages of these granites. Then some petrochemical
characters of the lower crust are presented through the observation of the geo-
chemical behaviours of Rb and Sr during magmatic differentiations of volcanic rocks.
Then variations of Rb and Sr concentrations are calculated in the framework of
certain possible differentiation schemes. Finally -discussion is given about the
mechanism of the formation of the continental crust and that of the granite.
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II. Determinations of a Whole Rock Age and an Initial
Sr(87/86) Ratio of Granites

(1) Geological settings of granite samples

i) The Yatsushiro granite

In the Outer Zone of Southwest Japan, small tectonic intrusions of granite
with a lenticular shape, bounded by faults, occur in the weakly metamorphosed
Paleozoic sedimentary formations, accompanied with high grade metamorphic
rocks along the so-called Kurosegawa Tectonic Belt extending parallel to the main
trend of this region from the Kii peninsular through Shikoku to Central Kyushu.
Minerals of the granites are extremely distorted, crushed and altered. These
granitic rocks are considered to have been squeezed out by the late Paleozoic
and Mesozoic tectonic movements (Marsumoro and KanMERA, 1946; IcHIKAWA
et al., 1956; MiNaTo et al., 1962).

Radiometric ages of these granitic rocks have been reported by Kawano and
Uepa (1966) with the K-Ar method, Havase and Ismizaka (1967), Havase and
Noupa (1969), Isuizaka (1972) and Noupa (1972) with the Rb-Sr method.

Radiometric ages of biotite of the granites and the gneisses collected from
the whole areas of the Kurosegawa Tectonic Belt fall in the same range of 461
to 389 m.y. with a mean value of 428 m.y. Ages of potassium feldspar, however,
are conspicuously young, giving a mean value of 288 m.y. and imply complexity
of the geological history of the granites.

Isuizaka (1972) re-examined biotite ages of the granites and reported that
all of these granites are contemporaneous and that an age of 399420 m.y. is
recomended as the best estimated value. This age corresponds well with 400
m.y. of biotite of the gneiss from Yatsushiro, Central Kyushu (Noupa, 1972).

Although rock samples of the Yatsushiro granite used in this determination
were collected from relatively large intrusive bodies at Hachimandaki and Uminoura.
in the Hinagu quadrangle of the Yatsushiro district (MaTsumoro and KANMERA,
1964), minerals in all rock samples are twisted, crushed, altered and recrystal-
lized in greater or less degree.

ii) The Itoshima, the Haki and the Sawara granitic rocks

In the Inner Zone of Southwest Japan, violent igneous activities occurred
during late Mesozoic to early Tertiary. The extrusion of voluminous rhyolitic to
andesitic pyroclastic rocks was followed by the successive intrusion of batholithic
granites into the Paleozoic and older Mesozoic formations, setting the center of
the intrusive activities in the Ryoke metamorphic belt. These batholithes of the
Inner Zone are composite intrusives composed of a number of small bodies of
tonalite to granite with a surface extension of 100 to 1000 kma2.

In most cases, tectonic trends of older granites, outline of intrusives and
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Fig. 1. Distribution of granitic and related volcanic rocks in Southwest Japan, and sample
sites in North Kyushu. 1: Granitic rocks in the Kurosegawa tectonic belt, 2: Late Paleo-
zoic or early Mesozoic granites in the Hida metamorphic belt, 3: Late Mesozoic granites,
4: Late Mesozoic volcanic rocks, 5: Cenozoic granites, 6: Middle Cenozoic acid volcanic
rocks, 7: Sangun metamorphic rocks, 8: Itoshima granodiorite, 9: Asakura granodiorite,
10: Fukae granite, 11: Haki granodiorite, 12: Kitazaki granodiorite, 13: Hirao grano-
diorite, 14: Sawara granite, 15: Paleogene sedimentary formations. a: Amami-oshima
granite, b: Minami-osumi granite, c: Yatsushiro granite, d: Ibaragi granite, e: Funatsu
granite, Maps were compiled and modified from Isomr (1968) and Marsusarra (1971).
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Table 1. Rb-Sr analytical data of granitic rocks
No. Rock ggm g;m Rb87/Sr86 Sr87/Sr86 Reference
The Yatsushiro granite
YG2003 Granite 134.2 114.4 3.40 0.72253 ¢ 0.00020 (1)
YG2901A Granite 93.44 195.9 1.38 0.70919 *+ 0.00033 (1)
YG2901B Granite 117.6 62.32 5.48 0.73300 * 0.00026 (1)
YG2902 Granite 75.35 106.0 2.06 0.71684 + 0,00020 (1)
YG81201 Granite 107.7 104.5 3.20 0.72261 + 0.00020 (1)
YG81202 Granite 97.55 44 .23 6.40 0.72738 + 0.00020 (1)
YG81205 Granite 124.6 59.02 6.13 0.73352 + 0,00020 (1)
The Itoshima granodiorite
IG72002 Granodiorite 100.4 292.2 0.995 0.70646 * 0.00021 (1)
1G80301 Tonalite 55.61 418.5 0.385 0.70674 + 0.00023 (1)
I1G80303A Granite 115.1 326.0 1.022 0.70647 *+ 0.00020 (1)
IGB0304A Diorite 83.10 304.3 0.790 0.70605 * 0.00043 (1)
1G80304¢C Adamellite 73.6 y43.4 0.481 0.705138 # 0.00033 (1)
1680315 Pegmatlte 155.8 138.2 3.26 0.70855 + 0.00027 (1)
The Sawara granite
SG72001 Granite 83.56  361.7 0.669 0.70580 * 0.00022 (1)
SG72905 Granite 113.2 284.3 1.153 0.70679 * 0.00022 (1)
SGT2907 Granite 115.8 307.8 1.089 0.70659 + 0,00021 (1)
SG72908 Granite 83.87 410.2 0.592 0.70561 + 0.00052 (1)
SG72920 Granite 91.34 400.0 0.661 0.70587 * 0.00031 (1)
SG73103 Granite 99.18 331.5 0.866 0.70602 + 0.,00022 (1)
SGB0103A Granite 94,5 433.8 0.631 0.70582 + 0.00020 (1)
SG80103B Diorite 22.43 1141 0.0569 0.70467 * 0.00036 (1)
SG72901 Pegmatite 215.0 21.94 28.5 0.74350 + 0.00052 (1)
The Haki granodiorite
Gro0001 Granodiorite 86.58 284.8 0.880 0.70782 + 0.00020 (1)
Gr0002 Granodiorite 83.16  268.7 0.896 0.70786 * 0.00021 (1)
Gr0003 Granodiorite 79.03 280.4 0.816 0.70751 + 0.00035 (1)
Groool Granodiorite 88.95  261.4 0,985 0.70803 + 0.00020 (1)
Gr0005 Granodiorite 89.60 247.8 1.047 0.70817 + 0.00050 (1)
Gr0008 Grancdiorite 89.21  269.7 0.958  0.70797 + 0.00020 (1)
Gr0009 Diorite 21.08 4u6.2 0.1368 0.70615 + 0.00024 (1)
Gro0ll Granite 63.81  146.4 1.262 0.70864 : 0.00020 (1)
Gr0o012 Granite 118.79 146.2 2.35 0.71106 + 0.00020 (1)
The Minami-osumi granite
TN62030801 Granodiorite 156.2 184.6 2.450 0.70923 + 0.00038 (2)
TN62022308 Adamellite 167.5 185.0 2.629 0.70947 + 0.00038 (2)
TN62022308B Granite 183.9 95.5 5.580 0.71207 *+ 0.00038 (2)
TN6403040S Granodiorite 189.9 134.2 4,099 0.71087 + 0,00042 (2)
TN62030711A Granodiorite 179.3 161.7 3.211 0.71217 + 0.00038 (2)
The granite from Amami-oshima
TN65021310A Tonalite 136.9 147.1 2.695 0.71034 + 0.00038 (2)
TN65021310B Tonalite 129.3 124.8 3.002 0.71087 + 0.00044 (2)
TN65021310C Quartz diorite 143.5 121.2 3.417 0.71147 + 0.00038 (2)
TN65021402 Granodiorite 115.0 134.8 2.471 0.71124 + 0.00038 (2)
TN65020401 Granodiorite 124,7 140.1 2.575 0.71008 + 0.00053 (2)
TN65021404 Tonalite 104.1 145.2 2.077 0.70956 + 0.00038 (2)
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Table 1. Continued

No. Rock g;m i;m 087 /5p86  5n87 /5,86 Reference

The Ibaragi granitic complex

KI-1 Quartz diorite  77.38  370.3 0.605 0.7068 (3)

KI-5 Adamellite 288.,0 178.7 4,663 0.7122 3)

KI-6 Granodiorite 201.9 244.8 2.601  0.7096 - (3)

KI-7 Granodiorite 212.7 176.6 3.487  0.7104 (3)
The Funatsu granitic rocks

HD67053003  Adamellite 85.4 194 1.276  0.7092 )

HD67053102  Tonalite 75.8 192 1.142  0.7083 (€D

HD67053103  Diorite 68.1 308 0.6398 0.7070 )

HDE7053104  Tonalite 37.5 613 0.1772 0.7062 [€))

1: This paper, 2: Yanacr, Yamacucur and Nozawa (1971), 3: Ismrzaxa (1971) 4 : SHiBaTa,
WanLess and Nozawa (1970)

foliation, are concordant with the general structural trend of the Paleozoic forma-
tions, whereas younger intrusives cut these general trends of the Paleozoic for-
mations and older granitic intrusives.

K-Ar age data of these granites have a bimodal character with two peaks of
95 and 70 m.y. in Central Honshu, 80 and 60 m.y. in the Kinki district, and 85
and 55 m.y. in the Chuogoku district (Nozawa, 1970). In Kyushu, mineral ages
cluster around 95 m.y. (ditto).

Granites in North Kyushu, belonging to the same series of the late Mesozoic
acid igneous activities, have been classified into more than eleven small intrusive
bodies (Karakipa et al, 1965; Martsusuita, 1971). The earliest one of these
successive intrusive granites is the Itoshima granodiorite, a heterogeneous coarse
grained plutonic rock with the foliation of biotite and hornblende, including a
large number of spheroidal and ellipisoidal dark inclusions and intruded into the
Sangun metamorphic rocks derived from Paleozoic sedimentary formations. The
latest one of these granites is the Sawara granite, a massive medium grained
porphyritic granite with phenocrysts of potassium feldspar and intruded discor-
dantly into the Itoshima granodiorite and the Sangun metamorphic rocks.

The Haki granodiorite, isolated in the Sangun metamorphic rocks, is a massive
medium grained plutonic rock with a small number of dark inclusions. Rock
samples were collected from these three granitic rocks (Fig. 1, B)

iii) The Amami-oshima and the Minami-osumi granites

In the Outer Zone of Southwest Japan and the Ryukyu Islands, folded sedi-
mentary rocks of Mesozoic to middle Cenozoic ages were intruded by many small
stocks and dykes of granite. The feature of these intrusive activities accom-
panying the extrusion of acid pyrocrastic rocks in southern Kyushu and the Kii
peninsular are similar to those of the Mesozoic acid igneous activities, although
the exposed areas are narrower than the latter. One of these granite bodies,
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Table 2. Ages and initial Sr(87/86) ratios of granites

Rock Age (m.y.) Initial Sr'srf/SI‘a6
Yatsushiro granite 409 * 37 0.7032 % 0.0006
Itoshima granodiorite 166 * 40 0.70414 = 0,00011
Haki granodiorite 159 * 13 0.70584 + 0.00010
Sawara granite 134 = 26 0.70456 + 0.00010
Amami-oshima granite 105 & 27 0.7065 + 0.,0002
Minami-osumi granite 63 -+ 11 0.7071 # 0.0002'
Ibaragi granitic complex 97 = 14 0.7059 * 0.0003
Funatsu granitic rocks 175 * 53 0.7056 + 0.0007

the Minami-osumi granite, is large enough to be called batholith with a surface
extension of about 750 kma2.

Ages of intrusion of these stocks and the relation between the intrusion and
the tectonic movement have been discussed by Yanacr et al. (1971), Mineral
ages of the stocks and dykes are old in the Ryukyu Islands, 21 to 61 m.y. and
young in the Outer Zone of Southwest Japan, 11 to 21 m.y. (Nozawa, 1968).
Rock samples were collected from the Amami-oshima in the Ryukyu Islands and
the Minami-osumi in southern Kyushu.

(2) Analytical procedures

An amount of 100—500 mg of a sample from a rock powder of 800—3000 g
is used for the analyses of concentrations of Rb and Sr, and of strontium isotope
ratios. Concentrations of Rb and Sr are determined by the isotope dilution
method with two mass spectrometers. Strontium isotope ratios are measured on
an unspiked sample containing about 4—8 g of Sr. The mass spectrometers used
were HITACHI RMU-5G with an analyser tube radius of 20 cm and JEOL JMSO5RB
with the tube radius of 30 cm. The output of the solid state vibrating reed
electrometer of TAKEDA TR84JIS or of the solid state directly connected DC
ampliphire of HITACHI is integrated for 2 seconds with a digital voltmeter of
TAKEDA TR6516A equipped with V-F converter, and then printed out automati-
cally.

Sr(87/86) ratios listed in Table 1 are a mean value of 200 to 500 peak sets and
normalized to 0.1194 of Sr(86/88) ratio. Detailed techniques for the determination
of concentrations of Rb and Sr and strontium isotope ratios have been reported
by YamacucHr et al. (1969), Yawnacr et al. (1970) and Yanacr et al. (1971). The
concentrations of Rb and Sr, and the Sr(87/86) ratios are listed in Table 1 with
other data reported by SuiBaTta et al. (1970), Ismizaka (1971) and YawnacI et al.
(1971).

An error of Sr(87/86) ratios is indicated with a twice of the standard deviation.
The mean of the errors is 0.00020. Errors below 0.00020 are magnified to this
level, and errors over 0.00020 are shown in Table 1. Relative errors for Rb and
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Table 3. Rb-Sr analytical data of biotites from the Sawara granite

No. Mineral Rb Sr Rb87/Sr86 Sr‘87/81,86

ppm ppm
SG72001 Biotite 620 8.15 228.0 1.06499 + 0.00044
5G72907 Biotite 733 6.50 344.8 1.27380 ¢ 0.00075
5G72920 Biotite 659 7.00 283.4 1.1190 + 0.0013
SG73103 Biotite 766 6.11 384.6 1.30857 * 0.00055

Sr concentrations were estimated to be less than 3 percent for Rb and 1 percent
for Sr. A decay constant of rubidium 87 used in this paper is 1.39x10-11/year.
All Rb-Sr age data cited in this paper are recalculated with this decay constant.

(3) Analytical results

i) Whole rock ages and initial Sr(87/86) ratios of granites

Whole rock ages and initial Sr(87/86) ratios of granites are shown in Figs. 2
and 3, and Table 2. The whole rock age of the Haki granodiorite is 159+13 m.y.
with an initial Sr(87/86) ratio of 0.70584+0.00010. The whole rock age of the
Itoshima granodiorite is 166+40 m.y., while the whole rock age of the Sawara
granite is 134426 m.y. The Sawara granite is about 32 m.y. younger than the
Itoshima granodiorite. The age of the Itoshima granodiorite is very close to
that of the Haki granodiorite. Initial Sr(87/86) ratios are 0.70414+0.00011 for the
Itoshima granodiorite and 0.70456+0.00010 for the Sawara granite.

A whole rock age of a pegmatite in the Sawara granite is 97 m.y. That of

Sr(87/86)
0.713 T T T T
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07111 1

0710F 1

0.709 F E
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Sr(87/86),=0.70584 £ 0.00009
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Fig. 2. The isochron of the Haki granodiorite in North Kyushu. The whole
rock age is 159+13 m.y. and the initial Sr(87/86) ratio is 0.70584 +0.00010.
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Table 4. Rb-Sr biotite ages of the Sawara granite

No. Mineral (ig; ) Tnitial Sr'87/sr'86
SG72001 Biotite 114 £ 4 0.70474
SG72907 Biotite 119 + 4 0.70479
SG72920 Biotite 105 + 4 0.70490
SG73103 Biotite 113 £ 4 0.70466

a pegmatite in the Itoshima granodiorite 1s about 74 m.y., but this latter pegmatite
age is errorneous, because a strontium isotope ratio of the pegmatite is very
close to the mean strontium isotope ratio of the Itoshima granodiorite.

i) Relations among radiometric ages determined with different methods

Ages determined with different methods on the Sawara granite display an
interesting aspect (Table 5), The Sawara granite is the youngest of the late
Mesozoic successive intrusions in North Kyushu, where there is no thermal affec-
tion caused by later igneous activities. Therefore the relation found among these
ages may originate in a simple cooling process. This condition is the same as
that of the Amami-oshima and the Minami-osumi granites. Firstly it is noticed
from the observation of Table 5 that the difference between the whole rock age
and the mean K-Ar biotite age is very similar for these cases, as has already
been noticed by Yanaci et al. (1971). The differnce is 46 m.y. for the Sawara
granite, 52 m.y. for the Amami-oshima granite and 45 m.y. for the Minami-osumi

0.709 T T— T T T

T
1

0.708

0.707

0.706

Sr87/5r86

0.705

0.704

O ltoshima granodiorite

0.703F -
® Sawara granite
L 1 1 1 1
070 %.0 0.2 0.4 06 08 1.0 1.2

RbB7/Sr86

Fig. 3. Isochrons of the Itoshima granodiorite and the Sawara granite in North Kyushu.
The whole rock age of the Itoshima granodiorite is 166+40 m.y. with the initial
Sr(87/86) ratio of 0.70414+0.00011. The whole rock age of the Sawara granite is 134+
26 m.y. with the initial Sr(87/86) ratio of 0.70456+0.00010.
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Table 5. Comparison of ages determined with different methods

Whole rock age Rb-Sr biotite K-Ar biotite Pegmatite)age

(m.y.) age (m.y.)* age (m.y.)* (m.y.
Itoshima granodiorite 166 92 (3)** Th
Haki granodiorite 159 116 (L)**
Sawara granite 134 113 (W) 88 (6)*% 97
Amami-oshima granite 105 5L ()x#
Minami-osumi granite 64 19 (3)**

* Mean values, ** Data are taken from Snmrsara and Kararipa (1965), MiLLer et al.
(1962), Kawarno and Uepa (1966), SuiBata and Nozawa (1966) and Yawaer (1971).
Figure in parentheses is the number of samples.

granite. These time expansions are significantly longer than a life of a magma,
1 to 10 m.y. (Suimazu, 1961). If the whole rock age is assumed to be the dif-
ferentiation time for the granite, then the K-Ar age should be regarded to
represent much later stage of the cooling history of the magma. It may be a
time of the upheaval and the erosion of the land. This may be also infered from
the whole rock age of the pegmatite in the Sawara granite, which is 97 m.y.,
older than the mean K-Ar age by about 11 m.y. This pegmatite is a thin veinlet
cutting sharply the Sawara granite. In connection with this interpretation of the
K-Ar age, Matsumoro (1968) has found the following interesting relation between
the history of the emplacement of Cretaceous granitic rocks and the sedimentary
history in Japan. In his words, the time of the marine sedimentation is in the
interval between two major peaks of granite K-Ar age data. The epoch of
granite emplacement is the time of regression in the sedimentary basin or that
of land emergence.

There is the mean Rb-Sr biotite age of the Sawara granite midway between
the whole rock age and the pegmatite age. And the Rb-Sr biotite age is con-
cordant to that of the Haki granodiorite. The Haki granodiorite is isolated in
the Sangun metamorphic rocks and much apart from the Sawara granite. Accor-
dingly the coincidence of its Rb-Sr biotite age with that of the Sawara granite
does not imply the thermal affection caused by the intrusion of the Sawara granite.
Therefore the coincidence of the Rb-Sr or K-Ar biotite ages of older and younger
granites should be interpreted in connection with the tectonic history.

iii) The best estimate of the whole rock age and the initial Sr(87/86) ratio
of the Yatsushiro granite

Whole rock data of the Yatsushiro granite are scattered over the errors of
analysis as shown in Fig. 4. This is probably attributed to the alteration to
which the granite was subjected after the solidification. Therefore an isochron
should not be drawn through these data with the equal confidence level. The
coincidence of the biotite ages of the granitic rocks from the Kurosegawa Tectonic
Belt indicates that the biotite could preserve its Rb and Sr contents during the
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alteration of the granite.

All of age data of potassium feldspar of the granites from the Kurosegawa
Tectonic Belt indicate that the potassium feldspar has lost more radiogenic stron-
tium 87 relatively to Rb during the alteration. Young ages of potassium feldspar
and the scattering of the whole rock data indicate that a portion of the radiogenic
strontium 87 lost from the potassium feldspar has been transported out from the
rock system without being captured by other minerals in the rock. In general,
a rate of loss of an element by diffusion from minerals depends on a grain size.
Therefore, in this case, it is possible to assume that an amount of lost radiogenic
strontium 87 from the rock system depends on the grain size of the potassium
feldspar. This relation is observed in the data of the Yatsushiro granite. The
grain size of the potassium feldspar of the granites plotted on the upper left
hand side in Fig. 4 is larger than that of the rocks plotted on the lower right
hand side. Therefore an isochron was drawn through the data of the rocks
having coarse grained potassium feldspar. This isochron gives an age of 409437
m.y. with an initial Sr(87/86) ratio of 0.70324-0.0006. This age is very close to
the best estimate of 399 m.y. of biotite of the granites from the Kurosegawa
Tectonic Belt.

III. The Evolution of the Initial Sr(87/86) Ratios of the Granites
(1) The relation between the whole rock ages and the initial Sr(87/86)

ratios

Whole rock ages and initial Sr(87/86) ratios in Table 2 are plotted on the
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Fig. 4. The isochron of the Yatsushiro granite in Central Kyushu. Solid circles re-

present coarse grained granite samples, while open circles represent rather fine
grained ones. The isochron is drawn through the data of rocks having coarse
grained potassium feldspar. The age is 409+37 m.y. with the initial Sr(87/86) ratio
of 0.7032-0.0006.
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Sr(87/86) vs. whole rock age diagram (Fig. 5). In the same Fig. 5, a line is also
drawn from the mean Sr(87/86) ratio of OFB with the slope corresponding to the
mean Rb/Sr ratio of OFB. This is shown as a reference of the upper mantle
material. The two lines drawn on either sides of this line indicate the standard
deviation of the Sr(87/86) ratios of OFB. The Rb/Sr ratio of the upper mantle
material may be somewhat smaller than that of OFB, but the difference between
them is not significant for the following discussions.

All of the initial Sr(87/86) ratios of the granites scattered over the reference
line indicate the derivation of these granites from sialic crustal materials. Among
the plotted data, points of the Minami-osumi, the Amami-oshima, the Haki and
the Funatsu granitic rocks are disposed in a line as shown in Fig. 5 and the
point of the Yatsushiro granite is on the extension of the same line. Other data
are scattered in the intermediate area between this apparent growth line of the
initial Sr(87/86) ratios and the reference line. The slope of the apparent growth
line corresponds to the Rb/Sr ratio of 0.278. This Rb/Sr ratio is very close to
the mean crustal abundance ratio of Rb to Sr. The mean abundances of both
elements and the Rb/Sr ratio in the continental crust are listed in Table 6.
Therefore it is possible to assume that this apparent growth line may represent
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Fig. 5. The relation between whole rock ages and initial Sr(87/86) ratios of granites
from Southwest Japan. The mean Sr(87/86) ratio of OFB is shown with the standard
deviation as a reference of the upper mantle material. The apparent growth line
of the initial Sr(87/86) ratio is drawn through the data of the Yatsushiro, the Funatsu,
the Haki, the Amami-oshima and the Minami-osumi granitic rocks. The Rb/Sr ratio
calculated from the slope of the line is 0.278.
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the growth of the Sr(87/86) ratio in a source material of these granitic rocks. In
other words, these granitic rocks may be originated from the common soutrce
material.

The linear arrangement of data points, however, is a necessary but not suf-
ficient condition for the recognition of derivation of these granitic rocks from the
common source material. The sufficient condition for the granites to make a
common radiogenic strontium growth line is that a Rb/Sr ratio, an initial Sr(87/86)
ratio and an age of formation should be respectively identical among the source
materials of these granitic rocks. In this case, however, there is no available
evidence to indicate that any of these three is positively fulfilled by a suite of
granitic rocks disposed in the line in Fig. 5. Consequently this time dependent
variation of the initial Sr(87/86) ratios should be called an apparent growth line.

(2) The relation between the apparent growth of the initial Sr(87/86)

ratio and the andesitic model of the crust

Recently proposed crustal models indicate that the earth’s continental crust has
an overall composition approximating to diorite or andesite (TaAyLor and WHITE,
1965; TavLor, 1968; Ronov and YarosHEVskYy, 1969; WyrLLig, 1971). TAvLoR
(1969) reported that trace element data of andesites are consistent with the deri-
vation of the calc-alkaline andesite from the mantle in orogenic areas. Independently
of this report, high pressure experimental results of GReeN and Ringwoop (1968)
supported the derivation of the calc-alkaline rock suite from the mantle. TavLor
(1968) reported also that an andesitic model of the crust is consistent with density
and heat flow data, seismic evidence and geological evidence. Experiments of
GREEN (1970) supported the model of the differentiated lower crust composed of
diorite or gabbroic anorthite.

If the andesitic model of the crust is admitted, a granite may have its origin
in the andesitic crust. If a certain suite of granitic rocks of different ages has
originated from the partial melting of the andesitic crust, the initial Sr(87/86)
ratios of this suite of granites give a rate of the growth of the Sr(87/86) ratio in
the andesitic crust. The slope of the growth of the Sr(87/86) ratio should give
an equivalent Rb/Sr ratio to the mean abundance ratio of Rb to Sr in the crust.
An age when the Sr(87/86) ratio of the andesitic crust becomes equivalent to that
of the mantle is the time of formation of the andesitic crust. Therefore the coin-
cidence of the Rb/Sr ratio calculated from the slope of the apparent growth line
with the mean Rb/Sr ratio of the crust is consistent with the andesitic model of
the crust.

An age of 480 m.y., which is given by the intersection of the apparent growth
line with the growth line for OFB, is a time of formation of the andesitic crust.
The data of the Itoshima and the Sawara granitic rocks give another age of 300
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Table 6. Sialic crustal abundances of rubidium and strontium

No. Rubidium Strontium Rubidium/Strontium Reference
(ppm) (ppm)

1 Th y50% 0.16 (@D

2 115 U50% 0.26 (2)

3 117 434 0.27 (3)

4 0.25 (3)

5 90 357 0.24 )

(1): Gast (1960), (2): Anrens and Tavior (1961), (3): HurLevr et al (1962), (4): Tavior
(1965), =* : Turekian and Kure (1956)

m.y. as the time of formation of their source andesitic crust. These ages may
imply the episodic growth of the crust with the addition of the andesitic material
from the mantle.

(3) The discrimination of two types among the granitic rocks

In connection with the apparent growth of the initial Sr(87/86) ratios of the
granites, the important fact is that a suite of granitic rocks lying on the apparent
growth line is separated from others by a line AB on the log Sr vs. log Rb
diagram as shown in Fig. 6. Rb and Sr contents in the Minami-osumi, the
Amami-oshima, the Haki, the Funatsu and the Yatsushiro granitic rocks are scat-
tered on the lower left hand side of the line AB in Fig. 6, while both contents
in other granitic rocks are protted on the upper right hand side.

As the general trend of variation of both concentrations, Rb content increases
and the Sr content decreases in a residual magma with the proceeding of the
magmatic differentiation at low pressures. From the observation of the distribu-
tion of data for each granitic rock in Fig. 6, this trend is noted to be nearly
parallel to the line AB, when the Sr content is greater than about 200 ppm. The
trend becomes steep toward the lower right corner of the diagram with the
decrease of the Sr content. With reference to this variation trend, it is found
that the granites having high Rb/Sr ratios like the Yatsushiro, the Amami-oshima
and the Minami-osumi granites are regarded to represent more differentiated
facies of granitic magmas.

If the andesitic crust model proposed by Tayror (1968) is admitted again,
the andesitic primary crustal material, which, in turn, can give rise to a granitic
magma, should have a Rb/Sr ratio close to the mean abundance ratio of Rb to
Sr in the crust, which is shown by the line CD in Fig. 6. The close association
of data for the Funastu, the Itoshima, the Haki and the Sawara granitic rocks
with the line CD indicates that these granitic rocks present the chemical com-
position close to the source andesitic materials.

The data apart far from the line CD to the upper left side may be regarded
to represent residual facies of granitic magmas. Therefore it may be said that
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Fig. 6. Rubidium and strontium contents in granites from Southwest Japan. The line
CD represents the mean Rb/Sr ratio of the continental crust. The line AB distingu-
ishes between two groups of the granitic rocks.

the composition of the source material for a suite of granitic rocks lying on the
apparent growth line is somewhere on the line CD of the left side of the line
AB, while chemical compositions of the source materials for other granitic rocks
may be close to the mean composition of the Sawara and the Itoshima granitic
rocks.

Then it follows that the discrimination of the two types among the granitic
rocks is not a problem of the magmatic differentiation of a granitic magma, but
a problem concerning the formation of a source material for a granite.

Through these discussions in terms of the Rb/Sr ratio, it may be concluded
that a suite of granitic rocks lying on the apparent growth line has been derived
from the common source material. In connection with this conclusion, it should
be noticed that the granites of this suite are separated from one another for a
great geographical distances along the Japanese Islands and the Ryukyu Islands.
In addition to this, some of these granitic rocks are distributed in different tectonic
positions in the geology of the Japanese Islands. For instance, the Funatsu granitic
rock is in the Hida metamorphic belt, the Haki granodiorite in the Inner Zone of
Southwest Japan, the Minami-osumi granite in the southern subbelt of the OQuter
Zone of Southwest Japan, the Amami-oshima granite in the Ryukyu Islands and
the Yatsushiro granite in the Kurosegawa Tectonic Belt in the Outer Zone of

Southwest Japan.
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IV. Petrogenetic Implications of Rubidium and Strontium

Contents in Volcanic Rocks

(1) Petrogenetic implications of the partition relations

The most important parameter in the variation of Rb and Sr concentrations
during the magmatic differentiation is a partition coefficient between a liquid
phase and minerals crystallizing from the liquid. Since ions of Rb* have a
large ionic radius ratio to oxygen, the ions are hardly incorporated into the crystal
structures of olivine, pyroxene, garnet and hornblende. Therefore Rb is concen-
trated into the liquid, when these minerals are in equilibrium with the liquid.

Ions of Sr2* have an ionic radius ratio to oxygen of 0.81 (SmannNoN and
Prewirt, 1969), therefore the ions tend to occupy the 8 coordinated site by oxygen,
while ions of Ca2* occupy both 8 and 6 coordinated sites. Therefore strontium
ions substitute few calcium ions in pyroxene and hornblende structures, but are
concentrated in plagioclase substituting calcium ions in the 8 coordinated site.
Then Sr is enriched in the liquid, when the liquidus phase is olivine, pyroxene,
garnet and hornblende. Sr, however, may be depleted in the liquid, when plagio-
clase appears as the liquidus phase in the liquid.

(2) Partition relations of rubidium and strontium between phenocrysts

and the coexisting groundmass

Selected examples of the partitioning relation of Rb and Sr between phenocrysts
and the coexisting groundmass in volcanic rocks reported by PuiLporTs and
ScuNETZLER (1970) are shown in the log Sr vs. log Rb diagram of Fig.7. A thin
line connecting a mineral and the groundmass is a trace of change of Rb and Sr
concentrations, when the mineral and the groundmass connected by the line are
mixed in various proportions. An arrow on the extension of the line on the
groundmass side shows a fractionation trend of the residual liquid of the ground-
mass composition, when the mineral on the opposite side of the line is separated
from the groundmass.

It is found from Fig. 7 that both concentrations of Rb and Sr in the residual
liquid increase simultaneously without any significant increase of the Rb/Sr ratio,
when those minerals of olivine, both ortho- and clino-pyroxenes, garnet and
hornblende are separated from a magma. When crystals of plagioclase are se-
parated, the concentration of Rb increases, and that of Sr decreases in the residual
magma. Therefore the Rb/Sr ratio of the residual magma is steeply increased.
The same is applied for potassium feldspar. When crystals of mica are separated,
the Rb/Sr ratio decreases and the residual magma is depleted in Rb with the
proceeding of the crystallization of mica.

Therefore products of the fractional crystallization at a deeper level in the
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Fig. 7. Partition relations between phenocrystic minerals and the coexisting groundmass
of volcanic rocks., Data are derived from Puirorrs and ScunerzLer (1970). Solid
circles show compositions of the groundmass. Pl: plagioclase, Ho: hornblende,
Cpx: clinopyroxene, Ol: olivine, Opx: orthopyroxene, Ga: garnet, Mica: biotite,
K-feld: potassium feldspar.

mantle will be distinguished from those at an upper level in the mantle. In the
former, plagioclase is not stable as a liquidus phase but garnet is stable instead,
whereas, in the latter, plagioclase appears as a stable liquidus phase together with
other mafic minerals in basaltic and andesitic compositions. Extents of variation
of the Rb/Sr ratio depend on these two types of the fractional crystallization.
Thus, the observation of Fig. 7 are the basis for the interpretation of the variation
of Rb and Sr contents or of the variation of the Rb/Sr ratio in volcanic rocks.
When the variation of concentrations of both elements are investigated on
volcanic rocks, the following behaviours of minerals crystallizing from a magma
should be noticed. Although the bulk partition coefficient, which effectively do-
minates the variation trend of the composition of the residual magma, is a sum
of products of an abundance of and a partition coefficient for minerals crystallizing
from the liquid, the minerals are not always deposited in the same abundance as
they formed, because minerals differ in density from one another. Specially a
mean suspension time in the magma from the crystallization to the deposition of
plagioclase may be significantly longer than that of mafic minerals. Therefore
plagioclase in the crystalline material suspended in the magma is more abundant
than that in the material crystallizing from the magma. If a time elasped from
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Table 7. Mean partition coefficients of rubidium, strontium and potassium

Ol1. Opx. Cpx. Gar. Hor. Biot. Pl. K~-feld.
Rubidium 0.00488 0.00485 0.0220 0.0085 0.0609 2.14 gggii 0.66
Strontium  0.00554 0.0176 0.104 0.0154 0.170 0.04 %:‘:?* 5.82
Potassium  0.00611 0.0131 0.0268 0.0198 0.309 2.48 0.155 1.49

* These partition coefficients are for sodiic plagioclase. Ol: olivine, Opx: ortho-
pyroxene, Cpx: clinopyroxene, Gar: garnet, Hor: hornblende, Biot: biotite, Pl:
plagioclase, K-Feld: potassium feldspar.

the begining of the crystallization of plagioclase is long enough, the rates of the
crystallization and the deposition of plagioclase crystals get a stationary state,
under which the abundance of minerals being deposited would become the same
proportion among minerals being crystallized. The rate of the deposition of pla-
gioclase crystals is accelerated by the increase of the amount suspended in the
magma and of crystal grain size of the plagioclase. Then the begining of the
decrease of Sr content in the residual material may be significantly delayed from
the begining of the crystallization of plagiocase. Therefore the presence of plagio-
clase crystals in volcanic rocks does not always mean that the Sr content in these
volcanic rocks is decreased significantly by the crystallization of plagioclase.

‘When we infer more precisely the variation of both concentrations, numerical
values of the partition coefficients of both elements are needed. Numerical values
of these partition coefficients for various minerals listed in Table 7 are geometrical
means of those reported by Onuma et al. (1968), Hicucur and Nacasawa (1969),
GrirrFiN and Murtay (1969), Berin and Hexperson (1969), PriLroTTs and SCHNET-
zLER (1970), Nacasawa and ScENeTzLER (1971) and Goooman (1972).

(3) The mean Sr(87/86) ratio and the mean concentrations of rubi-
dium and strontium in OFB

In addition to these partition coefficients, a measure is needed for the judgment
whether a volcanic rock in question is contaminated by and/or derived from a sialic
crustal material. A strontium isotope ratio is the most available and effective as
the measure. A criterion of the measure is the mean Sr(87/86) ratio of the upper
mantle material from which the most of igneous rocks have been believed to be
originated.

OFB, which are enormous in volume, homogeneous in isotopic composition,
and extremely low in alkali contents, have been thought to be derived by partial
melting of a great amount of the upper mantle material (Gast, 1968).

An isotopic fractionation of Sr during magmatic differentiations has been
believed to be in the order of value far below an error of the isotopic measure-
ment. Therefore Sr(87/86) ratios of OFB represent the mean strontium isotopic
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Fig. 8. The histogram of Sr(87/86) ra-
tios of OFB (a) and recent volcanic
rocks (b). The shaded areas re-
present basaltic volcanic rocks and
the blank area represents andesitic
volcanic rocks.

ratio of the upper mantle material. A fre-
quency distribution of Sr(87/86) ratios of
OFB is very simple (Fig. 8), being limited
in the range from 0.701 to 0.704 with the
arithmetic mean of 0.70266+0.00101 (twice
of the standard deviation) (TaTsumoto
et al, 1969; Cann, 1970; Hepce and
PeTERMAN, 1970; KaY et al,, 1970; HarT
et al.,, 1972; SusBarao, 1972). Then the
ratio of 0.70266 + 0.00101 is used as the
criterion of the measure.

Next to these two major parameters,
the essentially important is the criterion
of the Rb/Sr ratio. The Rb/Sr ratio of
OFB will be also used as a reference point.

A frequency distribution of available
Rb/Sr ratios of OFB presents a fairly fine
simple modal distribution. Geometric mean
of the Rb/Sr ratios, Rb and Sr contents in
OFB are 0.0177, 2.29 ppm and 129 ppm
respectively. These values are used in the
later section as the reference point or the
initial condition for the calculation. The
source of the data of Rb and Sr content
is Tatsumoro et al. (1965), Gast (1967),

Kay et al. (1970), Hart et al. (1972) and SuBarao (1972).

(4) Rubidium and strontium
contents in volcanic rocks
Volcanic rocks from island arcs
and corresponding orogenic belts at
the continental margin are classified
with the Sr(87/86) ratio to observe
the variation of Rb and Sr contents
resulted from the contamination of a
sialic material, into the following four
groups, 0.7017-0.7037, 0.7038-0.7047,
0.7048-0.7057 and more than 0.7058.
The range of the Sr(87/86) ratio for
the first three groups is twice as
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Fig. 9. The histogram of Rb/Sr ratio of
OFB. The mean Rb/Sr ratio (triangle)
is 0.0177.
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Fig. 10. Rubidium and strontium contents in OFB and recent volcanic rocks with
Sr(87/86) ratios less than 0.7037. The blank triangle represents the mean com-
position of OFB.

much as the standard deviation of the Sr(87/86) ratios of OFB. The sources of
data for volcanic rocks are Hepce (1966), EwarT and Stiep (1968), Pusukar
(1968), Hepce and Kwnicar (1969), GiLr (1970), Hepce et al. (1970), PETERMAN
et al. (1970), DonNELLY et al. (1971), HepGe and Lewis (1971) and Pusukar et al.
(1973). Rb and Sr contents in volcanic rocks of these four groups are shown
in Figs. 10 to 13 respectively. Sr(87/86) ratios of the volcanic rocks plotted in
Fig. 10 are within the range of the Sr(87/86) ratios of OFB. In other words, no
contamination effect of the old sialic material contributes to the variation of
concentrations of both elements. The degree of the contamination with the sialic
material is assumed to increase with the increase of the Sr(87/86) ratio of the
volcanic rocks. Thus, the arrangement of Figs 10 to 13 is in the order of
increasing degree of the contamination. The following facts are noticed by the
observation through these figures.

a) The Sr content in OFB is limited in the range of 70 to 300 ppm and is
almost constant independently of the variation of the Rb content. The Rb content
ranges widely from 04 to 15 ppm. But the distribution of the Rb contents in
Fig. 10 is symmetrical to the mean composition of OFB, which is shown with a
triangle in Fig. 10.
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Fig. 11. Rubidium and strontium contents in recent volcanic rocks wite Sr(87/86)
ratios between 0.7038 and 0.7047. Marks are the same as those of Fig. 10.

b) With respect to both Rb and Sr contents, the distinction is almost
imposible between basalts and andesites whose Sr(87/86) ratios are included in the
range of OFB.

¢) In reference to the partition relation between minerals and the coexisting
liquid, the andesites and the basalts are distributed nearly parallel to the line of
the constant Rb/Sr ratio, with OFB at the end of low concentrations of Rb and
Sr (Fig. 10). This indicates that these volcanic rocks and OFB were connected
by the magmatic differentiation at the deeper part of the mantle where plagio-
clase was not stable.

d) The relation on Rb and Sr contents between the basalts plus the andesites,
and the dacites plus the rhyolites (Fig. 10) indicates that the dacites and the
rhyolites are produced by the fractional crystallization from andesitic or basaltic
magmas under low pressure conditions, under which plagioclase is stable instead
of garnet.

e) The range of andesites and dacites, taking notice the higher Rb/Sr limits
of these two groups of the volcanic rocks, move toward the right side of the
figures and Sr contents are almost constant or tend to decrease in a small extent
with the increase of the Sr(87/86) ratio, while the ranges of the basalts and the
rhyolites remain almost constant independently of the increase of the Sr(87/86) ratio.
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Fig. 12. Rubidium and strontium contents in recent volcanic rocks with Sr(87/86)
ratios between 0.7048 and 0.7057. Small triangles represent compositions of ignim-
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f) The mean crustal Rb/Sr ratio is about 0.27, being far above the Rb/Sr
ratios of the andesites, the basalts, OFB and the upper mantle material
Accordingly the continental crust must have been produced by a magmatic
process under low pressure conditions.

(5) The variation of Rb/Sr ratios in volcanic rocks

Rb/Sr ratios of volcanic rocks give also some important informations on the
petrogenesis of these volcanic rocks. In this case too, the mean Rb/Sr ratio of
OFB is adopted as the reference point. The variation of the frequency distribution
of the Rb/Sr ratios in the volcanic rocks, which are the same as those plotted in
Figs. 10 to 13, are shown in Figs. 14 to 17. The followings may be read from
these figures.

a) The frequency distribution of the andesites of low strontium isotope ratios
shows a bimodal character with two distinct peaks of about 0.023 and 0.048-0.068
of the Rb/Sr ratio. This indicates the presence of two groups in these volcanic
rocks. The same pattern of the distribution is found also in that of the basalts
of low strontium isotope ratios. The peak of the lower side of the Rb/Sr ratio
of both basalts and andesites corresponds to the peak of OFB (Fig. 9). The peak
of the higher side of the Rb/Sr ratio is enhanced with the increase of the Sr(87/86)
ratio from 0.7017-0.7037 to 0.7038-0.7047.

b) The Rb/Sr ratios of basalts slightly increase with the increase of the
Sr(87/86) ratio. The abundance of the basalts, however, diminished with the in-
crease of the Sr(87/86) ratio. The histogram of the Rb/Sr ratio of the basalts is
terminated sharply at the higher side of the ratio.

¢) Variation of the Rb/Sr ratio and of the abundance of andesites with the
increase of the Sr(87/86) ratio are almost the same as these of the basalts. It
should be, however, noticed that the extent of the increase of the mean Rb/Sr
ratio of each group of the andesites with the increase of the Sr(87/86) ratio seems
to be more distinct.

d) The Rb/Sr ratio of the dacites and the ignimbrites increases systematically
from about 0.08 to 1, several times as large as the continental average, with the
increase of the Sr(87/86) ratio. The abundance of these volcanic rocks does not
diminish with the increase of the Sr(87/86) ratio.

e) The Rb/Sr ratios of the rhyolites do not change significantly, converging
at about 1.2 with the increase of the Sr(87/86) ratio. This convergent value of
the Rb/Sr ratio coincides with the highest value attained by the dacites and the
ignimbrites through the contamination of the sialic material. The abundance of
the rhyolites also has a tendency to increase with the increase of the Sr(87/86)
ratio.
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Fig. 14. Frequency distributions of the Rb/Sr ratio of basaltic volcanic rocks.
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Fig. 15. Frequency distributions of the Rb/Sr ratio of andesitic volcanic rocks.
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Fig. 16. Frequency distributions of the Rb/Sr ratio of dacites and ignimbrites.
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Fig. 17. Frequency distributions of the Rb/Sr ratio of rhyolites.
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(6) Petrogenetic relation between OFB and the andesites of low
Sr(87/86) ratios

With reference to the partition relations of Rb and Sr between minerals and
the coexisting liquid, and admitting the convergence of the oceanic plate down
into the mantle at the island arc, the relation on both Rb and Sr contents between
OFB and the andesites of low Sr(87/86) ratios, and the coincidence of the Rb/Sr
ratio between OFB and the andesites are consistent with Green and Ringwood’s
(1968) model of derivation of an andesite from OFB in the depth of the mantle,
because these two facts are sufficiently explained by the partial melting followed
by the fractional crystallization of OFB under high pressure conditions.

In connection with these relations, there is a contradictory fact between
Sr(87/86) ratios of OFB and the andesites. The Sr(87/86) ratios of the andesites
and also the basalts are biased by 0.0006 toward the higher side of the variation
range of the Sr(87/86) ratios of OFB (Fig. 8). The lower side of the variation
range of these Sr(87/86) ratios is sharply limited. This difference seems to have
following important meaning on the genesis of the basalts and the andesites at
the island arc. Although a definite conclusion could not be drawn in this paper,
two alternative explanotions are possible for this isotopic difference. The first is
that all of the volcanic rocks in the island arc are contaminated by the sialic
material during the ascent through the sialic crust. The second is that a small
amount of sediments on the floor of the ocean is trapped in OFB as the oceanic
plate converges into the mantle or that scraps of the sialic crust are dragged
into the mantle on the continental side of the trench by the downward movement
of the oceanic plate.

(7) The limitation of the chemical composition of the lower crust

The variation of the Rb/Sr ratio may be regarded to reflect the major chemi-
cal composition of a material contaminating the volcanic rocks. The regularlity
of the variation among different island arcs indicates that this material has a
specific Rb/Sr ratio and a definite major chemical composition, which are constant
regardless of its position in the island arc and also do not vary among island
arcs. In other words, the regularlity limits the chemical composition of the
material which contaminates the magma at the lower part of crust where the
potential ability of the magma to melt the material is highest.

From close inspection by trial and error, regarding the contamination as a
magmatic process analogous to the zone melting, it is concluded that an andesitic
model of the material with a Rb/Sr ratio close to the mean of the continental
crust can sufficiently explain the variation of the Rb/Sr ratio and that of the
abundance of basalts, andesites, dacites plus ignimbrites and rhyolites. Namely,
the material should be andesitic or somewhat more acid and could not exceed a
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dacitic composition toward acid side

V. Principal Equations in Rubidium and Strontium Concentrations

Concentrations of both elements of Rb and Sr in an igneous rock depend on
a source material and a process through which the igneous rock is produced from
the source material. The relation between the magmatic process and the varia-
tion of Rb and Sr concentrations in a magmatic melt should be known to trace
the process and to obtain a knowledge about the source material from Rb and Sr
contents in the igneous rock. For this purpose, principal equations in Rb and Sr
concentrations maintained during the following three main magmatic differentia-
tions are introduced and then used as a basis of the later discussions.

(1) Equilibrium partial melting

When crystals of a single phase exist in equilibrium with a liquid, let the Rb
concentration in the crystals and the liquid be C3p and C respectively. A
partition coefficient of Rb between the crystals and the liquid is defined by

T™=Ch / C” @
When the fraction of the liquid is F, there exists the following relation among
the fraction of the liquid and the concentrations of Rb in the liquid and the
crystals.

CEBA-F+CPF=CP, 2
where C5® is the concentration of Rb in the crystals before the melting.

Substituting the equation (2) by the equation (1), the following relation is
obtained.

CP* {r™(1—F +F} =C§". &)
If both concentrations of Rb and Sr are extremely low, and these elements be-
have independently during the partial melting, the same equation as the equation
(3) will be obtained for Sr.

CF {r*1—F) +F} =C5 . @
Eliminating F in the equations (3) and (4),

CF —7% CF _ CP—™ CF

Crad—7") A —7™)
is obtained. This is the relation between Rb and Sr concentrations in the equili-

G

brium partial melting.
The relative variation of Sr concentration in the liquid is
dci _ Ci (1 —¢™) dCP*
C?r C?b {Cgh(]. — 7_Sr) + C}lb(rSr —- er)}
Values of the partition coefficients of Rb and Sr for some mafic minerals are so
small that the difference between both partition coefficients approximates to zero.

)

Then the equation (6) is expressed as follows.
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dcfr _ dCP d log C*

@ % TdlgCP
The equation (7) gives the relationship of variation of both Rb and Sr concentra-
tions in the liquid at high pressures, at which plagioclase is not stable. This
equation means that the high pressure partial melting cannot increase the Rb/Sr
ratio of the liquid.

=1. ),

(2) Fractional crystallization
The variation of concentration of Rb in the liquid during the fractional crys-
tallization is expressed as follows,
CPA—+™) dx=M-x) dC}*, ®
where x is an amount of crystals, and M is an amount of the liquid at the initial
state of the crystallization. Integrating the equation (8),

log %%Z — ™1 log M—* )
is obtained, where CE® is the concentration of Rb in the liquid before the crystal-
lization. Putting Mﬁx as F, this equation is expressed as follows,
CRb
log c%b =(®—1) log F. (10)

This is the well known Rayleigh Fractionation Law. If both elements of Rb and
Sr in the same liquid behave independently, the same equation as (10) will be
obtained for Sr.

1 Clst — Sr
og ~g—=0"—DlogF. an
Co
Eliminating F from the equations (10) and (11),
TRb'—l log C = log CR? Tnb—' 1 log C¥ — log CB®
=1 og (" = log L7+ =1 og Lo — log Lo 12)

is obtained. This shows a relationship of concentrations of both elements in the
residual liquid.

Differentiating the equation (12)

dlog C* _ -1

d log C® -1
is obtained. This equation means that the logarism of Sr concentration changes
linearly against the logarism of Rb concentration in the residual liquid.

Since the values of each partition coefficient of both elements for mafic
minerals like olivine, ortho- and clino-pyroxenes, hornblende and garnet are
negligibly small, the equation (13) is also approximately expressed as follows.

dlog G _
d log CP®
This means that the slope of the variation of concentrations of both elements is

a3

(14)
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close to unity on the log CF® vs log CI* diagram. viz., a constant Rb/Sr ratio.

(3) Zone melting

An increment of the concentration of Rb in the liquid at the position put
forward by dx from the position x is given by the following equation, when an
amount of the liquid M, is held constant,

(CR>— B> CFY) dx =M, dCF* . (15)
where CE® and CP® are concentrations of Rb in the melting material and in the
liquid respectively. Integrating the equation (15) from x=0 to x=X,

1 CRb_ Rb CRb
“w 10g G (16)

Z=

is obtained, where Z is X/M, and CE® is the concentration of Rb in the initial
liquid. The equalion (16) means that the concentration of Rb, CF®, in the liquid

zone converges into a definite concentration of CE*/7® as Z increases infinitely.

c

lim CP*= -2y an

Z-00

If both concentrations of Rb and Sr are so low that each of these elements
behaves independently, then the following equations similar to (16) and (17) will
be obtained for Sr.

1 Sr __ __Sr CSr
Z= TSr IOg Cgl’__:)):Sr C‘ls]r (18)
Sr
fim C¥ = 33, . a9

From the equations (16) and (18), the Rb/Sr ratio of the liquid zone is found to
converge into a value which is /7™ times of the Rb/Sr ratio of the melting
material.
Rb Sr- Rb
As there exist a few minerals in equilibrium with the liquid during the magma-
tic differentiations, bulk partition coefficient of these elements is expressed as a
sum of products of an abundance a: of and a partition coefficient 7; for each

mineral,

Thox = 2 a; 710
@n

Toux = 2 a; 15"
When the Rb/Sr ratios of the melting material and the liquid are expressed
as Rz and R; respectively, the R; convrges infinitely to a value of Re 7S /TE% .
For the convenience, let a define as follows.
a = C[—Co

T Cyr—C, (22)
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Then the equation (16) becomes
a=1— exp (—72) 23
Here a converges infinitely to 1

As shown in the equation (23), a is a measure of the extent of convergence
of the concentration. ]

If Sr(87/86) ratios of the initial liquid and the melting material are differenf
from each other, Sr(87/86) ratio of the liquid zone varies with the proceeding of
zone melting. In this case, the partition coefficient is the same for both strontium
isotopes. Putting the convergent values of concentartions of both isotopes as C87
and C28 respectively, the variation of the Sr(87/86) ratio of the liquid zone Sr(87/86);
is expressed in the following form.
a(C¥—C§" + C¥7
a(C®®—C8%) +C8¢ ’
where C§7 and C3® are the concentrations of both isotopes in the initial liquid. If
the Sr(87/86) ratio of the melting material is higher than that of the initial liquid,
then the ratio increases with the proceeding of the zone melting and ultimately
converges into the ratio of the melting material. This equation may be applied
to a magma being contaminated by an old sialic material.

Sr(87/86), = 20

VI. The Secondary Mantle Current beneath the Island Arc

The recently developed plate tectonics has regarded the island are or the
orogenic belt at the continental margin as a site of the mutual interaction of two
rigid plates (LE Picuon et al, 1973). This hypothesis provides us with the idea
of the convergence of the oceanic plate, including OFB at its top, down into the
upper mantle under the island arc. Seismic activities in the mantle along the
Benioff zone have been considered to be results of the mutual interaction of the
two rigid plates under the island arc (Isakes et al., 1968).

In addition, sites of recent volcanic activities in the island arc have been
closely connected with the depth of the seismic zone which underlied this mobile
belt. The sites of the volcanic activities are sharply bounded by the volcanic
front which corresponds to the depth of about 100 km of the seismic zone
(SuciMura, 1967; Dickinson and HaTuerToN, 1967; Uepa and Sucimura, 1970).
Volcanism represents a sharp contrast between areas on both sides of .the volcanic
front, being violent on the inner side of the volcanic front, where distributes
enormous volume of mostly andesitic volcanic rocks, while outside the volcanic
front, there is no volcanic rock.

Thereupon, for the genesis of the andesite in the orogenic belt, GREEN and
Rincwoop (1968) have proposed a hypothesis of a two stage model of the magmatic
process through which the andesite is produced from the upper mantle material.
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This model is an idea directly linked to the hypothesis of the plate tectonics and
can explain the existence and the position of the volcanic front in the island arc.
The derivation of the andesite from the upper mantle material through this
magmatic process has already been supported in this paper.

There are many other reports in which authers attempt to connect petro-
chemical characters of volcanic rocks with the depth of the seismic zone in the
mantle (Kuno, 1959 and 1966 ; SuciMura, 1967 ; HaTauerTON and Dickinson, 1969 ;
DickinsoN, 1970; Harrt et al,, 1970). Therefore it seems to be worthwhile to
examine quantitative limits of the variation range of the Rb/Sr ratio, and Rb and
Sr concentrations in the andesite so formed.

(1) High pressure partial melting of OFB

Since GreeN and Rinewoop (1968) found that at 27-36 kbs dry conditions,
crystalline phase in the melting interval are composed of garnet and clinopyroxene
in tholeiite, basaltic andesite and andesite, the calculation of Rb and Sr concentra-
tions has carried out on these two minerals, following the equations (3) and (4).
The partition coefficients used are listed in Table 7. The initial composition of
the material before the melting is 2.29 ppm of Rb, 129 ppm of Sr and 0.0177 of
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Fig. 18. Variation trends of composition of a liquid produced by the high pressure
partial melting from a material with the mean composition of OFB. The point
A is the mean composition of OFB. Lines AC and AD are the trace of composition
of the liquid, when the residuum is assumed to be composed of only one phase
of garnet and clinopyroxene respectively. Numbers on these two lines show the’
proportion of the liquid to the source material. Numbers on the line CD re-
present the proportion of clinopyroxene to garnet in the source material, The
line AB represents the simplified composition of the high pressure derivatives
from OFB.
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the Rb/Sr ratio.

The results are shown in Fig. 18. The point A in Fig. 18 is the mean com-
position of OFB, and the lines AC and AD are traces of the composition of the
liquid, when crystals of garnet and clinopyroxene are left in the residuum res-
pectively. A number on these two lines is a percentage of the liquid fraction.
That on the line CD is a percentage abundance of clinopyroxene in the residuum,
when the liquid fraction is zero percent.

Since the variation of the concentrations of Rb and Sr in the liquid depends
on the abundance of garnet and that of clinopyroxene in the residuum, the com-
position of the liquid fraction is limited in the field bounded by the lines AC,
CD and DA.

(2) Fractional crystallization under high pressure conditions

The fractional crystallization under high pressure conditions is considered
here, assuming that an initial liquid (F in Fig. 19) for the crystallization is produced
by 60 percent equilibrium partial melting from OFB. This assignment of the
melting proportion is rather arbitrary. The calculation of Rb and Sr concentrations
in the residual liquid is carried out following the equations (10) and (11). The
results are shown in Fig. 19.

ppm
10 '

Strontium

! 1
10—
10 10

1 1

0 10' 10? 10°

Rubidium Ppm

Fig. 19. Variation trends of composition of a residual liquid caused by the frac-
tional crystallization of 60 percent melt of OFB. The point A is the mean com-
position of OFB. F is the composition of 60 percent melt of OFB. Lines FC,
FD and FE are trends traced by the residual liquid, when each mineral of
garnet, clinopyroxene and plagioclase is respectively crystallized from the liquid.
The line AB is the same as that of Fig. 18.
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The trend of variation of both concentrations caused by the fractional crystal-
lization of each mineral of garnet and clinopyroxene is respectively shown as
straight lines FC and FD in Fig. 19. A number on these two lines indicates the
proportion of the residual liquid fraction to the amount of the initial liquid. Since
the composition of the residual liquid depends on a mineralogical constitution of
the crystallizing material, the possible range of both concentrations in the residual
liquid is limited in the narrow area bounded by a pair of lines FC and FD in
Fig. 19.

(3) The implication of the results as for the origin of the contintal

crust

Now it is well noted that Rb and Sr in the liquid both increase simultaneously
with the decrease of a melting proportion of OFB or with the advance of the
fractional crystallization under high pressure conditions. Therefore the Rb/Sr
ratio of the liquid is not increased significantly from the level of OFB through
each of these magmatic processes or through the combination of both. Accordingly,
it cannot be assumed that the continental crust, which has the Rb/Sr ratio of
about fifteen times as large as that of OFB, has been formed from OFB under
high pressure conditions. This discordance may imply the operation of an ad-
ditional magmatic process on the formation of the crust. Under the physical
conditions of this magmatic process plagioclase should have been a stable liquidus
phase in basaltic or andesitic compositions, because plagioclase is one and the
only mineral to incrase a Rb/Sr ratio of the residual liquid.

(4) The flow in the upper mantle beneath the island arc

In OFB Sr contents gather closely around their mean concentration than Rb
contents do (Fig. 10). As it is well known, the variation trend of the Sr concen-
tration in a magma changes reversely with the conversion of physical conditions
from high to low pressures, under which the magmatic differentiation proceeds.
Therefore the Sr content in igneous rocks is one of usefull indicator of the extent
and physical conditions of the magmatic differentiation.

The comparison of Sr and Rb contents in the andesites of low Sr(87/86) ratios
(Figs. 10 and 11) with the variation range of the calculated concentrations of both
elements make us to conclude that the melting proportion can attain an extent
of about 80 percent of OFB.

The occurrence of the andesites with low Sr(87/86) ratios is diminished
markedly as the Sr concentration exceeds about 1000 ppm. And most of the
andesites are massed in the range of 130 ppm and 840 ppm of Sr. This may
indicate the limit of the extent of the fractional crystallization and that of the
partial melting of OFB.
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If no enrichment of Sr caused by the eclogite-controlled fractionation occurred
during the ascent of these andesites from the depth of the mantle to the earth’s
surface, the melting proportion could hardly fall to 20 percent of OFB, because
the andesites of 300-500 ppm of Sr are most abundant and these Sr contents cor-
respond to about 40-20 percent melt of OFB. When we consider the effect of
the fractional crystallization, a much larger value may be reckoned as the melting
proportion of OFB. In connection with this, it should be noted that the 80 percent
melting proportion would be sufficient to explain all of the now available Sr
contents in the andesites with low Sr(87/86) ratios. The andesites of low Sr
contents with a Rb/Sr ratio as low as that of OFB are not considered to be
modified significantly by the fractional crystallization following to the partial
melting of OFB under high pressure conditions, while the andesites of high Sr
contents or of high Rb/Sr ratios may be modified to some extent by the fractional
crystallization during the ascent through the mantle and the crust. Although a
precise value could hardly be estimated at present, the melting proportion would
attain approximately 60-50 percent of OFB.

A sinking rate of the oceanic plate at a certain position along the island arc
and a rate of the increase of temperature of OFB with the increase of depth in
the mantle may be stationary for a definite period of the subduction. Then it
may be reasonable to assume that the melting of OFB in the depth of the mantle
may be at the steady state, that is, the melting proportion may be constant for
a definite period. The lost of OFB by the partial melting may be compensated
by the supply of OFB from the oceanic ridge. The amount of the derivative
material so formed from OFB could substitute neary all of the upper mantle
material above the seismic zone to the depth of about 100 km for about 100 m.y.,
if the sinking rate is assumed to be about 6.5 cm/year and to be constant for
about 100 m.y. This speed is the mean sinking rate for the active island arcs and
corresponding young orogenic belts (Le Picuon, 1968).

Accumulation of this large amount of the derivative material, however, could
not explain the observed seismic properties of the upper mantle beneath the
island arc. Therefore a majority of this enormous amount of the derivative
material should have been continuously transported a way from the upper mantle.
Thus the difficulty of explaining the seismic properties of the upper mantle may
be eliminated by the introduction of a flow in the upper mantle driven by the
ascent of the enormous amount of the derivative material.

Almost all of the Quarternary volcanic rocks in Northeast Japan occur in
the area of 200 km in width from the volcanic front to the Japan Sea side
(SuciMuRrA et al, 1967). In this area, the amount of volcanic rocks decreases ex-
ponentially with the increase of the distance from the volcanic front. This varia-
tion in volume of the volcanic rocks may depend on the distribution of melts
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beneath the island arc. It may be reasonable to presume the distribution of the
melts under the island arc in accordance with the distribution of the volcanic
rocks on the earth’s surface.

A schematic mode of the flow in
the upper mantle may be illustrated by

a model of Fig. 20. The derivative ma-
terial originated from the partial melting
of OFB at the depth of about 100 km
begins to move upward because of its

low density, drives the surrounding upper
Fig. 20. A schematic cross section of an mantle material to move into the same
island arc illustrating a hypothetical direction, reaches the bottom of the
flow in the upper mantle crust and then diverge into two branches
turning its moving direction horizon-
tally. One of the branches goes forward to the outer part of the island arc,
reaches a point below the trench and finally is warped down by the sinking
oceanic plate. The other branch continues to go toward the inner sea. The
position of the volcanic front may correpond to the outer limit of the high
flow velocity area in the upper mantle. The vertical flow velocity in the mantle
is diminished steeply toward the outer part of the island arc, while the velocity
decreases rather gently from the point below the volcanic front in the mantle
toward the inner side of the island arc. '

This model has some merits in explaining certain important geophysical fea-
tures of the island arc. The high heat flow in the inner part of the volcanic
front (Uepa and Horal, 1964; Vaquikr et al., 1966) may possibly result from the
ascent of the heated upper mantle and derivative materials originated in the depth
of the mantle. The divergent movement of the uppermost mantle material under
the volcanic front may cause horizontally oriented stresses in the overlying crust.
This may explain the remarkably abundant occurrence of shallow earthquakes
with horizontally oriented axes of stress (Uepa and SucimMura, 1970; Axki, 1966).
In addition, this model of the secondary mantle current beneath the island arc
provides a favourable condition for the formation of the continental crust as
discussed in the later section of this paper. ’

VII. Possible Schemes of Magmatic Process for the
Formation of the Continental Crust
(1) Introduction of model mineralogical constitutions

Before proceeding with the study of the variation trends of Rb and Sr con-
centrations caused by low pressure magmatic differentiations, we should have a
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knowledge on a mineral composition of the material crystallizing at low pressures.

Here is introduced a model chemical composition of the high pressure deri-
vatives from OFB, considering the difference in magnitude of each partition
coefficient of Rb and Sr among minerals. Minerals stable as the liquidus phase
at low pressures are much various than at high pressures. These minerals
are olivine, ortho- and clino-pyroxenes, hornblende, plagioclase and spinel (GREeN
and Rinewoob, 1967 and 1968; GrEEN, 1972). Among these minerals, clinopyroxene,
hornblende and plagioclase have much larger partition coefficients of Rb and Sr
as shown in Table 7.

Since the bulk partition coefficient depends on the an abundance of and the
partition coefficient for each mineral in the crystallizing material, a trend of varia-
tion of Rb and Sr concentrations depends largely on the abundance of minerals
with a high partition coefficient. Therefore the variation trends of Rb and Sr
concentrations are approximately estimated by the consideration of only three
minerals of clinopyroxene, hornblende and plagioclase. These minerals are much
abundant in basaltic andesites and andesites. The intensional consideration of

other minerals would purpusely make the problem complex and make us fail to

Table 8. Average chemical compositions of volconic rocks and their model mineral
constitutions for dry and wet conditions

a b c d
810, 53.09 58.98 53.81 55.55
AL,054 15.44 14.96 17.79 17.24
Fe,0; 4,02 3.29 2.4k 2.30
Fe0 9.01 7.59 6.60 7.20
Mg0 4,66 2.74 5.87 4, 42
ca0 9.68 7.30 8.79 8.40
Na,0 2.12 3.03 2.76 2.29
K20 0.45 0.69 0.62 0.68
Ti0, 1.17 1.06 0.95 0.83
P20s 0.12 0.15 0.19 0.13
MnO 0.23 0.19 0.19 0.18
Total 99.99 99.98 100.01 99.85

Normative mineral assemblage for dry conditicns

Q 5.80 17.09 6.02 8.89
pl 51.89 54.90 61.29 60.03
cpX 29.99 20.08 26.93 25.03
others 8.32 7.13 5.76 5.35
Mineral assemblage for hydrous conditions

Q 9.29 17.03 7.92 10.15
pl 40,62 45,32 35.45 40.90
hor 42.66 31.18 51.99 44,55
others 7.43 6.47 4,64 4,40

Data are Kuno's average compositions of aphyric rocks from the Izu-Hakone region.
a: basalt-andesite, b: andesite, c: basalt-andesite d: andesite. a and b are of the
pigeonitic rock series. ¢ and d are of the hypersthenic series, pl. includes the
orthoclase component.
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see the essential.

Therefore, in this case, the necessary condition is to estimate a rough chemical
composition or to limit the range of possible chemical compositions. Accordingly
Kuno’s average chemical compositions of aphyric basaltic andesites and andesites
of both hyperthenic and pigeonitic rock series from the Izu-Hakone region (Kuno,
1968) are adopted here (Table 8) as the model chemical compositions of the high
pressure derivatives from OFB ascending from the seismic zone. The selection
of these chemical compositions depends on low Sr(87/86) ratios of the volcanic
rocks from this region. The assignment of the derivative material to be basaltic
andesite and/or andesite depends on the conclusion of GReEeN and Rinewoobp (1968).

The estimation of abundances of minerals follows the ordinary way of calcula-
tion of normative minerals. Although the pressure dependent variation of these
mineral abundances may be important in this case, this variation is ignored for
the time being, because the introduction of this variation makes the discussion
too complex.

The calculation of the mineral composition for hydrous conditions is made in
the following way. At first, actinolite is produced from normative wollastonite,
enstatite and ferrosilite until the wollastonite is exhausted. Then tchermackite
is made from enstatite, ferrosilite and anorthite until the pyroxene components
are used up. The final mineral assemblage is plagioclase, hornblende, quartz and
ilmenomagnetite. Therefore the bulk partition coefficients depend largely on the
proportion of plagioclase to hornblende.

Sr contents in the high pressure derivatives have been already limited to be
from 130 to 840 ppm. For Rb contents, the Rb/Sr ratio of the high pressure
derivatives may be assumed to be 0.0177, which is the mean of those of OFB,
since the Rb/Sr ratio of the derivative melt from OFB is found not to be increased
by the high pressure partial melting or also the high pressure fractional crystal-
lization. This hypothetical range of Rb and Sr concentrations is referred to as
the simplified composition of the high pressure derivatives in the later sections.
The difference of the Rb/Sr ratio between the calculated and this hypothetical one,
which becomes significant with the increase of Sr content in the high pressure
derivatives (Figs. 18 and 19), is referred to as the residual Rb/Sr ratio.

(2) The low pressure fractional crystallization

Calculated variation trends of both Rb and Sr concentrations under low pres-
sure dry conditions is shown in Fig. 21. The line AB in Fig. 21 represents the
simplified composition of the high pressure derivative melts. The line AD re-
presents the variation of both Rb and Sr concentrations in the residual melt, when
the mineral composition of the material crystallizing from the liquid is assumed
to be that of the model composition (a) in Table 8 and the partition coefficients
of Rb and Sr are assumed to be 0.0152 and 1.49 respectively. The partition
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Fig. 21. Variation trends of Rb and Sr concentrations in the residual liquid pro-
duced by the low pressure fractional crystallization from the high pressure
derivative melts. The line AB is the simplified composition of the high
pressure derivative melts. Lines AD and BD’, and their extensions are the
variation trends traced by the residual liquid, when a material with the dry
mineral assemblage of the model composition (a) in Table 8 is continued to
be crystallized from the original melt of composition A and B respectively.
Dotted lines represent compositions of the residual liquid after every 10 percent
crystallization from the original melt of the composition AB. When the variation
of strontium partition coefficient caused by the change of composition of plagio-
clase is evaluated, these variation trends become sloped steeply toward the lower
right hand side as expressed by lines CEG (C’'E’'G’) and DFH (D'F'H’). Points a
and d are the mean composition of the continental crust reported by AHRENs
and Tavror (1961) and Hurrey et al. (1962) respectively. Points b and ¢ are
mean compositions of granites reported by Tavror (1961) and HurLey et al. (1962)
respectively.
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Fig. 22. The dependence of strontium partition coefficient on the composition of
plagioclase.
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coefficient of Sr for plagioclase, however, changes remarkably in accordance with
the albite content in plagioclase as shown in Fig. 22. Therefore the partition
coefficient may change with the advance of the fractional crystallization.

For a rough approximation, bulk partition coefficients of both elements are
assumed to be constant until the albite content in plagioclase becomes 50 percent.
This composition may be attained, when the residual melt fraction becomes about
40 or 17 percent, depending on the composition of the original melt. Therefore
the slope of the lines CE and DF, which start from two points on the line AD
corresponding 40 and 17 percent of the residual melt fraction respectively, is
determined using the estimates of both partition coefficients corresponding to 50
percent albite content in plagioclase. Then the plagioclase becomes gradually
rich in albite. The slope of the two lines starting from the points E and F are
calculated from the data of alkali-feldspar. Continuous variations of mineral
composition of the material crystallizing and also that of partition coefficients of
both elements for plagioclase with the advance of crystallization should be con-
sidered for the accurate determination of the variation trends of the residual melt.

As the original composition changes from A to B in Fig. 21, we get an
analogous pair of lines BC’E’G” and BD’F’H’. Then the composition of the residual
liquid by the fractional crystallization from the high pressure derivative melts
from OFB should be in the field GECABD’F’H’ in Fig. 21.

The coincidence of the variation range of volcanic rocks of andesite, dacite
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Fig. 23. The comparison between the calculated range of the composition of the

residual liquid and compositions of various volcanic rocks with low Sr(87/86) ratios.

Marks are the same as those of Fig. 10. Two lines CD and EF of the constant

Rb/Sr ratios of 0.06 and 0.5 respectively limit the range of dacites. Other lines
and points are the same as those of Fig. 21.
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and rhyolite of low Sr(87/86) ratios with the calculated range of both Rb and Sr
concentrations (Fig. 23) is so excellent that it is possible to regard of these volcanic
rocks as the products of the fractional crystallization. The variation range of
dacites is bounded by a pair of constant Rb/Sr ratio lines CD and EF in Fig. 23.
Therefore the change of the major element composition during the fractional
crystallization seems to be proceeding almost independently of the original con-
centrations of Rb and Sr.

Through the fractional -crystallization, a material with a high Rb/Sr ratio,
which is comparable to those of the continental crust and granites, can be produced
from the high pressure derivative melts. Both Rb and Sr contents in the material,
however, are generally lower than those in the continental crust and the granites.
If the sialic crust was assumed to be produced by the fractional crystallization,
the major chemical composition of the continental crust should be dacitic, because
the Rb/Sr ratio of the continental crust is about 0.27 (Fig. 23). This is opposed to
the previous conclusion that the major chemical composition of the lower crust
should be andesitic and could not exceed dacite toward the acid side, and also
opposed to the andesitic model of the crust (Tayror, 1968). The dacitic model
of the crust cannot sufficiently explain the mean composition of the continental
crust. ’

Accordingly, the comparison of the variation range of Rb and Sr concentrations
with the mean compositions of the continental crust, a and d in Fig. 21, and that
of granites, b and ¢ in Fig. 21, convince us of the difficulty of formation of these
crustal material from the high pressure derivative melts through the fractional
crystallization under low pressure conditions. Variation trends result from the
low pressure fractional crystallization under hydrous conditions are almost the
same as the above.

Therefore these comparisons make us to conclude that the low pressure frac-
tional crystallization could not be regarded as the essential magmatic process for
the formation of the continental crust.

(3) The role of the low pressure equilibrium partial melting in the

formation of the continental crust

Since the high pressure derivative melt from OFB may be differentiated to
some extent by the eclogite-controlled fractional crystallization during the ascent
from the seismic zone at about 100 km depth in the mantle, the solidus tempera-
ture of the residual liquid may be decreased with the advance of the fractional
crystallization. The solidus temperature, however, is the lowest among those of
various volcanic rocks at pressures over 13 kb under dry conditions (GREeN and
Ringwoob, 1968), then the residual liquid could not change its chemical composition
exceeding a point which corresponds to the andesite.
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" Fig. 24. Compositions of the liquid produced by the equilibrium partial melting
from the high pressure derivatives. The line AB is the simplified composition
of the high pressure derivatives. Capital letters besides A and B denote minera-
logical constitutions of the residuum, C: 1009 plagioclase, D: 100% clino-
pyroxene, E: 26.8 2, clinopyroxene and 73.2 % plagioclase, F: 36.6 % clino-
pyroxene and 634 % plagioclase, G: the dry mineral assemblage of the model
composition (b) of Table 8, and H: the dry mineral assemblage of the model
composition (a) of Table 8, Numbers 0, 2, 4, 6 and 8 written at the foot of each
letter denote 0.2,4,6 and 8% melt of the high pressure derivative. Numbers
1 and 2 written at the shoulder of each letter denote the composition of the
source materials A and B respectively. A line 1lm represents the mean Rb/Sr
ratio of the continental crust. Points a, b, ¢, and d are the same as those in
Fig. 21.

Since the solidus temperature of the dry andesite intersects the oceanic geo-
thermal temperature distribution at depth of about 90 km, most of the derivative
material from OFB may ascent in a solid state from the depth of about 90 km
in the mantle, while some of the derivative material ascending in the high velocity
region of the mantle may rise adiabatically and may reach the bottom of the
crust in a state of melt. In connection with these circumstances, it should be
noticed that the shear wave velocity of the upper mantle at depth between 30
and 80 km under the Japanese Islands is lower than those under the continental
and oceanic regions (Kanamori, 1971). This may be well explained by the as-
sumption of the incipient melting of a material between these depths.

In the scheme of the mantle current under the island arc, if the high pressure
derivative rises through the upper mantle and then melts partially under the base
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of the crust, or the derivative rises in a incipiently melted state, and then the
liquid fraction is squeezed out and added to the base of the crust, and the residuum
is transported toward both sides of the island arc, the low pressure equilibrium
partial melting seems to be a possible process for the formation of the continental
crust.,

The variation range of Rb and Sr concentrations in the liquid fraction produced
by the low pressure equilibrium partial melting from the high pressure derivatives
of the simplified composition is shown in Fig. 24. The line AB in Fig. 24 re-
presents the simplified composition of the high pressure derivatives ascending from
the seismic zone. Lines D)A and C}A are the trend of variation of Rb and Sr
concentrations which are traced by the liquid fraction with the advance of the
equilibrium partial melting of a material of the composition A, when the residuum
is assumed to be composed only of clinopyroxene or plagioclase respectively.
Ci, Ct, Ci, C} and C} on the line C}A, and D}, D, Di, D} and D} on the line DA
represent the composition of the liquid, when the melting proportion is 0, 2, 4, 6
and 8 percent respectively. Lines E}A and FiA are the variation trend of Rb and
Sr concentrations in the liquid, when the residuum is assumed to be composed of
plagioclase and clinopyroxene, and the proportion of plagioclase to clinopyroxene
is assumed to be equivalent to that of the model composition (b) and (a) in Table
8 respectively.

When the composition of the melting material changes along the line AB
from A to B, then the composition of the liquid of a definite melting proportion
moves parallel to the line AB toward the upper right side of the diagram. There-
fore a suite of lines FiF}, F3F3, FiF:, FiF; and FiF: represents the range of the
composition of the liquid of the various melting proportions of 0, 2, 4, 6 and 8
percent respectively, where the proportion of plagioclase to clinopyroxene in the
residuum is supposed to be that of the model composition (a). Another suite of
lines EAEZ, EIEZ, EiEZ, EJE? and ELEZ may be given for the model composition (b).

When the occurrence of the minerals like quartz and magnetite in the residuum
is taken into account, the range of the composition of the liquid slightly moves
parallel to the line AB toward the upper right side of thediagram as shown in
Fig. 24, that is, the trends EJE§ (E3E2) and FiF; (FiF2) becomes the range GiGi
(G§G% and HiH§ (HZHJ) respectively. Along with these variation ranges, the
mean compositions of the continental crust, a and d, and of granites, b and ¢ are
plotted in Fig. 24.

The coincidence of the mean composition of the continental crust is so excel-
lent that the partial melting can be regarded to be a possible process through
which the continental crust is produced from the high pressure derivatives. The
separation of the two mean compositions of granites far from the range of the
composition attained through the partial melting of the high pressure derivatives
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implys that most of the granites could not produced through this process. It
should be noticed that the product of the partial melting have a constant Rb/Sr
ratio close to the mean crustal abundance ratio of both elements. Its Rb/Sr ratio
is independent of its position in the island arc and also of an age of its formation,
when the melting proportion at which the liquid is effectively separated from the
residdum is constant.

(4) The role of zone melting in the formation of the continental crust

i) The convergent concentrations of rubidium and strondium

Now it is found that both of the fractional crystallization and the partial
melting, regardless of their importance for the formation of the continental crust,
are a possible magmatic process operative near the base of the crust. Therefore
the existence of a material with a much lower solidus temperature, which is pro-
duced through either of these magmatic processes, may be expected at the top
of the mantle or at the base of the crust. In addition to this, water primarily
contained in OFB in a small quantity (Mivasuiro, 1973) may be transfered to the
high pressure derivatives from OFB, then transported to the base of the crust
and finally enriched in this material. The enrichment of water may remarkably
depress the solidus temperature of this material.

When this low soidus temperature material meets the successive series of the
heated high pressure derivatives ascending from the seismic zone, they may be
melted partially and then mixed each other. The residuum, gravitationary separated
from the melt, may be transported toward mostly inner and partly outer side of
the island arc by the mantle current. The melt left beheind may meet, and then
melt again and be mixed with the successive series of the high pressure deriva-
tives. The residuum so formed may be transported again. Therefore this type
of magmatic process may continue as long as OFB is supplied from the oceanic
ridge. This scheme of the magmatic differentiation seems to be analogous to the
zone refining processing of the semi-conductive material.

In connection with the operation of this scheme of the magmatic process, it
is very interestesting that the discrepancy between the earth’s models resulted
from Rayleigh and Love waves data is well explained by the assumption of the
magma pockets of a flat ellipisoidal shape in the upper mantle beneath the island
arc (TAkEucHI et al., 1968).

When an amount of the liquid is held constant, the variation of Rb and Sr
concentrations in the liquid zone follows the equations (16) and (18). The results
of the calculation for the low pressure dry and wet condittons are shown in Fig.
25. The line AB in Fig. 25 represents the simplified composition of the high
pressure derivatives from OFB and is the initial conditions for the calculation.

When one of minerals of clinopyroxene, hornblende and plagioclaseis, as a
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simple case, continued to be crystallized with the proceeding of the zone melting
of the high pressure derivatives of the composition A, concentrations of Rb and
Sr in the liquid zone may trance the lines AD?, AE! and AC?, and may ultimately
converge into the compositions D, E! and C! in Fig. 25 respectively.

Therefore, if the liquid is held essentially under dry conditions, the composi-
tion of the liquid is somewhere in the field bounded by the lines AC!, CiD! and
AD?, and converge into a point somewhere on the line C!D! depending on abun-
dances of plagioclase and clinopyroxene in the material crystallizing from the
liquid. Alternatively, if the liquid zone is held under water sufficient conditions,
the composition of the liquid zone is somewhere in the field bounded by the lines
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Fig. 25, Convergent concentrations of Rb and Sr in the liquid zone produced by
the zone melting from the high pressure derivatives at low pressures. The line
AB represents the simplified composition of the high pressure derivatives from
OFB. A is the mean composition of OFB, Besides A and B, capital letters
denote mineralogical constitution of the material crystallizing from the liquid,
C: 100 95 plagioclase, D: 100 % clinopyroxene, E: 100 9 hornblende, F: 73.2¢,
plagioclase and 26.8 % clinopyroxene, G: 63.4 % plagioclase and 36.6 2, clino-
pyroxene, H: 59.2 9, plagioclase and 40.8 2% hornblende, I: 40.5 9 plagioclase
and 59.5 9% hornblende, J: dry mineral assemblage of the model composition (b)
of Table 8, K: hydrous mineral assemblage of the model composition (b) of
Table 8, L: hydrous mineral assemblage of the model composition (c) of
Table 8, M: dry mineral assemblage of the model composition (a) of Table 8.
Numbers 1 and 2 written at the shoulder of each letters denote the composition
of the melting material A and B respectively. The dotted field shows the range
of the convergent concentrations of Rb and Sr attained under water sufficient
conditions. Points a, b, ¢ and d are the same as those in Fig. 21,
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Fig. 26. The relation between a partition coefficient and a ratio of an amount
already melted to an amount of the liquid. Numbers on each line represent
degrees of convergence (a).

AC1, C'E! and AE!, and converge into a point somewhere on the line C!E!
depending on the abundances of plagioclase and hornblende.

A degree of the convergence of these concentrations, that is « in the equation
(23), depends on the partition coefficient 7, and the ratio Z of an amout of the
liquid My and an amount of the high pressure derivatives already melted and
crystallized X.

When the composition of the high pressure derivatives changes along the line
AB from A to B in Fig. 25, a set of variation trends moves parallel to the line
AB from AC1, AD?, AE! to BC2, BD? and BEZ? respectively. Then the composi-
tion of the liquid zone must be in the field AC1C2D2B, depeding on the mineralo-
gical constitution of the crystallizing material, on the initial composition of the
high pressure derivatives, on the water content in the liquid zone and also on the
extent of proceeding of the zone melting, '

If a sufficient amount of the high pressure derivatives is supplied, in other
words, if the oceanic plate continues its downward movement at the island arc
for a sufficient time, the chemical composition of the liquid zone may converge
into a definite range. Then what we must consider for the zone melting is the
variation range of the convergent composition of the liquid zone. In terms of
Rb and Sr concentrations, that is a trace of the field C!DIE® in Fig. 25 moved
parallel to the line AB from C!D!E! to C2D2F2,

Partition coefficients of the major elements are generally much larger than
that of Rb by about 10 times or more. Therefore in terms of the major chemistry,
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the liquid zone may attain a stationary state in the early stage of the proceed-
ing of the zone melting. Under this condition, the major chemical composition
of the crystallizing material is equivalent to the melting material, viz., the com-
position of the high pressure derivatives. Then it follows that the mineral com-
position of the crystallizing material approximates to those of the model com-
positions in Table 8 and that the major chemical composition of the liquid zone
approximates to andesite or somewhat more acid one.

Since the two groups of points a, b, ¢, d and a’, b/, ¢/, d’ in Fig. 27 represent
mineral assemblages for the model compositions under dry and water sufficient
conditions respectively, we can limit the range of the mineral assemblage in the
material crystallizing under intermediate conditions. That is the quadrangle abb’c”
in Fig. 27. The variation of the convergent Rb/Sr ratio is also shown in Fig. 27.
The calculation of the convergent Rb/Sr ratio of the liquid zone is based on the
assumption that the Rb/Sr ratio of the melting material is equivalent to the mean
Rb/Sr ratio of OFB.

Because the bulk partition coefficients of Rb and Sr under low pressure dry
and wet conditions depend mostly on these three minerals of plagioclase, clino-
pyroxene and hornblende, the result of the calculation gives the possible range
of the convergent Rb/Sr ratio of the liquid zone. That is from 0.22 to 0.46.

As a matter of fact, the mineral constitution triangle of Fig. 27 is equivalent
to the field CID!'E! in Fig. 25. The range of the mineral composition, the

Plagioclase
0.518

0.0496 70,0841
Hornblende Clinopyroxene

Fig. 27. The convergent Rb/Sr ratio in the liquid zone. Points a, b, ¢ and d
represent mineral assemblages of the model composition a, b, ¢ and d of
Table 8 respectively. Points a’, b’, ¢’ and d’ represent their hydrous mineral
assemblages respectively. The Possible mineral assemblage of the high
pressure derivatives is expressed by the field abb’c’.
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quadrangle abb’c’, becomes the field GIF*H!I! in Fig. 25. The possible range of
the convergent Rb and Sr concentrations may be given by the trace of the field
GIF1H1]! moved parallel to the line AB from G!F1HII! to G2F2H2I2, That is the
field F1F2G2I2H! in Fig. 25. This field is slightly moved parallel to the line AB
toward the upper right hand side of Fig. 25 and becomes J1J2M2L2L1K!, when
we evaluate the amount of quartz and ilmeno-magnetite in the crystallizing material.

The mean crustal abundance of Rb and that of Sr, a and d in Fig. 25, lie in
this field of the convergent concentrations of both elements, especially at the
center of the dotted field K1K2L2L!, which emerges under water sufficient con-
ditions. Now it turned out clear that this magmatic process of zone melting can
explain sufficiently the mean abundance of both elements in the continental crust.
The zone melting of the high pressure derivatives under wet or more probably
water sufficient conditions at low pressures seems to a possible and important
magmatic process for the formation of the continental crust.

The deviation of the convergent Rb/Sr ratio in the liquid zone is reasonably
expected to be small, since the liquid zone should meet with the enormous amount
of the derivative material to attain the convergent concentrations. In other words,
the liquid zone is derived from a large amount of OFB, about 100 times of the
liquid zone. Then the variation of the Rb/Sr ratio in OFB is almost completely
made homogeneous by this magmatic process. Therefore there is no need for us
to estimate the deviation of the convergent Rb/Sr ratio in the liquid zone originated
in the variation of the Rb/Sr ratio in OFB. Then the ranges of the convergent
concentrations of Rb and Sr, too, are almost independent of the variation of these
concenerations in OFB. Then it follows that the Rb/Sr ratio of the primary crust
so formed, which means that the chemistry of this material is not affected by
any later magmatic differentiation, is independent of its position in the island arc
and does not vary among the island arcs. If the prevailing condition for the
zone melting are decided to be dry or water sufficient, the Rb/Sr ratio of the
primary crust is almost constant, because the Rb/Sr ratio depends largely on the
water content in the liquid zone. The variation range of the convergent Rb/Sr
ratio of the liquid zone is rather narrow ranging from 0.22 to 0.31 under the
water sufficient conditions.

i) The convergent concentration of potassium

Since the geochemical behaviour of Rb during magmatic differentiations is
similar to that of K and depends on the concentration of K, we must study on
the variation of the K content in the liquid zone.

Variation trends of K and Rb concentrations in the liquid fraction produced
by the equilibrium partial melting from OFB under high pressure conditions are
shown in Fig. 28. The point A is the mean composition of OFB, 0.22 percent of
K (Cannw, 1971) and 2.29 ppm of Rb.
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Fig. 28. Variation trends of Rb and K concentrations in a liquid produced by the
equilibrium partial melting from OFB. A is the mean composition of OFB.
Lines AB and AC are variation trends traced by the liquid, when the residuum
is assumed to be composed of one of minerals of garnet and clinopyroxene
respectively. Numbers on these lines represent fractions of the liquid. The
line AD is a variation trend traced by the liquid, when the residuum is
assumed to be composed of plagioclase.

Partition coefficients of K for various minerals are listed in Table 7. The
source of the data for the partition coefficients of K is GrirriN and MurTHY
(1969), HicucHr and Nacasawa (1969), PauiLporTs and ScaNETZLER (1970), Nacasawa
and ScaNeTzLEr (1971) and Goopman (1972)

Lines AB, AC and AD in Fig. 28 are variation trends of both concentrations
in the liquid fraction, when the residuum is assumed to be composed of only one
phase of the three minerals, garnet, clinopyroxene and plagioclase respectively.
Numbers on lines AB and AC indicate melting proportions of OFB. Then it is
found that the high pressure melting of OFB hardly makes increase of the Rb/K
ratio of the liquid fraction. The conditions for the high pressure fractional crystal-
lization are the same as those of the high pressure partial melting. The high
pressure fractional crystallization from the derivative liquid does not increase the
Rb/K ratio of the liquid to any extent. Therefore the range of various composi-
tions of the high pressure derivatives from OFB can be accurately expressed by
the line AB in Fig. 29, which corresponds to the range of the simplified Rb and
Sr concentrations in the high pressure derivatives, as already shown in Figs. 21,
24 and 25. Lines Px!'PI! and Hb'PI' in Fig. 29 are the variation trend of the
convergent K and Rb concentrations attained through the zone melting of a
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material of the composition A in Fig. 29, when a pair of minerals of plagioclase
and clinopyroxene, and that of plagioclase and hornblende in various proportions
is assumed to be crystallized respectively. Et, F1, D! and C! in Fig. 29 represent
the convergent composition of the liquid zone, when the mineral composition of
the crystallizing material is assumed to be a, b, b’, ¢’ in Fig. 27 respectively.
Then the variation range of the convergent composition of the liquid zone is ex-
pressed by the field C!DIF1E!, When the composition is changed from A to B
along the line AB in Fig. 29, then the variation range of the convergent compo-
sition is expressed by the trace of the field C'DIF1E! moved parallel to the line
AB from CIDiFIE! to C2D2F2E2. This field of the variation range may slightly
shift parallel to the line AB toward the upper right side as shown in Fig. 29,
when the amount of quartz and other minerals of low partition coefficients in the
crystallizing material is evaluated. The dotted field expresses the range of the
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Fig. 29. Convergent concentrations of Rb and K attained by the liquid zone through
the zone melting of the high pressure derivatives from OFB at low pressures. The
line AB shows the composition range of the high pressure derivatives. Letters
Hb, C, D, P, F, E and Px denote mineralogical constitutions of the crystallizing
material, corresponding to E, I, H, C, F, G and D in Fig. 25 respectively. Numbers
1 and 2 written at the shoulder of each letter denote the composition of the melting
material A and B respectively. The dotted field shows the range of the convergent
concentrations of Rb and K in the liquid zone produced under water sufficient
conditions. The point a represents the mean composition of the continental crust
reported by Anress and Tarvrow (1961). The rectangle b is the range of the mean
compositions of the continental crust reported by Porpervaarr (1955), Hurrey et al.
(1962), Tavror (1965) and Ronov and YarosuEvsky (1969).
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convergent composition attained under water sufficient conditions. The point a is
the mean crustal composition reported by Aurens and Tavior (1961). The
rectangle represents a range of variation of mean crustal compositions reported
by PorLpervaart (1955), HurLEY et al. (1962), TavyrLor (1965) and Rownov and
Yarosuevsky (1969). The close coincidence of the dotted field with the mean
crustal compositions supports the assumption that the magmatic process of zone
melting under water sufficient conditions is operative for the formation of the
continental crust.

It should, however, be minded that the K content in the liquid zone reaches
about 7 percent for the highly fractionated case under the high pressure conditions.
Then we cannot ignore the occurrence of a potassium rich phase like biotite and
K-feldspar in the crystallizing material. Since these potassium rich minerals have
large partition coefficients of Rb and K, the occurrence of a small amount of these
minerals gives a profound effect on the variation trend of Rb and K concentrations
in the liquid zone. Since the magnitude of the partition coefficient of Rb is similar
to that of K for both minerals, the depression of both concentrations by the
occurrence of biotite and K-feldspar in the highly fractionated case proceeds
nearly parallel to the line AB. The highly concentrated part of the field of the
convergent composition of the liquid zone in Fig. 29 is depressed toward the lower
left side. Therefore the convergent Rb/K ratio of the liquid zone is not changed
by the occurrence of these potassium-rich minerals.

In the previous discussion on the variation of Rb and Sr concentrations caused
by the low pressure magmatic differentiations, we have assumed that the Rb/Sr
ratio of the high pressure derivatives from OFB is constant independently of Sr
concentrations, and then the ratio is represented by the line AB in Figs. 21, 24
and 25. As it is found from Figs. 18 and 19, that the Rb/Sr ratio of the high
pressure derivatives, however, significantly increases simultaneously with the in-
crease of the Rb or the Sr concentration. This simultaneous increase of the Rb/Sr
ratio may result in the significant increase of the convergent Rb/Sr ratio with the
increase of the Sr concentration in the liquid zone, exceeding the range already
estimated (Fig. 25).

The result of the calculation of the K concentration in the liquid zone indi-
cates the crystallization of a small amount of new potassium-rich phases in the
highly concentrated case of Rb and also of Sr. The extent of depression of the
convergent Rb/Sr ratio of the liquid zone is shown respectively in Fig. 30 for
two cases of the simultaneous crystallization of 5 percent K-feldspar and 1 percent
biotite with clinopyroxene, hornbende and plagioclase. The points a, b, ¢ and d
represent the model mineralogical constitutions of the crystallizing material and
correspond to the points a, b, ¢’ and b’ in Fig. 27 respectively. Therefore the
possible range of mineralogical constitution of the crystallizing material is



88 T. Yanaci

expressed by the quardangle abcd. All of the calculations have been performed on
the assumption that the Rb/Sr ratio of the melting material is 0.0177. The solid
lines represent the variation of the convergent Rb/Sr ratio dependent on the
abundances of major three minerals of plagioclase, clinopyroxene and hornblende.
The dotted and broken lines represent the variation of the convergent Rb/Sr ratio
for two cases of crystallization of additional 1 percent biotite and 5 percent K-
feldspar respectively. Then it is obvious from Fig. 30 that the introduction of a
small amount of these potassium-rich minerals markedly depresses the convergent
Rb/Sr ratio of the liquid zone.

Since these potassium-rich minerals occurs in the highly concentrated case of
K, nearly proportional increase of potassium-rich minerals to the convergent Sr
concentration in the liquid zone can compensate the difference between the sim-
plified and the calculated compositions of the high pressure derivatives from OFB.
The difference becomes distinct with the increase of the Sr concentration in the
derivatives. This difference has already been mentioned as the residual Rb/Sr
ratio of the derivatives in the foregoing section. Like this, the potassium-rich
minerals play an important role during the magmatic differentiation of zone
melting. When the Rb content in the liquid zone is increased slightly, resulting
from the variation of the composition of the derivatives ascending from the
seismic zone, the K content in the liquid zone may also be increased simultaneously.
Then the abundance of the potassium-rich minerals may be so much increased

Plagioclase

Hornblende Clinopyroxene

Fig. 30. The effect of crystallization of a small amount of potassium-rich minerals
on the convergent Rb/Sr ratio of the liquid zone. Solid lines are the same as
those in Fig. 27. Broken and dotted lines show the convergent Rb/Sr ratio
resulted from the simultaneous crystallization of 5 9% potassium feldspar and of
19, biotite with plagioclase, hornblende and clinopyroxene respectively. Points
a, b, c and d correspond to a, b, ¢’ and b’ in Fig. 27 respectively.
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that the Rb/Sr ratio of the liquid zone begins to decrease. As a negative feed
back system like this is organized, the Rb/Sr ratio may remain unchanged.

VIII. The Formation of a Granite from the Primary Crust

Now it has been so explicitly manifested through the foregoing discussions
that a material of a high Rb/Sr ratio and a high Rb concentration comparable to
the mean of granites could not be produced from OFB and either from the upper
mantle material. Therefore, an additional magmatic differentiation or an existence
of a high Rb/Sr ratio material in the upper mantle should be taken into considera-
tion. The possibility of the existence of the high Rb/Sr ratio material in the
mantle is so small that there is only one way left through which the granite is
produced from a material of the mean crustal composition, because the existense
of this material in the mantle could not explain the low initial Sr(87/86) ratios of
granites. The formation of the primary crust has already been proved to be
possible through the magmatic processes from OFB. It has already been shown
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Fig. 31. The range of Rb and Sr concentrations in a liquid produced by the partial
melting followed by fractional crystallization at low pressures from the primary
crust. The line MN shows the range of composition of the primary crust. The
line ad is a trend traced by the liquid with the progress of the partial melting
of the primary crust of the composition a. A set of lines parallel to the line ae
shows the fractionation trend of the liquid originated from the various melting
proportions of the primary crust. Dotted lines show compositions of the residual
liquid after every 10 percent fractional crystallization from the total melt of the
primary crust. Lines QM and NO limit the range of the composition of the
liquid produced through the partial melting followed by the fractional crystalli-
zation from the primary crust. Points a, b and ¢ are the same as those in
Fig. 21.
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that the primary crust has the specific Rb/Sr ratio. This ratio is comparable to
the mean abundace ratio of both elements in the continental crust and inde-
pendent of its position in the island arc. Therefore there is no objection to regard
the composition of the primary crust as being equivalent to the convergent com-
position of the liquid zone, which is produced from the high pressure derivatives
through the magmatic process analogous to the zone refining processing of the
semi-conductive material. This composition of the primary crust is shown as the
line MN in Fig. 31. The liquid traces the line ad in Fig. 31 toward the point a
with the advance of the equilibrium partial melting of the primary crust of a
composition a in Fig. 31, the mean composition of the continental crust. Numbers
on the line ad are proportions of the liquid to the source. A suite of straight
lines parallel to the line ae is the fractionation trend of the liquids of various
melting proportions. Therefore we get a field QMNO as the possible range of
composition of the derivative liquid from the primary crust, when the composition
of the primary crust is changed from M to N along the line MN. The dotted lines
represent a proportion of the residual liquid which is produced by the total melt-
ing from the primary crust followed by the fractional crystallization. The mean
compositions of granites are in the middle of the field QMNO. Then it is mani-
fested that the granite could be produced from the primary crust by the partial
melting. In connection with this result, it is noted that the two mean compositions
of the granites and the mean composition of the continental crust are arranged
in a line nearly parallel to the fractionation trend ae in Fig. 31.

IX. Concluding Remarks

(1) Summary

The consecutive investigations on the variation of Rb and Sr concentrations
in a series of the derivatives from OFB have indicated the possibility of the
existence of the upward flow of the upper mantle material driven by the gravita-
tional rise of an enormous amount of the derivatives from OFB under the island
arc, and have manifested a possible chain of processes of the magmatic differenti-
ation from the partial melting of OFB at the seismic zone in the depth of the
mantle to the formation of the primary crust and of the granite near the base
of the crust at the island arc. It is obvious that none of the high pressure
magmatic differentiations can produce the continental crust and also the granite
from OFB or from the upper mantle material.

The low pressure fractional crystallization of the high pressure derivative
melt cannot sufficiently explain the Rb and the Sr contents in the continental
crust and also in the granites. Therefore the low pressure fractionation could
not be regarded as principal in the magmatic processes for the formarion of the
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continental crust. When the formation of the continental crust from the upper
mantle material was supposed to depend largely on this type of fractionation, we
should seek for an effective geochemical mechanism which increases Rb content
without any increase or decrease of Sr content.

The most probable way of differentiation for the formation of the continental
crust is the magmatic process analogous to the zone refining processing of the
semi-conductive material. The equilibrium incipient melting of the high pressure
derivatives under low pressure dry conditions, however, is not ignored, because
we can explain the mean abundances of Rb and Sr in the continental crust by
means of partial melting. These two alternative models of the formation of the
continental crust give us an idea that the growth rate of the continental crust is
proportional to the sinking rate of the oceanic plate at the island arc.

The zone melting of the high pressure derivatives under low pressure wet
conditions can sufficiently account for the now available abundances of Rb, Sr and
K in the continental crust and also for the major chemical composition of the
lower crust which has been infered from the variation of the Rb/Sr ratio of vari-
ous volcanic rocks. This major chemical composition is consistent with the now
available estimates of the overall chemical composition of the continental crust.

The magmatic differentiation scheme of zone melting brings about the forma-
tion of the primary crust, from which a granitic magma, in turn, can be derived
through the partial melting, along the extension of the island arc at the same
period of the plate tectonics. This primary crust has the specific and constant
Rb/Sr ratio independently of its position in the island arc and also of an rela-
tively young age of its formation. This Rb/Sr ratio does not vary among the
island arcs and corresponding orogenic belts. ‘

The partial melting of the newly formed continental crust, viz., the primary
crust, gives rise to a granitic magma. Then the lower crust, now the residuum
of the primary crust, becomes stable and more basic with high Sr contents and
low Rb/Sr ratios comparable to those of andesites and basalts. The stable lower
crust has no ability to give rise to a granitic magma any more. This stable
lower crust may not contaminate a magma of acid-intermediate composition but
may contaminate a magma of basaltic composition.

(2) Additional supports

Cann (1970) insisted that the water sufficient magma like the partial melting
products from the sedimentary rocks found at the middle of the orogenic belt
cannot move upward far from the original position, but the magma produced at
the lower crust can intrude into the upper part of the crust, because the magma
produced under water sufficient conditions reaches the solidus temperature im-
mediately with the adiabatic rise from the original position. BrownN and Fyre
(1970), and Lameert and WryrLLer (1970) have reported that a granitic magma
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could be produced when the physical conditions reach to those of the granulite
facies. These conditions are attained at the lower part of the crust. BrownN and
Fyre found that the mixture of hydrated mafic minerals, plagioclase and quartz
in various proportions can give rise to a material of chemical composition com-
parable to granites through the low pressure partial melting.

A material of basaltic composition, if present at the lower crust, should exist
as eclogite, but the density of eclogite is too high for measured seismic properties
of the lower crust. So, Riné¢woobp and Green (1966) proposed that we should
abundon the notion of a basic lower crust and instead consider an assemblage of
acid-intermediate rocks in eclogite facies. Green (1971) has experimentally proved
that an anothositic or a dioritic model of the lower crust, which has already dif-
ferentiated, accounts for the seismic properties of the lower crust.

These circumstances match well with the conclusion on the formation of the
primary crust. Much of geochemical and geophysical aspects of the continental
crust are well explained, if we assume that the continental crust has been formed
through the zone melting. Accordingly we should abandon the preconception
that the continental crust has grown through volcanism, sedimentation and suc-
ceeding metamorphism through orogenic movements. The continental crust must
have grown continuously or episodically downward by the addition to its base of
a new crustal material derived from OFB.

(3) The relation between the formation of the primary crust and the
apparent growth of the initial Sr(87/86) ratios

The model of the formation of the primary crust with the specific Rb/Sr ratio
and that of the granites suggest the presence of the systematic time-dependent
variation of the initial Sr(87/86) ratios of granites. Therefore a Rb/Sr ratio deter-
mined from the rate of the growth should be equivalent to the specific Rb/Sr
ratio of the primary crust. The growth line found among the initial Sr(87/86)
ratios of some granites from Southwest Japan sufficiently fulfills this condition.

The Sr(87/86) ratio of the primary crust should be equivalent to the mean of
OFB. The Sr(87/86) ratios in the volcanic rocks, however, are biased toward the
higher side by 0.0006. Accordingly it is reasonable to assume that the Sr(87/86)
ratio of the primary crust is somewhat higher than the mean of OFB and is
close to 0.7033. Therefore the formation of the source primary crust of a suite of
granites lying on the growth line is estimated at about 400 m.y. ago. And the
source of the Itoshima and the Sawara granitic rocks is estimated to have been
formed about 230 m.y. ago.

(4) The role of the crystallization of garnet

We have ignored the occurrence of garnet in the material crystallizing from
the liquid. Green (1972) has, however, demonstrated that the garnet is a stable
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liquidus phase for the andesitic composition under wet conditions at pressures
over than 10 kb.

Both partition coefficients of Rb and Sr for garnet are negligibly small.
‘Therefore the crystallization of garnet has a negligible effect on the convergent
Rb/Sr ratio of the liquid zone, but gives profound effect to the convergent concen-
trations of Rb and Sr. The trend of variation of both convergent concentrations
caused by the crystallization of garnet is analogous to that resulted from the
crystallization of quartz and magnetite. The increase of an amount of garnet
results in the simultaneous increase of both concentrations, and also of potassium
concentration. The depth of the operation of the zone melting may be increased
with the thickening of the continental crust. Then both concentrations may be
increased with the thickening of the continental crust. Accordingly granites
at the early stage of the growth of the continental crust may have comparatively
low contents of Rb and Sr. The contents of Rb and Sr in the granite are in-
creased with the growth of the continental crust. This trend of variation may
well appear in the Sr content, because the Sr content is not incrased by the low
pressure magmatic differentiation.

This variation trend resulted from the crystallization of garnet is the same
for either case of formation of the continental crust through the zone melting or
through the incipient partial melting. Then it follows that the distinction of two
types among granites from Southwest Japan has an important meaning for the
growth of the continental crust in Southwest Japan.

The thickening of the continental crust, that is, the increase of the depth of
operation of the zone melting, results in the extinction of plagioclase crystallizing
in the liquid zone as shown by the experiments of GrReen (1972). Then the
crustal material with the specific Rb/Sr ratio cannot be produced through any
kind of magmatic differentiation. Therefore the extinction of plagioclase limits
the muximum thickness of the continental crust. Green (1972) demonstrated that
the extinction of plagioclase depends largely on the water content in the liquid
melt. According to his experiments on the andesite + 5 percent by weight of
water, plagioclase disappears at about 900 C, 12 kb. This pressure corresponds
to about 45 km in thickness of the continental crust. The relatively uniform
thickness of the continental crust may reflect these circumstances.

(5) The incorporation of basalt into the formation of the primary

crust

I have regarded the high pressure derivatives from OFB as the intermediate
for the formation of the primary crust. This intermediate has been regarded to
be basaltic andesite or andesite in composition. But it has been already noticed
that the distinction is hardly drawn between basalts and andesites with low
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Sr(87/86) ratios in terms of Rb and Sr contents. Therefore there is no objection
to assume that some amount of basaltic material takes part in the formation of
the primary crust. Some variation of the major chemical composition in the
primary crust may result from the incorporation of the basaltic material into the
magmatic process of zone melting, although the conditions are almost the same
for ‘the convergent concentrations of Rb and Sr. This variation of the primary
crust may result in the difference in major chemical composition of granites.

Finally, I should like to point out that the flow in the upper mantle may
have taken part in the origin of the Japan Sea and in giving difference in geolo-
gical structures between Southwest and Northeast Japan. The residuum of low
pressure magmatic differentiations would be discovered along and off the Japan
Sea coast of the Japanese Islands. The residuum may be strongly sheared and
foliated because of the differential movement in the upper mantle.
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