Ai :ﬂ:. ‘b.)\e.ll:\[v \

REPORT No 229
éE@LOGICAm SURVEY oh;JAPAN

LATE MESOZOIC. Té) RECENT
TECTOGENESIS AND ITS BEARING ON
THE METAMORPHISM IN NEW ZFALAND

AND IN JAPAN '

By,
) !

Hitoshi >HATTORT
tHiripn

GEOLOGICAL SURVEY OF JAPAN

Hxsamoto—cho f& W' 4:}\%\" s&u }“Rﬁz’%




L

.



1 e, T



o — -



551, 76 : 551. 25(52+4-931)

REPORT No. 229

GEOLOGICAL SURVEY OF JAPAN

Konosuke SATO, Director

Late Mesozoic to Recent Tectogenesis and
Its Bearing on the Metamorphism in

New Zealand and in Japan

By

Hitoshi HaTTORI






CONTENTS

Page
A DSIIACE  ecrrerrssioresetaieetisiieiatneniiesersesossiasssssastosantinsreesssesssssssriosiessssitsnerannies 1
L. It O UCHIONL = e v v v e ettt ettt ettt bttt re vt er s et a e e e s )
TL  INEW ZEALANA «+veeevrreerertmmmemmtnatatertin e ettt e tinrersaetrrentsnseeernterinesrneers 2
IL. 1 Metamorphic Belts and their Metamorphic Zoning «-eerereeerecanneeni. 2
I, 1. 1 The Wakatipu Metamorphic Belt -« occoreeeriini 3
a) MetamorphiC ZONINE e reeeeeesrerrersreratimmtimti e 3
b) Pumpellyite-bearing T0Cks «++++sesrserersererriimmieririiiiis ittt aaenns 4
c) A lack of the Chilorite 4 subzome «o:trteteretiererriimminiiiiiiiiiierreeaanas 5
d) Lawsonite-bearing 1ock s-rereeereressreersieernitteniiinir e 6
e) Some Other: featumEs: e aosw e v swerisnme st T wmaiwe o S0 HosmeT 6 5 GeTbe8 SEEleil 06 5 6
f) P-T conditions in the Wakatipu Metamorphic Belt «++++---- e 74
II. 1. 2- The Tasman Metamorphic Belt and related rocks «co-ececeerieiiniiiiniin. 8
II. 2 Stratigraphy and Radiometric Datimg: ««-o+e eerrreererinmiimiini., 8
a) A single period of ‘regional metamorphism «:«tovereerrieeiini 8
b) Upper age JHMIE  evvvrerrrreennrsosteteretttnotnesisiietestreroesnasiossesiasiosessnanannornnes 9
¢) Temperature for biotite crystallization «««««+ soreeermreriniiiiii 9
d) Rapid uplift as the result of final geologic event in orogeny «--:+:eoreeveeen 9
e) More than one metamorphic event in a single regional
metamorphism; ........................................................................... 10
II. 3  Faults of the South Tsland soccereerereoreimiiiiiiiiiiiiiiiii i e e 10
a) Alpine Fault COmTOVErsies - - orrrerrererrreritmie et 11
b) A 300-mile lateral shift rcreveerrerreaemiii e e naaes 11
c) Nappe hypothesis «-«+creseerermrimmi 11
d) Differential uplift and erosion «r«-eeroeerrrii 11
e ) High-pressure mineral: ..................................................................... 12
£ Dicdhin Ducesmle. Tl oo s woms i dosm st st SCmun-es B 12
II. 4 Some Geophysical Considerations on the Earth’s Crust in aad,
around New Dealandlir = wimss vemsboon sesmrs o sronyes i an0e i ambssesss detsain s e 13
I 4. 1 Bathymetry ........................................................................... 13
T a B Vi e s wes &0 SR S SAosm i Tt e s enids % 17
T % 3 'Fleaklow s wieme & Srmets Fams R SanebriTemit i imme s 17
T 4 4 Crovily arommly wecsss sdeess s o s ams & s mmoms s s 18
T @ 5 Selumfelty weuve 900 a4 amims % 10ses 504 S5 0n  sessiue sposmes: umsuon 18
T A B (CHSEL UL aa § 5 SETrno i T Sl feltosir asisseinmoi sriiisisie semisgs voie 21
II. 5 Possible Present-day Paired Metamorphism in North-east
NTETF FIGATEEIE] e sesctrsc ot siireiisiee it et srebstieo ssioiie 158 it T oo st et 29
a) Significant Sub-Crustal Rift «reeeeooeeerrreremmeeeniimmiiiiniieiee e 29
bh) Retreating Hikurangi Trench -« rrrererrsrerri i, 29
¢ ) Distribution of hot springs in favour of very young

regional metarnorphism ............................................................... 24



II. 6 Brief Summary of the Geologic Development of New Zealand «:reeevveveeeee 24
TIL,  JADAIL-++eeseereeremenrenenms st et h s d bbb 25
III. 1 General Description of Metamorphic Belts «orrreroorerrrecsarrreinreinninn. 25
III. 2 Some Features of the Ryoke Metamorphic Belt and the Sambagawa
Metamorphic Belt: -« +eeseerreermermitiimmirit it 26
III. 2. 1 The Ryoke Metamorphic Belt  creeerrvererereiiiiiiiiiii i 26
IIL 2. 2 The Sambagawa Metamorphic Belt srereeeereeieiiiiiiiiiiiiiiiii 27
II. 3 Focal Point of “Paired Metamorphic Belts” Controversies ««««ooe-eemeseeeesees 27
@) HSLOTICAL TEVIEW: -+ ++ssersresressessetsirtnie et bbb 27
b) Time-gap betweea regional metamorphism and uplift «reeeeoerreroerarrenee 28
C) UDPEr age LMt «-evrveerersemrerseiitas ittt 28
d) Median Tectonic LANE «««-rreereermsimeeisiemisiiiint et 29
e) Rhyolite and its pyroclastics ............................................................ 29
£) A possible clue to the origin of the paired Metamorphic Belts:-««seeeveveee 30
III. 4 Distinct Petrochemical Features of the Paleozoic Sediments ««eteeererereenens 30
III. 5 Thermal Phenomenon in the Ryoke Metamorphic Belt ««weeeeveeeeriiirninnnns 31
III. 6 Nature of Rocks in the Ryoke Metamorphic Belt Prior to the
Ryoke MetamorphiSm «-++«+-eeerersresmrommsmiriiesii i 33
a) Geologic SETULCHUITES  » +» o » = v esnsotssessessninuiaetsestecsesseesnnstosseecesssivenenensoos 33
b) Petrographical and petrological sig'nificance .......................................... 33
III. 7 Areal Extent of the Sambagawa Metamorphism «cevseeemrermrecrini 34
a) Sambagawa metamorphism in the Sambagawa Metamorphic Belt
anid e Clitehibin “Tarraia): e o5 fretiom: s sl in s s §ms 34
b) Possible extension of the Sambagawa metamorphism farther
south to the Shimanto Terrame «cccorerererreeeertiiiiiiiiiiiiiiiiiiiiiiaes 34
III. 8 Migration of the Paleozoic Geosyncline to the Shimanto Geosyncline +«-+:-:+- 35
III. 9 Possible Origin of a Pair of the Ryoke Metamorphic Belt
and the Sambagawa Metamorphic Belt ceecrereiiiiiiiiieiiiiiiiiiiiiiiiiiiinienn 35
IV. Comparison between the Two Geologic Developments of New Zealand
el R, 4050 070,05 it 5 507t o TSRS ST MGAMITELE 2 G505 2 T Sk el i 37
Acknowledgements ................................................................................. 39
REFETEIICES <+ ottt retevsnnnrmetunnnensanutieetuiiatsseaiitistess s sestaias e satansssearrenaneeeres 40

E:3 ]



Late Mesozoic to Recent Tectogenesis and
Its Bearing on the Metamorphism in

New Zealand and in Japan

By

Hitoshi HarTorr*

Abstract

The geologic developments since Late Mesozoic in New Zealand and Japan are review-
ed on the basis of recent advances in metamorphic zoning, radiometric dating, structural
analysis, and geophysical interpretation. The origin of paired metamorphic belts is discus-
sed as well.

In the South Island, New Zealand, two metamorphic belts have been recognized : the
Tasman Metamorphic Belt in the Western Province and the Wakatipu Metamorphic Belt
in the Eastern Province. The progressive regional metamorphism in the Wakatipu Meta-
morphic Belt influenced the larger part of the New Zealand Geosyncline and may be rec-
ognized in three different trends of metamorphic zoning : (1) in east Otago and Southland,
zeolite facies — prehnite-pumpellyite metagreywacke facies — pumpellyite-actinolite schist
facies—greenschist facies; (2) in west Otago and east Nelson, prehnite-pumpellyite meta-
greywacke facies—glaucophane schist facies, (3) in the narrow zone lying tofthe east of the
Alpine Fault, prehnite-pumpellyite metagreywacke facies—greenschist facies—epidote amphi-
bolite facies—amphibolite facies. All these three trends of progressive regional metamorphism
probably belong to the high-pressure intermediate group of metamorphic facies series.

The Tasman Metamorphic Belt which lies to the west of the Median Tectonic Line
is of the low-pressure intermediate group and with the Wakatipu Metamorphic Belt forms
a pair in Cretaceous time, although the metamorphism identified by the trend (3) was
probably formed in quite recent metamorphic events, as demonstrated by a distribution of
hot springs with areas of very young radiometric dates.

The culmination axis of the Wakatipu Metamorphic Belt may have migrated eastwards
from the axial part of the New Zealand Geosyncline toward the Hikurangi Trench. This
inference is consistent with that of the eastward retreating Hikurangi Trench. Present-day
paired metamorphic belts are expected in the area near the East Coast of the North Island
along the Hikurangi Trench: one is represented by the volcanic zone of rhyolite, the
other by active faults and the remarkable high Bouguer anomalies close to the Trench.
This model for the origin of paired metamorphic belts is called “New Zealand type present-
day paired metamorphism”.

In western Japan, the marked contrast of the Ryoke Metamorphic Belt and the Sam-
bagawa Metamorphic Belt offers strong evidence for a pair in Cretaceous orogeny. The
Ryoke metamorphism is of intrinsically thermal phenomenon as well understood with
emplacement of granitic rocks and plentiful high-temperature mineral assemblages of and-
alusite-sillimanite type, in association with volcanic activities of rhyolite. Once parts of the
Ryoke Metamorphic Belt and the Sambagawa Metamorphic Belt may have been invclved
in the Late Paleozoic to Early Mesozoic orogenic movement. Therefore the Ryoke
Metamorphic Belt has probably been subjected to two different types of regional meta-
morphism.

The Paleozoic Geosyncline migrated southwards in the Shimanto Terrane, that is, the

* Geology Department



migration is nearly normal to the axial trend of the Paleozoic Geosyncline. This manner
is extrapolated farther south of Shikoku.

Different manners in migration of the culmination axis of regional metamorphism and
the axis of geosynclirié as seen in trenches, caused a slight difference between the geologic
developments in both New Zealand and Japan.

I. Introduction

Problems of tectogenesis in the Pacific mobile belt have received a great deal of
attention, concerning continental growth, nature of island arcs, and origin of the Pacific
Ocean. Latest geophysical information offers grounds to postulate hypothesis of diverse
opinions. One of remarkable features in this mobile belt can be displayed by the two
distinct metamorphic belts : one is of very high-pressure type on the oceanic side and the
other is of low-pressure type accompanied by voluminous granitic and rhyolitic rocks on
the continental side. The two metamorphic belts lie side by side and separated by the
intervening salient fault (the Median Tectonic Line).

Apart from a discussion whether the two metamorphic belts form a pair or not, it is
naturally understood that the contrast is significant. Among many countries characterized
by the contrast, New Zealand and Japan may be most suited to consider the origin of the
contrast, as there is a similar distribution pattern in the shape of islands and trenches.
Moreover, geological and geophysical investigations i both. New Zealand and Japan
appear to be valued to make consideration on the bearing of the contrast.

Therefore in an attempt to throw light on genesis of the marked contrast, the geol-
ogic developments of New Zealand and Japan since Late Mesozoic are compared on the
basis of data on metamorphic pétrology, stratigraphy, radiometric dating, major faults,
bathymetry, gravity anomalies, seismicity, heat flow and others.

Among many features, the nature of the New Zealand Sub-Crustal Rift is emphasized
to account for the contrast. Finally the author puts forward a hypothesis—that northeast
New Zealand provides a model for “New Zealand type present-day paired metamorphism”,
and that a slight difference in the geologic developments in New Zealand and Japan is
caused by the different manner of geosyncline and trench migration since Late Mesozoic.

II. New Zealand

II. 1 Metamorphic Belts and their Metamorphic Zoning

The South Island, New Zealand is largely made up of metamorphic rocks. All the
metamorphic rocks, and associated plutonic rocks in the South Island were divided into
three major groups — the high-stress, low-temperature metamorphic rocks of the New
Zealand Geosyncline, the low-stress, high-temperature metamorphic rocks of Nelson, West-
land, Fiordland and Stewart Island, and the large granite batholiths and granite-gaeiss
complexes (GRINDLEY et al,, 1959). These groups are distributed separately, and geologi-
cal evidences to demonstrate the direct relations among them seem to be very little,
largely influenced by intervening tectonic displacements as the Alpine Fault, the Wairau
Fault, and the Skelmorlie — Skippers Fault, or by overlying younger sediments.

‘Working from Harrorr's (1967) petrologic study on the sillimanite-garnet-biotite gneisses
occurring close to the Alpine Fault and available data on radiometric dating, HarTtor: (1966)
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reached the conclusion that the metamorphic belts of the South Island may be classified
into three groups : 1) Eastern metamorphic belt of the high-pressure intermediate group
(one of metamorphic facies series proposed by Mrvasmiro, 1961), ii) Western metamor-
phic belt of the low-pressure intermediate group, and iii) Older metamorphic belt. He
also considered that the Eastern metamorphic belt and the Western metamorphic belt form
paired metamorphic belts.

The concept of paired metamorphic belts in the South Island, was also examined in
detail on the basis of advances in the mapping of metamorphic mineral assemblages, in
structural interpretation, and in radiometric dating of thermal events (Lanpis and Coomss,
1967). They recognized three metamorphic belts which coincide roughly with HATTORIS
classification in their geographical distribution and geological settings.

In this paper, descriptions of metamorphic belts are made through the division propo-
sed by Lanpis and Coomss (1967) : the Tasman Metamorphic Belt in the Western Prov-
ince, the Wakatipu Metamorphic Belt in the Eastern Province, and the older metamorphic
rocks involved in the Tuhua Orogeny (Devonian—Carboniferous). The former two Belts
were formed during the Rangitata Orogeny (Cretaceous), and constitute paired metamor-

phic belts (Fig. 1).
II. 1. 1 The Wakatipu Metamorphic Belt

a) Metamorphic Zoning

The Wakatipu Metamorphic Belt is essentially made of rocks of the New Zealand
Geosyncline which have undergone burial metamorphism. The rocks show extensive miner-
alogical reconstitution from undeformed sediments to higher-grade crystalline schists. Schis-
tose rocks in the Wakatipu Metamorphic Belt were called the Alpine Schist, the Marlbor-
ough Schist, and the Otago Schist, respectively in each of their representative areas. But
Suceate (1961) proposed a new omnibus term, Haast Schist Group, which is now ap-
plied to all the schist areas.

Metamorphic zoning of the Haast Schist Group was initiated by Turner (1933) in
south Westland, describing zones using the index minerals chlorite, biotite, and oligoclase.
Following this division, the Chlorite Zone of Otago was subdivided into four textural
subzones, Chl. 1—4 (Hurron and Turner, 1936). The subzones proposed are based
primarily upon the degree of internal reconstitution and may be described simply as :

Chlorite 1 subzone Partly reconstituted greywacke
Chlorite 2 subzone Fine-grained non-foliated schist
Chlorite 3 subzone Fine-grained poorly foliated schist
Chlorite 4 subzone  Coarse-grained well foliated schist

Further subdivision of the lower end of the Chlorite Zone has been made by Coomss
(1960) based on mineral facies : prehnite-pumpellyite metagreywacke facies (quartz-prehnite
zone, and zone of the appearance of actinolite and stilpnomelane), along with still further
lower-grade burial metamorphic zone of zeolite facies (heulandite stage and laumontite
stage). A Garnet Zone was first recognized in south-east Nelson (Regp, 1953), where the
Chlorite 4 subzone is not developed (REEp, 1958a). Mason (1962) distinguished the
Almandine Zone in place of the Garnet Zone along the Southern Alps, and mapped
Chlorite 1, 2 and 3 subzones, Biotite Zone, Almandine Zone, and Oligoclase Zone. The
Chlorite 4 subzone is found to develop only to the south of the Paringa River.



b) Pumpellyite-bearing rocks

Sexr (1966) and Hasamoro (1966) made individually a detailed petrogenetic study
on the prehnite-pumpellyite metagreywacke facies. According to Sex1 (1966), four different
trends of progressive metamorphism are recognized in four representative metamorphic

P PG

P | PA| A

PP PA[ A
PP A

Progressive metamorphism —>

Franciscan type

Sambagawa type

New Zealand type

NIN|ININ

Tanzawa type

Fig. 2a Schematic representation of metamorphic zones in progressive metamorphism on the basis
of zonal distribution of the pumpellyite-bearing mineral assemblages. After SEKI (1966).
Z, zeolite zone ; P, pumpellyite zone (without prehnite) ; PP. pumpellyite-prehnite zone (without
actinolite) ; PA, pumpellyite-actinolite zone (without prehnite); PG, pumpellyite-glaucophane zone
(with neither actinolite nor prehnite); A, actinolite (greenschist) zone (with neither pumpellyite
nor prehnite),

PP

e T

Fig. 2b P-T diagram showing the relation of the pumpellyite-actinolite schist facies
with other mineral facies. After HAsnmMoro (1966).
Symbols are the same with those of Fig. 4.
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terranes : Franciscan type, Sambagawa type, New Zealand type, and Tanzawa type in
order of decreasing solid pressure and water pressure (Fig. 2a). In the Franciscan Meta-
morphic Terrane, the United States, the trend starts from zeolite zone through pumpellyite
zone (without prehnite), and ends with pumpellyite-glaucophane zone (with neither actin-
olite nor prehnite). In the Sambagawa Terrane, Japan, the change is from zeolite zone,
through pumpellyite zone (without prehnite) and pumpellyite-actinolite zone (without prehni-
te), and finally to actinolite zone of the greenschist facies (with neither pumpellyite nor
prehnite), and in New Zealand (Otago) from zeolite zone through pumpellyite-prehnite
zone (without actinolite) and pumpellyite-actinolite zone (without prehnite), to actinolite
zone. Whereas in the Tanzawa Mountains, Japan, progressive metamorphism is displayed
in the change from zeolite zone through pumpellyite-prehnite zone to actinolite zone.

In the type locality of Otago, the Chlorite 1-2 subzones are identical to the prehnite-
pumpellyite metagreywacke facies and the Chlorite 3-4 subzones to the greenschist facies
(Coomss, 1960). Prehnite is absent in the Chlorite 1-2 subzones, but pumpellyite survives
up to the Chlorite 2 subzone. Actinolite probably starts crystallizing at the Chlorite 1
subzone. Therefore, the pumpellyite-actinolite zone of Sexi (1966), or the pumpellyite-
actinolite schist facies named by Hasuimoro (1966 ; see Fig. 2b), is quite distinct in the
high-grade part of the prehnite-pumpellyite metagreywacke facies : in the Chlorite 1-2
subzones.

The prehnite-pumpellyite metagreywacke facies defined by Coomas (1960) is therefore
subdivided into the prehnite-pumpellyite metagreywacke facies (in the strict usage), and
the pumpellyite-actinolite schist facies or the pumpellyite-actinolite zone.

On the other hand, as already discussed by Sexi (1966), in south-east Nelson (REED,
1958a), the direct progressive change from the prehnite-pumpellyite zone to actinolite zone
and the absence of the pumpellyite-actinolite zone must be noticed. This phenomenon is in-
terpreted as the result of relatively low solid and H,O pressures (Seki, 1966). In other
words, it can be said that probable temperature distribution is slightly higher and pressure
conditions are relatively lower than the normal changes from the prehnite-pumpellyite zone
through the pumpellyite-actinolite zone to the greenschist facies in the Otago district.
In addition, Sexr stated that the progressive increase with a lack of the pumpellyite-
actinolite zone in south-east Nelson occurred at a shallower depth comparable to that of the
Tanzawa Mountains, Japan, which represents the lowest-pressure type in all including
other metamorphic terranes in Otago, Sambagawa, and Franciscan.

¢) A lack of the Chlorite 4 subzone

The direct progressive change from the Chlorite 3 subzone to the Biotite Zone without
well developed Chlorite 4 subzone in south-east Nelson is also quite important. The slight-
ly higher temperature distribution stated above may well explain this phenomenon of
the direct change which has been disclosed not only in south-east Nelson but also farther
southwards along the narrow zone lying to the east of the Alpine Fault.

General subdivisions of metamorphic zoning and an illustration of mineral assemblages
in rocks (when quartz is present) of the Haast Schist Group are shown in Fig. 3. As
mentioned previously, however, there are cases of a lack of the Chlorite 4 subzone, and
of a direct change from the greenschist facies to the amphibolite facies, and from the
prehnite-pumpellyite metagreywacke facies to the actinolite zone with a lack of the
pumpellyite-actinolite zone.
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MINERAL FACIES ZEOLITE PP PUMP- ACT GREENSCHIST EA AMPH

Zones Stage 1|Stage 2| Stage 3| Chl. 1 | Chl, 2| Chl, 3 [Chl. 4 | Biotite| Alman.|Oligo. |Kyanite|

Heuland ite

Analcime

Laumontite

Celadonite

Montmorillonoid
Prehnite
Pumpellyite
Epidote
Piemontite

Stilpnomelane
Chlorite
Actinolite
Hornblende

Muscovite

Biotite ool ow .| brown | reddishbrown
green” §r brown

Almandine

Kyanite
Plagioclase Albite An®o | 5-10]10-30
Quartz

Fig. 3 Schematic illustration of progressive mineralogical variations in rocks of the
Haast Schist Group with Kyanite Zone postulated in this paper. Data
largely depend upon MIvASHIRO (1965), together with REED (1958a),

Coomss et al. (1959), CoomBs (1960), and MasoN (1962).
PP, prehnite-pumpellyite metagreywacke facies; PUMP-ACT, pumpellyite-actinolite
schist facies; EA, epidote amphibolite facies ; AMPH, amphibolite facies.

d) Lawsonite-bearing rock

The unique status of the narrow strip of glaucophane schist facies in the Wakatipu
Metamorphic Belt has been emphasized by Lanpis and Coomss (1967). Critical indicator
of this glaucophane schist facies is lawsonite and occurs ubiquitously in the Bryneira
Group, about 0.3-2.5 km thick. A similar sequence of metamorphic rocks for the glauco-
phane schist facies appears in the Maitai Group of Nelson Province. Lawsonite is con-
fined inside the narrow strip, although blue amphibole sometimes occurs outside.

e¢) Some other features

Significant absence of paragonite, jadeite, sillimanite, potassium-feldspar and wollas-
tonite has already been pointed out by Mason (1962) in prospect of still higher-grade
metamorphic minerals. He suggested that part at least of the Oligoclase Zone is equiva-
lent to the kyanite zone, judging from kyanite schist boulders in coastal moraines and
detrital kyanite.

Reep (1964) suggested that the Gamnet Zone would be followed by a sillimanite
zone and granite. Although the position of kyanite zone is difficult to link with regional
metamorphism, it seems desirable to relate a zone higher than the Garnet Zone and the
Oligoclase Zone to the Kyanite zone. In Fig. 3 possible position of here proposed Kyanite
Zone is shown. Significant occurrence of sillimanite along the Alpine Fault will be discus-

sed later.
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Before Lanpis and Coomes (1967) established the Biotite Zone along the Core region
of New Zealand Geanticline from the Haast River to Dunedin, biotite in the Chlorite Zone
was often recognized as relict minerals during later retrogressive metamorphism which is
widespread in schists not only near the Alpine Fault but also in schists of other areas.

f) P-T conditions in the Wakatipu Metamorphic Belt
Although Lanpis and Coomes (1967) attempted to display geothermal gradient for

GN

SAN

e N |

Fig. 4 Generalized figure showing three different trends of progressive regional metamorphism

in the Wakatipu Metamorphic Belt (O-curve, Haast Schist Group in east Otago
and Southland ; H-curve, Haast Schist Group from south-east Nelson to the Haast
River ; B-curve, Bryneira Group in west Otago) and that of the Tasman Metamorphic
Belt (T).
GL, glaucophane schist facies ; EA, epidote amphibolite facies ; EC, eclogite facies; PA,pumpellyite-
actinolite schist facies; PP, prehnite-pumpellyite metagreywacke facies; Z, zeolite facies; A,
amphibolite facies; GN, granulite facies ; PH, pyroxene hornfels facies; SAN, sanidinite facies;
Tri.,triple point of andalusite, kyanite and sillimanite,

The trend of the Tasman Metamorphic Belt, i. e., T-curve has been suggested in Fig.
9 of HATTORI (1967).
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the Wakatipu Metamorphic Belt, assessment of the exact positioning in a P-T field is not
definitely known. Here the author gives an idea to identify three different trends of pro-
gressive regional metamorphism in the Wakatipu Metamorphic Belt (Fig. 4). All men-
tioned above can explain the trends of O-curve for the Haast Schist Group (east Otago
and Southland), of H-curve for the Haast Schist Group (south-east Nelson to the Haast
River), and of B-curve for the Bryneira Group (west Otago). Relatively higher-temperature
distribution and lower-pressure conditions of the H-curve are quite noticeable.

However, there is still a remarkable gap in metamorphic zoning between the rocks of
the Haast Schist Group and the sillimanite-garnet-biotite gneisses to the west of the Alpine
Fault, as clearly shown in Fig. 4 and also in the chemical composition of garnet contained
(HatTori, 1967). As a result, the metamorphic zoning in south-east Nelson can belong
to the high-pressure intermediate group.

I1. 1. 2 The Tasman Metamorphic Belt and related rocks

In contrast to the detailed metamorphic zoning of the Wakatipu Metamorphic Belt,
the distribution of metamorphic facies in rocks of the Western Province remains largely
unmapped., Hatrort (1967) suggested a zone of sillimanite-potassium-feldspar isograd rocks
is present to the west of the Alpine Fault on the basis of distinctive mineralogical
features of garnet and biotite between the rocks of the Haast Schist Group and the
sillimanite-garnet-biotite gneisses. He reviewed occurrences of sillimanite, kyanite, and and-
alusite in various types of sources; detrital heavy minerals in Paleozoic, Mesozoic, Tertiary,
and Recent sediments, together with constituent minerals in metamorphic rocks as boulders
or in place. Occurrences of chloritoid-sillimanite schist from Nelson, chloritoid-bearing
schist of Nelson, andalusite bearing schist from Haast and Nelson, and sillimanite schist
from Fiordland form the basis of a proposed possible extension of regional metamorphism
of the low-pressure intermediate group represented by the highest-grade metamorphism of
the sillimanite-potassium-feldspar isograd (See Fig. 10 of Hattori, 1967).

Although the regional metamorphic terrane of the low-pressure itermediate group
intimately associated with the emplacement of granitic rocks, as proposed by HaTTor1
(1967), is identical to the Tasman Metamorphic Belt, a difficulty arises to distinguish prob-
able older metamorphic rocks, from the rocks of essentially the Tasman Metamorphic Belt.
Less negligible areas in the Tasman Metamorphic Belt are mapped of Precambriaa age,
and these older rocks have been called the Constant Gneiss, the South Westland Schist,
the Waiuta and Greenland Groups.

Whereas little attention has been paid on ages of granite emplacement, Reep (1958h)
summarized the distribution and petrographic features, together with possible association
with mineralization. Unfortunately any exposed granite has not been recorded in Creta-
ceous time, in spite of strong information provided by the data of radiometric datirg.

II. 2 Stratigraphy and Radiometric Dating

a) A single period of regional metamorphism

The age of the metamorphism that formed the rocks of the Tasman Metamorphic
Belt, the Wakatipu Metamorphic Belt, and other metamorphic and plutonic rocks has been
the subject of diverse opinions. It is not certain whether more than one period of regional
metamorphism were involved in each of the Belts. Most geologists favour a single period
of regional metamorphism in a metamorphic belt and they attempt to interpret unexpected
young ages as the result of natural diffusion of radiogenic daughter elements out of
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measured minerals which are supposed to have crystallized long before. This phenomenon
has been expected to happen during certain geologic episodes occurred later than the
single period of regional metamorphism (Mason, 1961, HURLEY et al., 1962). The basis
that any loss of radiogenic daughter element by diffusion or other mechanism is preferred
really depends upon the postulation of a single period of regional metamorphism in a
metamorphic belt for the Haast Schist Group.

b) Upper age limit

On this point, Hatror: (1966) critically reviewed the data of radiometric dating, and
cast doubt on their interpretation of loss of radiogenic element. According to him, there
is little ground to postulate that the schists of the Oligoclase Zone along the Alpine Fault,
showing K-Ar ages of biotite 4 to 8 m. y., have undergone regional metamorphism which
ended in Early Cretaceous time or older on geological evidences. Stratigraphically, the
first appearance of the high-grade schist is indeed in the Pleistocene moraines accumulated
in zones along the Alpine Fault. In addition, high-grade schist pebbles are still not known
in Tertiary conglomerates. On the coatrary, the low-grade schist pebbles are common
in the Cretaceous conglomerates in east Otago (HarrweToON, 1955 ; Murch, 1963; MckEL-
LAR, 1966). These are hitherto known direct stratigraphic observations to date the upper
age limit to the schists of the Haast Schist Group (Fig. 5), and these are unlikely to be
any sign of a short-range life span of the Wakatipu Metamorphic Belt.

Aronson (1965) has already directed attention to a necessity to distinguish the Alpine
Schist from the Otago Schist. That both Schists have undergone different metamorphic
conditions is his suggestion to consider that many of even the youngest ages may result
from distinct very recent metamorphic events.

¢) Temperature for biotite crystallization

Hartorr's (1966) question was also laid on that the temperature assessment of the
biotite formation in the Oligoclase Zone is too high, judged from the result of recent
experimental verifications on the triple point of sillimanite, kyanite and andalusite (Knirarov
et al, 1962 ; BeLr, 1963 ; WarLpeaum, 1965 ; NEwrton, 1966 ; WELL, 1966 ; HoLm and
KLEPPA, 1966). The triple point may well be laid below 300~350°C in certain cases. In
a progressive regional metamorphic terrane biotite can crystallize or recrystallize before
kyanite or sillimanite may appear, {from the geological evidences as already stated in the
preceding section. This in turn implies that the biotite in the Oligoclase Zone can crystal-
lize even at any moderate temperatures much below 300~350°C, in spite of the
assessment of the temperature 500~550°C at which the biotite in the Oligoclase Zone
would crystallize (HurLeY et al., 1962). If so, the biotite can crystallize even in such a
geologic environment as that the diffusive loss of radiogenic argon and strontium was
postulated to happen by HurLEY et al. (1962).

When crystallization of metamorphic biotite is permitted at moderately low tempera-
tures of this sort of geologic environment, there will be no longer necessity to assume any
diffusive loss of radiogenic argon and strontium out of the biotite which is supposed to
have crystallized long before. This reasonably leads to such a conclusion that the age of
biotite crystallization as shown in radiometric dating is nearly coeval with a time of a
certain metamorphic event in the sense of Surron (1965).

d) Rapid uplift as the result of final geologic event in orogeny

Generally duration of metamorphic events or life span of a metamorphic belt is diffi-
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cult to precisely assume on geological evidences. However, it seems desirable to assume
that the youngest ages of 4~8 m. y. in the Wakatipu Metamorphic Belt indicate the
final episode of the metamorphic events in the area close to the Alpine Fault. In other
word, that the cessation of an orogenic movement is accompanied by unusually rapid uplift
of metamorphic terrane is most probable, and therefore the small age is very close to the
time of major unconformity which is confirmed only by direct observation between rapidly
uplifted basement metamorphic rocks and their overlying sediments. For this reason, the
conclusion led by HurLEY et al. (1962) must be taken into account. That is, the ages
commonly measured by K-Ar and Rb-Sr methods on biotite may actually reflect the time
of major uplift and erosion, which coincides with that of sedimentation, and not with
the initial period of metamorphism and igneous intrusion in the orogenic belt. One of
their conclusions that in New Zealand the biotite age values post-dated the time of
metamorphism by more than 100 m. y. is, however, hardly acceptable. The position of
some important conglomerates underlain by basal metamorphic rocks with major uncon-
formity between is illustrated in Fig. 5.

There is a slight disagree between the radiometric ages, for instance, of the Westland
crystalline basement (about 100 m. y.) and the stratigraphic ages of the overlying Hawks
Crag Breccia (Upper Jurassic Kawhia Series) on the basis of paleobotanical data. However,
if certain systematic errors are allowed in assessing geologic ages by both radiometric
dating and paleobotanical methods, this discrepancy may be minimized.

e) More than one metamorphic event in a single regional metamorphism

Even though an interpretation that the Wakatipu Metamorphic Belt has undergone
regional metamorphism during long-range life span being from 120 to 4 m. y. is here put
forward, another problem still arises as to whether the events occurred in the Wakatipu
Metamorphic Belt must be divided into several metamorphic events in a single regional
metamorphism or into events of more than one regional metamorphism. When the former
is favoured, then the customary terms of the Rangitata Orogeny and the Kaikoura
Orogeny are advocated. It may be inadequate to consider more than one regional
metamorphism in the order of 120 m. y. life span.

The author will summarize the available data on bathymetry, seismicity, gravity
anomaly and heat flow in and around New Zealand in the later section. Here, however,
he would like to point out a possibility that the culmination of metamorphic events has
shifted from the Core region of the New Zealand Geanticline through the Haast River
area to farther north along the Alpine Fault. This is nothing but a best fit idea for the
radiometric dating hitherto known.

II. 3 Faults of the South Island

The major faults of the South Island (Fig. 6) have been discussed by HeNDERsON
(1929), Henperson (1937), MaceuersoN (1946), WeLLMAN (19552), Knema (1959) and
Succate (1963).

The most remarkable major fault continuing from Lake Rotoroa to Milford Sound
was first recognized by WEeLLMaN and WiLrerr (1942), and was named the Alpine
Fault. And the extension of the Alpine Fault from Cook Strait to Milford Sound was
clearly shown on the 1: 1,000,000 Geological Map of New Zealand published by the
New Zealand Geological Survey in 1948. But the northern part of the Alpine Fault is
equivalent to the Wairau Fault. The nature of the Alpine Fault has played a decisive
role in determining the relation of the Wakatipu Metamorphic Belt to the Tasman Meta-
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morphic Belt since then.

a) Alpine Fault controversies

According to SucGATE’s (1963) historical review, the hypothesis of a 300-mile lateral
shift along the Alpine Fault was introduced by WELLMAN at the Pacific Science Congress
in 1949, and again at the Seventh New Zealand Science Congress in 1951. Since WELL-
MAN’s postulation appeared as the first document in print in 1955 and 1956, the Alpine
Fault has received a great deal of attention among many earth scientists.

The basis of WeLLMAN's (1956) hypothesis largely depends on the relation of rocks
exposed in Nelson and Marlborough to similar sequences 300 miles to the south in south
Westland, Southland and Otago. The sequences are the Upper Paleozoic and Mesozoic
formations which were grouped as a “marginal syncline” by WeLLMAN (1956), and schists
of the Chlorite Zone.

This hypothesis has received strong support from Succate (1963). The problem of
dating the movements, however, still remains. In recent years, several critical alternatives
against WELLMAN’S 300-mile lateral shift have been postulated. Therefore, on this occasion
it seems very convenient to summarize the diverse opinions into two opposing schools of
thought; one is for a 300-mile lateral shift along the Alpine Fault and the other is against it.

b) A 300-mile lateral shift

There are two main variations of this idea in the first school for a 300-mile lateral
shift. One favours a beginning of the movement in Jurassic in connection with the
Rangitata Orogeny, and a culmination of the movement in the Kaikoura Orogeny of
Late Tertiary to Quaternary (WELLMAN, 1956; quoted by Succarr, 1963 ; WELLMAN and
WiLson, 1964). The other is by Succate (1963) who distinguished two main periods of
movements, the lateral shift being largely completed during the Rangitata Orogeny, both
vertical and horizontal movement taking place in the Kaikoura Orogeny.

On the contrary, the alternatives favour rather vertical movement as main features
of tectonic displacement along the Alpine Fault, with minor horizontal components.

¢) Nappe hypothesis

The nappe hypothesis was put forward by Kinema (1959) who described in detail a
tectonic history of New Zealand with many schematic diagrams demonstrating various
stages of deformation. One of KmNgMaA’s main reasons opposing large-scale transcurrent
fault was focussed on quite different movements between the Alpine Fault and the
Wairau Fault which has been supposed to be a continuous line of the Alpine Fault.

d) Differential uplift and erosion

The hypothesis of differential uplift and erosion (REED, 1964) is another opinion
opposing large-scale lateral shift. Working from the relation of mylonite along the Alpine
Fault passing into the Haast Schist Group through schist-derived mylonite, and also from
petrologic evidence that the mylonites were formed at depths and temperatures comparable
to those of the Haast Schist Group, he reached the conclusion that mylonitization was
penecontemporaneous with the Rangitata regional metamorphism mainly associated with
vertical movement. Another Reep’s (1964) question was made on the relationship of the
marginal syncline in Nelson and Southland. He emphasized that the position of the
Pounamu ultramafites near the biotite-garnet isograds is highly significant, referring to
that in New Zealand Geosyncline ultramafites are associated only with the marginal syncline
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and not with the Torlesse Group (Permian to Jurassic). He stressed a probable extension
of the “marginal syncline” to the area east of Hokitika, Westland, that is, to the east
of the Alpine Fault. This implies that the field evidence is not favourable to a large-scale
lateral shift.

Kuprer (1964) stated a similar critical review, as saying that if the critical measure
of displacement would change, stressing the unique geologic position of ultramafites, then
the horizontal displacement might be reduced from 300 miles to a disturbingly small
amount.

Judged from Bropm (1964, p. 41), it is possible to assume that the morphological
feature of the Fiord Trough, probable extension of the Alpine Fault can simply be inter-
preted as the result of vertical movement rather than postulated strike movement.

e¢) High-pressure mineral

In this section, the extent to which a 300-mile lateral shift was accompanied by verti-
cal displacements is considered from a petrological point of view.

Large horizontal displacements have been analysed in several places along the Alpine
Fault and the Wairau Fault (WErLMAN, 1952; WELLMAN et al, 1952; WELLMAN, 1955a;
Crark and WELLMAN, 1959), and all of these are commonly accompanied by considerable
vertical components. Therefore, it seems quite reasonable to assume that at least 10%
vertical components was accompanying with a 300-mile lateral shift. This vertical compo-
nent is equivalent to 30 miles (50 km) in depths.

In connection with the significant absence of high pressure mineral assemblages of
jadeite+quartz and others, HaTtTort (1967) considered that any rocks along the Alpine
Fault have not been formed at great depths as 50 km. If tectonic thickening or tectonic
overpressures could provide supplementary pressure effect on formation of high-pressure
type minerals, it might reduce great depths to moderate depths.

In the Wakatipu Metamorphic Belt, one of critical minerals indicative of high pres-
sures, i. e., great depths is lawsonite, whereas in the Tasman Metamorphic Belt it is sil-
limanite. Both sillimanite and lawsonite could have crystallized in depths like 20~25 km.
This amount of depths 25km seems too shallow to be compared to even such a small
component as 10% of a 300-mile lateral shift. For this reason the author is of the opinion
that a 300-mile lateral shift is not likely.

Finally, it is safely concluded that the hypothesis of a 300-mile lateral shift offers
very little grounds compelling alternatives which seem to be a growing belief.

f) Median Tectonic Line

One of the outstanding features in the concept of paired metamorphic belts is the
nature of the fault separating two distinct types of metamorphic terranes. Considering
possible paired metamorphic belts composed of the Wakatipu Metamorphic Belt and the
Tasman Metamorphic Belt, Hattorr (1966) expected the existence of an older Alpine
Fault which largely coincides with the Median Tectonic Line of Lanpis and Coomss (19
67). In east Nelson Core and Reep (1967) recognized the Waimea Fault which is prob-
ably correlated with the Median Tectonic Line of Lanpis and Coomes (1967). This is
shown in Fig. 6. Nature of the Median Tectonic Line has not yet been studied, but the
Median Tectonic Line may have started moving during early or middle stages of the
Rangitata Orogeny. And it may have completed before accumulation of the Eocene Arnold
Series, judged from geologic setting in Southland.

However, it is highly speculative to decide whether the Median Tectonic Line has
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activated largely during only the period of the Rangitata Orogeny throughout its postulated
line as seen in the present positions, and also when two distinct types of metamorphic
terranes have attained the culmination of metamorphism as seen in metamorphic zoning
demonstrated in Figs. 3 and 4. Furthermore, a question on whether the Wakatipu Met-
amorphic Belt has been involved in more than one metamorphic event since 120 m. y.
ago arises in this connection. In Fig. 4 three different trends of progressive regional
metamorphism are suggested. O-curve for the Haast Schist Group in east Otago and
Southland probably shows the common trend of metamorphic zoning in the Wakatipu
Metamorphic Belt, and B-curve for the Bryneira Group in west Otago is slightly lower
than the common trend, on the contrary, H-curve is a little higher in terms of tempera-
ture distribution. Here, it must be questioned if the regional metamorphism of the Haast
Schist Group shown in the trend of H-curve has completed in a time similar to that of
the regional metamorphism represented by the trend of O-curve and B-curve. Because
the age of the regional metamorphism in the trend of H-curve is a problem still to be
elucidated.

As the Haast Schist Group from south-east Nelson to the Haast River suggests slight-
ly higher temperature distribution, this could be dealt with a different metamorphic
event in nature and age. This phenomenon is quite important to apply the data of radio-
metric dating. Again it seems likely that the youngest ages of 4~8 m. y. provide true
ages for final episode of metamorphic event.

Finally, the author would like to consider that the nature of the Median Tectonic
Line was dominantly vertical in favour of Reep’s (1964) hypothesis of differential uplift
and erosion, as well as in the case of the Alpine Fault. This consideration is based on
petrogenetic significance of the absence of high-pressure minerals, as discussed earlier.

II. 4 Some Geophysical Considerations on the Earth’s Crust in and around
New Zealand

II. 4. 1 Bathymetry

Geologic structures in the South Island has frequently been considered in relation of
new geosyncline other than the New Zealand Geosyncline to some features of bathymetry
around New Zealand (WELLMAN, 1956;Kivama, 1959).

According to Bropie (1958), the oceanic highs and deeps around New Zealand
exhibit a marked linearity and fall into three groups whose features trend NW-SE, E-W,
and NNE-SSW, and that these groups are recognized as structural provinces—the North-
western, Chatham, and Kermadec Provinces respectively. The New Zealand land mass
occupies a position at the meeting of the three structural trends. However, later he intro-
duced the term of a morphological unity, “New Zealand Plateau” on which the New
Zealand land mass is centering (Fig. 7).

Concerning the age of oceanic structures, Bropie (1958) pointed out that in South-
land the Mesozoic Southland Syncline and the Tertiary Waiau Syncline are probably related
to submarine structures in the Bounty Trough and the Solander Trough respectively.
Therefore, he concluded that no signs of late structural activity along trends referable
to the Northwestern and Chatham Provinces have been observed in New Zealand, and
the submarine relief in these Provinces could be of pre-Tertiary age. Active movement
on the Kermadec Province trend has taken place up to Recent time, and the submarine
features of this Province are considerably younger. The only obviously active crustal deform-
ing process along the Kermadec trend is well demonstrated with active NNE-oriented
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faults down southwards from the oceanic floor, through minor trench, New Zealand land
mass accompanied by the Taupo Graben and Alpine Fault, to the minor marginal trough,
i. e., Fiordland Trough probably associated with the Macquarie Ridge named by DBRroDIE



16

and Dawson (1965).

Morphological features of the Hikurangi Trench named by Bropie and HATHERTON
(1958) must be noticed (Fig. 8). The Hikurangi Trench lies immediately off the eastern
coast of New Zealand, from East Cape to Cook Strait and offshore of Kaikoura. Accord-
ing to Bropie and Harmerton (1958), the Trench extends 300 mile southwards from
offshore of East Cape, with an average width of 60 miles. At its northern end the trench
axis is offset 50 miles eastwards from that of the Kermadec Trench. In the south the
Trench abuts against the Chatham Rise. The western flank rises abruptly to the New
Zealand land mass, forming the continental slope of the East Coast, the North Island. With
only a narrow, benched and shallow trench-form along the axis, the Hikurangi Trench
has a remarkably broad near-level floor, which is quite extensive and has probably been
subjectéd to thick accumulation of sediments.
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Basaitic, Phonolitic & Andesitic Volcanism

Fig. 9 Distribution of Late Tertiary to Quaternary volcanic rocks
and the belt of active andesitic volcanoes. Data from GREGG
and CoomMBs (1965), and THOMPSON (1965).
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Comparing those features suggested by Bropie and Harusrron (1958) with those of
the Kermadec Trench, it may be said that the Hikurangi Trench has been shallowing and
retreating northwards, and has possibly been dying out leaving level-floor behind with
thick sediments. And its most subsided part has migrated along the axial trend toward
the Kermadec Trench with a 50-mile offset at offshore of East Cape.

Bathymetric chart of the southwest Pacific is shown in Fig. 7, which was made by
CuLLEN (1967) based on the Soviet Union’s Bathymetric chart (1963).

II. 4. 2 Volcanoes

The distribution of Late Tertiary and Quaternary volcanic rocks in New Zealand is
shown in Fig. 9. The distinct belt of active, Late Quaternary andesitic volcanoes trends
northeast from Ruapehu, through Ngauruhoe to White Island, and farther northeast
through the Kermadec Ridge (including Raoul Island) to the Tonga Islands. Volcanic
activity along this belt (shown as a line in Fig. 9) is without doubt influenced by activity
of seismic belt to the west of the Kermadec and Hikurangi Trenches.

In regard to the well-known occurrence of ignimbrites, HearLy (1962) stated that
nearly 4,000 cubic miles (about 17,000 km®) of lava, chiefly of rhyolitic composition, have
erupted in Pliocene to Recent time from the Taupo Volcanic Zone.

II. 4. 3 Heat flow

Although any heat flow data in and around New Zealand are not available, the distri-
bution of hot spring gives a useful clue to probe areas of possible high heat flow. In
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Fig. 10a  Map of the South Island showing Fig. 10b Radiometric dates for the rocks of
the distribution of hot springs. Data the Wakatipu Metamorphic Belt.
from ELLIS and MAHON (1964). Number is read in million years.

Data from HURLEY et al. (1962),
and ARONSON (1965).

B, biotite ; Kf, potassium-feldspar; M,
muscovite ; WR, whole rock,
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Fig. 10a the distribution of thermal spring (21~58°C) of the South Island (Erris and
Maron, 1964) is shown. Hydrothermal systems rise in Mesozoic and Paleozoic greywacke
of the New Zealand Geosyncline, partly in the least metamorphosed rock of the Chlorite
2 subzone (LENSEN, 1962;BowEN, 1964;GreEcc, 1964), and pass through Recent sands
and gravels.

As quoted by Erris and Mauon (1964), Heary (1948) considered that major fault-
ing and uparching of the old rocks has occurred in' the zone about the flanks of the
Southern Alps, and the hot waters seem to be associated with these rock movement and
a high geothermal gradient.

As there is no-sign of velcanic activity ‘that- could be considered as a heat source,
it should also be noted that this phenomenon is closely related with the activity along the
major faults.

II. 4, 4 Gravity anomaly

Bouguer Anomaly Map of New Zealand made by Rewry (1965) is shown in Fig.
11. Strongly negative Bouguer anomalies in the North Island (Rangitikei-Waiapu Anomaly)
have been considered to be dué to geosynclinal downwarping and in the South Island to
formation of mountain roots (Bropbie, 1964). On the contrary, large -positive Bouguer
anomalies implies probable crustal thinning, in the extreme south of the South Island. Tt
must be noticed that the position of these Bouguer anomalies is not consistent with the
distribution of the Late Tertiary to Quaternary volcanic rocks.

II. 4. 5 Seismicity

From the d\istribution and nature of seismic activity in New Zealand, Emsy (1958)
made structural deductions and demonstrated a structural picture of New Zealand. He
divided the NeW\ Zealand structure into three layers,—the crust, a transition zone, and a
sub-crust. The sub-crust extending to at least 370 km, is. separated by a transition layer
extending from the base of the crust to a depth of about 100 km.

The sub-crust is traversed by a major wedge-shaped structure within which the deep
focus seismicity is confined. This has been named the' “Sub-Crustal Rift”.

The regional gravity anomaly pattern on the two sides of the Rift is markedly
different. The gradient is low oa the north-west side, and abnormally high on the south-
east. In addition, the structural trends of the surface geology to the south-east lie parallel
to the Rift, on the dther hand, those 'to the north-west are cut off by it.” Later Emy
(1964) slightly modified the earlier account (Emy, 1958) and attempted to make the
form of the Rift much clearer. As seen in Fig. 12, it shapes like a tetrahedral wedge,
and reaches a maximum depth of slightly less than 400 km beneath the Bay of Pleaty.
The depth decreases in almost uniform manner southwaids along the Rift. The general
attitude of thlp western face'is nearly vettical, though the shallower parts have an average dip
of about 80° towards the west. The eastern face dips more gently at an angle between 40°
and 50°. He suggested that the northern end of the Rift is closed, and therefore that New
Zealand deep- focus seismicity should not be considered as a simple prolongation of the activity
associated with the Kermadec Trench. Strikingly however, 50-mile southeastward offset of
the axial part of the Hikurangi Treanch from that of the Kermadec Trench is positioned
nearly at the northern ead of the Rift. This can explain Esy’s (1964) account for the
relation between deep-focus seismicity within the Rift and seismic activity associated with
the .Kermadec Trench. That is, possible northerly prolongation of the Rift is situated 50
miles north-west of the northern end of the Rift along the trench offset.



Fig. 11 Map showing Bouguer Anomalies of New Zealand. Contour interval 25 mgal.
Anomalies in mgal. Reproduced from REILLY (1965},

19




20

q > 300 KM
2 s
~, v
N, j
4 =
~N
» 200 KM '\'
\.
\'
~ \.
N
2 '\'6
> 100 KM
N
0 200
A
L LAND TRENCH B
(0]
._I_-______.;/.._
| Sub- ’
/
] 2 F 100
i Crustal /s
] /
l’ Rift// Py
I // o
l /
[ ’
i L 300
(4
400 KM

Fig. 12 Map showing the form of the New Zealand Sub-Crustal Rift.
Based on EiBy (1964). Lower; cross section along A—DB line



21

140°W
20°8

40°S

5-i0

Macquarie L

Fig. 13a  Thickness of the earth’s crust in the Southwest Pacific
region. Reproduced from BRODIE (1964).

NWAUSTRAUA DEW, i
TASMAN  BASN ZEALAND SOUTHWESTERN PACIIC BASN TR ibGE
e LS

MOHOROVICIC  DISCONTINUITY \?—‘_D
}—20 KMS

=30

0 1000 ¢

= u o
KILOMETRES

Fig. 13b  Crustal section cut on the line from a to b on Fig. 13a.
Reproduced from BRODIE (1964).

Although the negative Bouguer anomaly pattern, i. e., Rangitikei-Waiapu anomaly in
the North Island is not consistent with the distribution of the Late Tertiary to Quaternary
volcanic rocks, it seems likely to be largely identical with that of the Rift. From this,
Emy (1964) suggested that the mean density of the material within the Rift is about 1
per cent less than that of adjacent parts of the mantle.

II. 4. 6 Crustal thickness

Bropie (1964) summarized the available data from various geophysical investigations
and drew a generalized picture of the crust of the New Zealand region (Figs. 13a and
13h). He concluded that the New Zealand Plateau is an area of crust of intermediate and
relatively uniform thickness and of continental rock types. He further stated that in the
New Zealand Plateau the major crustal anomaly is within the extent of New Zealand
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itself, where the crust is 10 km thicker.

II. 5 Possible Present-day Paired Metamorphism in North-east New Zealand

The geology and tectonic history of New Zealand are to be accounted for on the
basis of both geological and geophysical data, as seen in the previous works made by
WeLLMAN (1956) and Kmema (1959). In this section the author would like to put
forward a hypothesis of present-day paired metamorphism in north-east New Zealand.

a) Significant Sub-Crustal Rift

The crust of the New Zealand land mass is about 30 km thick, and is quite, distinct
from adjacent oceanic crust in various geophysical features. Beneath the crust the sub-crust
extends to at least 370 km, and is traversed by the Sub-Crustal Rift, of which material is
suggested to have the mean density about 1 per cent less than that of the adjacent parts
of the mantle. This account is very important to consider any resultant geological hap-
penings.

As already mentioned by Emy (1958), the main crustal faults could have developed
as the result of successive positioning above the Sub-Crustal Rift. This implies that the
movements along active faults like the Alpine Fault are reflected iadirectly by activities
within the Rift (Fig. 14). !

Although the distribution of the Late Tertiary and Quaternary volcanic rocks is not
consistent with the positioning of the Sub-Crustal Rift, a remarkable belt of active, an-
desitic volcanoes and the Taupo Volcanic Zone is comparable to the pattern of the Rift.
According to Heavy (1962), from the Taupo Volcanic Zone nearly 4, 000 cubic miles (about
17,000 km®) of lava have been erupted in Pliocene to Recent time, chiefly of rhyolitic
composition, including ignimbrites.

Concerning the origin of magma respousible for the formation of these volcanic rocks,
the nature of material in the Sub-Crustal Rift is most important. As frequeatly stated
earlier, the material is lighter than that of the adjacent parts of the mantle. This probably
implies that the Sub-Crustal Rift could provide huge volume of granitic magma in itself.
In other words, granitic magma might have risen from a certain depth withia the Rift.
The nature of the granitic xenoliths from the Taupo Volcanic Zoae revealed by Ewart
and CoLe (1967) is of special interest. Probably there is a genaetically close relation be-
tween the volcanic rocks and the granitic xenoliths. Therefore it can be caid that it is not
necessary to link the origin of the volcanic rocks with any basaltic magma in the manatle.

b) Retreating Hikurangi Trench

The northern end of the Rift is closed. But a close relation of the Rift with the
Kermadec Trench might be expected and, of course, with the Hikurangi Treach. There
is a remarkably uniform manner in which the depths of both the Rift and the Hikurangi
Trench decrease southwards to a first approximation. Moreover, the Rift and the Treach
run parallel side by side.

In the preceding section, the author points out that the Hikurangi Trench has been
shallowing and retreating, and has been dying out from the southern end, leaving thickly
accumulated sediments behind. If this interpretation is allowed, the following hypothesis
is realized.

The zone of salient volcanic activity lies farther west of the Hikurangi Trench, and
the zone is underlain by the Sub-Crustal Rift. Probably granitic rocks may have been
formed in a certain depth, whereas rhyolitic lava and ignimbrite erupted on surface. On
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the other hand, greater positive Bouguer anomalies are observed near the Hikurangi
Trench, and provide non-isostatic relation. Therefore the following phenomenon is expected:
thickly accumulated sediments immediately west of the Hikurangi Trench aad in the Trench
itself may have undergone burial regional metamorphism of high-pressure type. Between
two regions postulated to undergo present-day regional metamorphism, many active faults
run parallel with the Hikurangi Trench and also the Sub-Crustal Rift. These active faults
probably result from the successive positioning above a possible present-day Median Tec-
tonic Line in depths. This account is strongly constructive for a hypothesis of a present-
day paired metamorphism in north-east New Zealand (Fig. 15). The author would
like to call this model “New Zealand type present-day paired metamorphism”.

In this regard, the retreat of the Hikurangi Trench has to be taken into considera-
tion. This implies that successive migration of culmination of postulated regional metamor-
phism along the axial trend of the Hikurangi Trench might be traced back farther south-
westwards. There might have happened quite recent regional metamorphism along the
still active faults like the Alpine Fault. The unexpected young radiometric mineral ages
of the schist close to the Alpine Fault could be interpreted in the manner mentioned
above.

¢) Distribution of hot springs in favour of very young regional
metamorphism

In addition, there is strong evidence to support this interpretation, as the distribution
of hot springs close to the active faults provide positive signs of high heat flow in
the region. And the regional metamorphism of the trend represented by the H-curve in
Fig. 4 might have occurred, in response to relatively high temperature distribution which
practically existed in certain geological past, as strongly suggested by the distribution of
present-day hot springs (Figs. 10a and 10b).

II. 6 Brief Summary of the Geologic Development of New Zealand

In conclusion, a simplified model of the geologic development of the South Islaand
since Late Mesozoic is presented, on the basis of the Geological Map of New Zealand at
1:250, 000 and synthesis of information mentioned above.

The beginnings of the New Zealand Geosyncline is not clear, but the oldest sediments
are considered to be as old as Carboniferous age. The New Zealand Geosyncline has
developed in quite wide areas showing a world-scale feature in its dimensions and depths
comparable with a typical “eugeosyncline” (SucGATE, 1965).

Towards the end of sedimentation in the Geosyncline, about in Late Jurassic time,
the southwestern side of the Geosyncline changed its nature of subsidence to uplift, and
developed fresh water sediments with coal measures, on the other side the northeastern
side was still subjected to submergence to form marine sediments. Subsequent to major
folding in Cretaceous, deep burial and regional metamorphism (Wakatipu Metamorphic
Belt) took place in Otago, followed by differential uplift and erosion which led to form
regional unconformities. At the same time emplacement of granitic rocks and volcanic
rocks in the Tasman Metamorphic Belt took place. The Tasman Metamorphic Belt there-
fore contains the rocks affected by the Tuhua Orogeny which has been considered to be
of Devonian—Carboniferous time by Lanpis and Coomss (1967).

The Median Tectonic Line may have evolved in the Cretaceous tectonic event, thus
forming the paired metamorphic belts.

In Early Tertiary, marine transgression reached farther west close to the Haast Schist
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Group in Canterbury, however the axial belt of dominant subsidence migrated northeastwards.
To the south and west of the elevated area, the Eocene nonmarine sediments were
developed. It is not certain whether the northeastward migration of the axial belt has
lasted in connection with the development of the Hikurangi Trench or changed abruptly.

In Miocene time, block faulting and differential elevation began in north Canterbury
and Marlborough, followed by dominantly transcurrent faulting represented by the Al-
pine Fault, the Wairau. Fault, the Awatere Fault, the Clarence Fault, and the Hope Fault.
Moderately high heat flow associated with the faulting resulted in the youngest regional
metamorphism along the Alpine Fault.

Tectonic movements in Late Tertiary and Quaternary times took place mainly in and
around the North Island. The dominant features are the formation of volcanic rocks on
one side, and the accumulation of thick sediments on the other side along the Hikurangi
Trench. The present-day paired metamorphism is possible in this region.

III. JAPAN

HI. 1 General Description of Metamorphic Belts

The geology of Japan is customarily divided into two tectonic units by a great ruptured
zone called the “Fossa Magna” which traverses the central part of Honshu (Main Island
of Japan) from the Sea of Japan to the Pacific Ocean:Southwest Japan and Northeast
Japan (Fig. 16).

Regionally metamorphosed rocks are most widespread in Southwest Japan and they
are recognized to constitute four metamorphic belts. The most remarkable feature in
Southwest Japan is zonal arrangements of the metamorphic belts, running roughly parallel
with the trend of Honshu. Each of metamorphic belts is called the Hida Metamorphic
Belt, the Sangun Metamorphic Belt, the Ryoke Metamorphic Belt, and the Sambagawa
Metamorphic Belt from north to south. Recently an extension of a regional metamorphism
has been revealed in the Chichibu Terrane and the Shimanto Terrane which lie to the
south of the Sambagawa Metamorphic Belt (SEx1 et al., 1964).

The Ryoke Metamorphic Belt is separated by a salient tectonic line called the Median
Tectonic Line from the Sambagawa Metamorphic Belt. The southern part of the Sam-
bagawa Metamorphic Belt gradually merges into the Chichibu Terrane or is cut by the
Mikabu Fault Line. The Chichibu Terrane is separated from the Shimanto Terrane by
the Butsuzo Line.

Ages of metamorphic events in each metamorphic belt and regional metamorphism
have been the subject of diverse opinions, and seem to be still in the melting pot. Among
many debates, the most intriguing problem is the relation of the Ryoke Metamorphic
Belt with the Sambagawa Metamorphic Belt, concerning whether or not both Metamorphic
Belts form paired metamorphic belts, and whether radiometric dating intrinsically indicate
the age of final metamorphic events and probably of uplift as a last phase of orogenesis,
or the age of uplift which is considered to post-date the time of metamorphism, that is,
regardless of any metamorphic event in an orogeny.

In this paper the author attempts to make a general review on this problem, and
build up a hypothesis of a possible mechanism that could be responsible for the formation
of paired metamorphic belts in the case of the Ryoke Metamorphic Belt and the Sambagawa
Metamorphic Belt in Southwest Japan.
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Fig. 16 Map showing the distribution of the main metamorphic terranes
in Japan. Reproduced from Geological Survey of Japan (1960).

ITII. 2 Some Features of the Ryoke Metamorphic Belt and the Sambagawa
Metamorphic Belt

The natures of both Metamorphic Belts are briefly summarized as follows, based on
Geological Survey of Japan (1960).

III. 2. 1 The Ryoke Metamorphic Belt

The Ryoke metamorphic rocks are distributed in a belt along the northern side of the
Median Tectonic Line, from the eastern part of Kyushu to the middle of the Fossa Magna
(see Figs. 16 and 17). The belt is about 40 to 70 kilometers in width and 650 kilometers
in length. At many places the Ryoke metamorphic rocks have been intruded by granitic
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rocks. Generally they have parallel structure which coincides with the direction of the
Median Tectonic Line. The metamorphic rocks are considered to have been derived
chiefly from clayslate, sandstone, chert and others of probably Permian age. Mica schist,
mica gneiss, and biotite hornfels (or schistose hornfels) are most abundant, accompanied
by small amounts of amphibole schist, amphibolite, and amphibole gneiss. Sillimanite,
andalusite and cordierite are found in argillaceous rocks of the higher-grade zone and around
the intrusives. The lowest-grade zone is the Biotite Zone, therefore, a lack of the chlorite
zone is most characteristic.

III. 2. 2 The Sambagawa Metamorphic Belt

This Belt continues from the central part of Honshu to Kyushu along the southern
side of the Median Tectonic Line (Figs. 16 and 17). The rocks in this Belt are crystal-
line schists formed by regional metamorphism and are called the Sambagawa-Mikabu
metamorphic rocks. The relation between these crystalline schists and the non-metamorphic
or weakly metamorphosed Paleozoic strata is usually fault, but transitional at certain places.
The Sambagawa metamorphic rocks consist chiefly of crystalline schists, and the Mikabu
metamorphic rocks consist of semi-schists, phyllites, and green metamorphic rocks. The
original rocks are Upper Paleozoic and possibly Middle Paleozoic rocks comprising argil-
laceous and arenaceous sediments, and mafic to felsic lava and tuff. The "higher-grade
metamorphic rocks have the mineral assemblages of greenschist facies, rarely of epidote
amphibolite facies. Porphyroblastic albite spots are frequently found in this higher-grade
rocks. Jadeite and glaucophane are found in the schists of some members.

III. 3 Focal Point of ‘‘Paired Metamorphic Belts’”’ Controversies

a) Historical review

The relation between the Ryoke Metamorphic Belt and the Sambagawa Metamorphic
Belt was first considered by Kosavasm (1941) in the light of orogenic movement and
its bearing on metamorphism. According to Kosayvasar (1941) the Sambagawa Metamor-
phic Belt (practically called Sambagawa (-Mikabu) metamorphosed zone) is the miomag-
matic metamorphosed zone of the Sakawa folded mountains, whereas the Ryoke Meta-
morphic Belt (practically called Ryoke zone) is the pliomagmatic metamorphosed zone of
the Sakawa folded mountains. That both Metamorphic Belts are the products of the
Middle Cretaceous Sakawa Orogeny was his conclusion.

To the contrary KoJma (1953) expressed a different opinion that both Metamorphic
Belts were constructed in the Late Paleozoic or the Early Mesozoic orogeny, and also that
the Sambagawa Metamorphic Belt was formed by the southerly up-thrusting movement
of the Ryoke Metamorphic Belt.

On the basis of metamorphic facies series, Miyasumo (1961) directed attention to the
preseace of a pair of metamorphic belts in the Circum-Pacific Region. He considered
that the Ryoke Metamorphic Belt is of the andalusite-sillimanite type and/or low-pressure
intermediate group accompanied by abundant granitic rocks, whereas that the Sambagawa
Metamorphic Belt is of the jadeite-glaucophane type and/or high-pressure intermediate
group dccompanied by abundant ultramafic rocks. He reached the conclusion that both
Metamorphic Belts were formed in Cretaceous time, thus forming a pair. '

Suwa (1961) reached a similar conclusion and stated that both Metamorphic Belts
constitute a pair in the Middle Cretaceous period of orogeny.

Icukawa (1964, p. 95) suggested a considerable time-gap between the Ryoke meta-
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morphism and the overlying Late Cretaceous Izumi Group, assuming that the Ryoke Meta-
morphic Belt had been constructed long before Late Cretaceous. He also stated that the
last phase of the Sambagawa metamorphism was prior to Late Triassic and after Middle
Permian,

Banno (1964) suggested that some parts of the Sambagawa Metamorphic Belt would
have been pushed down beneath the Ryoke Metamorphic Belt, where intrusion of granitic
rocks took place roughly contemporaneous with the Sambagawa metamorphism. He further
stated that after regional metamorphism, probably in Early or Middle Cretaceous time the
Sambagawa Metamorphic Belt was uplifted.

Recently Mmaro et al. (1965) compiled quite a deal of latest information on the
geology of Japan, and published an enormous work in “The geologic development of the
Japanese Islands”. They considered that both the Ryoke Metamorphic Belt and the
Sambagawa Metamorphic Belt were formed by the Permian and Triassic movements. In
spite of realizing the importance of the Median Tectonic Line and remarkable contrast
between the two Metamorphic Belts, Mmato et al. (1965, p. 115) kept away from
elucidating the process by which the two Metamorphic Belts came into contact, saying
that their present knowledge is not sufficient enough.

b) Time-gap between regional metamorphism and uplift

As far as radiometric dating is concerned, there is no opposing evidence against
the concept of paired metamorphic belts: both Belts were involved in the Cretaceous
Orogeny, corresponding to the Sakawa cycle of orogeny proposed by Kosavasmr (1941).
On the other hand, the alternative opposing the presence of the paired Metamorphic
Belts or the Cretaceous QOrogeny is not consistent with the results of radiometric dating.
However, from their geologic interpretation, MmaTo et al. (1965, p. 101) considered that
radiometric ages by K-Ar method do not indicate any phase in metamorphic events in
great depths, but indicate the phase in which metamorphic terranes were rapidly and
intensely uplifted through subsequent epeirogeny to certain depths. MmaTo et al. (1965,
p-89) in turn recognized a large time-gap between the time of the regional metamorphism
and that of exposure on surface which provided regional unconformities in the case of
the Ryoke Metamorphic Belt.

¢) Upper age limit

Upper age limit of both Metamorphic Belts has stratigraphically been determined as
follows. In eastern Kyushu pebbles derived from the Sambagawa Metamorphic Belt are
known in the Upper Cretaceous Onogawa Formation, but the relation between the Samba-
gawa Metamorphic Belt and the Onogawa Formation is fault. In western Shikoku the
Paleogene (probably Eocene) Ishizuchi Formation rests unconformably on the Sambagawa
metamorphic rocks, and this field evidence provides the only direct relation to limit the
upper age of the Sambagawa Metamorphic Belt.

In the case of the Ryoke Metamorphic Belt, the nature of the Late Cretaceous Izumi
Group is to be noted. The Izumi Group is exposed to the north of the Median Tectonic
Line from western Shikoku to the western Kii Peninsula, and rests upon granite which is
related to the Ryoke metamorphic rocks. The Group is characterized by the presence of
abundant arkosic sandstone, together with shale, conglomerate, and a small amount of
tuff. Therefore it seems likely that the sediments were largely supplied from the emerged
Ryoke Metamorphic Belt.

As mentioned here, very little is known to date the upper age limit of regional
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metamorphism on the basis of direct stratigraphic relation between regional metamorphic
rocks and overlying strata. However, some attempts have been made on this matter,
employing stratigraphic relations in adjacent areas to a metamorphic terrane concerned.
The following account is by far the most well known.

In the middle sub-belt of the Chichibu Terrane which lies immediately south of the
Sambagawa Metamorphic Belt, a marked clino-unconformity between the Middle Permian
and the Upper Triassic has been kaown in Shikoku and western Kyushu. This is called
the Sakashu unconformity in eastern Shikoku (Icmikawa et al, 1953) and the Uminoura
unconformity in western Kyushu (Kanvera, 1961 ; OriTa, 1962).

Based on that the Middle Permian are strongly sheared and deformed, the clino-uncosn-
formity has been considered to indicate the tectogenesis essentially prior to the Upper
Triassic, i. e., the Permian-Triassic tectogenesis (Icmmkawa, 1964). This interpretation
does really form a strong ground for assuming that the Sambagawa metamorphism ended
before Late Triassic.

d) Median Tectonic Line

This Line is a salient tectonic line runniag between the Ryoke Metamorphic Belt and
the Sambagawa Metamorphic Belt. Four phases of movements along the Median Tectonic
Line were first recognized by Kosavasmr (1941): the Middle Cretaceous Kashio phase
(southward thrusting and mylonitization), the Ichinokawa phase (normal faulting with
dowathrow on the north side), the Tobe phase (northward thrusting), and the Shobudani
phase (southward thrusting in Quaternary).

In this paper the Median Tectonic Line is strictly used to mean the first phase of
movement which essentially governed the nature of the Line, i e, the Kashio phase.
There have also been many arguments concerning ages and nalures of each phase of
movements along the Median Tectonic Line. And these arguments are largely controlled
by how and when both Metamorphic Belts are considered to have come into contact. If
the age of the Kashio phase is not taken into account, the nature of the movement has
commonly considered to be of southward thrusting. The only different opinion was
presented by Banno (1964). He considered that it was a normal fault, based on the fol-
lowing assumption. The Ryoke Metamorphic Belt was formed in a shallower part of the
earth’s crust, lying at the hanging wall of the fault, whereas the Sambagawa Metamorphic
Belt was formed in a deeper part of the crust, lying at the foot wall.

Among many opinions, KoBayasur's (1941, p. 288) interpretation is by far the most
important, that is, the Median Tectonic Line divided one orogenic zome into two parts,
instead of uniting two orogenic zones of different tectonic systems.

e¢) Rhyolite and its pyroclastices

As seen in Fig. 17, the Cretaceous volcanic rocks are quite widespread to the mnorth
of the Ryoke Metamorphic Belt. The Nohi Ryolites named by Kawapa et al. (1961)
are situated near the eastern part of the Ryoke Metamorphic Belt. The Nohi Rhyolites
consist mainly of tuff of ignimbrite nature.

At many places the Cretaceous volcanic rocks have been intruded by granitic rocks of
similar age. Large granite mass in the Chugoku Province is described as the “Chugoku
Batholith ”. Although a genetically close relation has been suggested hetween the Cretaceous
volcanic rocks and the granitic rocks, any attempt to determine a definiteé relation still
remains not successful.

As mentioned earlier, Icmkawa (1964) considered that the Ryoke Metamorphic Belt
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had been constructed long before Late Cretaceous, connecting with the Paleotectonic era
(Silurian-Early Mesozoic) of his own definition. But, with regard to the extensive volcanic
and plutonic activity concerned, Icmikawa (1966) stated that the formation of large
amounts of the Late Mesozoic magma should be recognized as a particular type of the
subsequent diastrophism of the Paleotectonic evolution.

Quite recently Sakar et al. (1965) and Yamapa (1966) fouad the following pheno-
menon: one of the granites of the Ryoke Metamorphic Belt intruded into the Nohi
Rhyolites. This discovery is of special interest to discuss genetical relations between the
Ryoke granites and the Cretaceous rhyolites as a whole.

f) A possible clue to the origin of the paired Metamorphic Belts

As already discussed in the preceding sections on the New Zealand metamorphic belts,
grounds for assuming or doubting a geologic development seem to have become much
clearer. The grounds do really depend upon how to interpret geological and geophysical
data such as nature of metamorphism, upper age limit, radiometric dates, and length of
life of a single regional metamorphism. Although so many interpretations have been made
to ascribe very young radiometric date to diffusive loss of radiometric daughter elements
or to the time of uplift, no geological evidence has been recorded to conflict any results
of radiometric dating for both Metamorphic Belts in Cretaceous time.

The author is of the opinion that there are rather many constructive geological
evidences to support the nature of both Ryoke and Sambagawa Metamorphic Belts forming
a pair.

It may be worthwhile to consider the relation of both Metamorphic Belts in the light
of a model of “New Zealand type present-day paired metamorphism in north-east New
Zealand 7. This attempt may provide a strong clue to the origin of the pair, and will be
described later.

III. 4 Distinct Petrochemical Features of the Paleozoic Sediments

The Paleozoic Geosyncline has been considered to occupy quite wide areas in Southwest
Japan, covering the larger part of western Japan. Stratigraphic evidence in Southwest
Japan indicates that sedimentation in the Geosyncline was most dominant in Carboniferous
and Permian times. The main constituents of the Paleozoic sediments are greywacke and
clayslate. Abundaat mafic voleanics, limestone lenses, and chert and siliceous rocks are
lithologically noted. There is a tendency to show the strong volcanic activity of mafic
nature in the southern strip.

In an attempt to get information on a probable systematic change of lithologic
characters, discrimination of petrochemical features from place to place may help to further
study in discussing the relation between the two Metamorphic Belts. Working mainly
from Mivasuro and Haramura (1962), Karapa et al. (1963a), and Banno (1964),
Mivasmiro and Haramura (1966) divided the Paleozoic geosynclinal sedimentary terrane
of Japan into four zones from north to south: 1) practically -unmetamorphosed zone N,
2) Ryoke-Abukuma Metamorphic Belt, 3) Sambagawa Metamorphic Belt, and 4) practically
unmetamorphosed zone S (Fig. 18). The pelites of zone N tend to have higher ratios
of K,0/(Na,0+K,0) and of Al/Na ratios than those of zone S. And the ratio of K.O/
(Na:O+K.0) of pelitic rocks tend to decrease continuously southwards, irrespective of
regional metamorphism. Zone S is ideatical with the Chichibu Terrane, and is characteristic
with pelites of lower maturity and the presence of volcanic nature, that is of typical
“eugeosynclinal ” sedimentation. On the contrary, Mivasamro and Haramura (1966)
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Fig. 18 Map showing four zones in the Paleozoic geosynclinal terrane of
Japan. Reproduced from MIYASHIRO and HARAMURA (1966).

considered that zone N represents the miogeosynclinal zone of the Paleozoic Geosyncline.
In addition they suggested that most of the original pelitic sediments of the Ryoke
Metamorphic Belt were probably similar in chemical composition to those of zone N,
whereas most of the pelitic metamorphic rocks of the Sambagawa Metamorphic Belt were
intermediate between those of zones N and S, provided that the regional metamorphisms
were essentially isochemical except the removal of H;O and the reduction of Fe. Their
account in turn implies that the nature of sediments varies systematically from north to
south and that sedimentation in each of four zones was genetically related each other.

III. 5 Thermal Phenomenon in the Rycke Metamorphic Belt

In contrast to the Sambagawa Metamorphic Belt, the Ryoke Metamorphic Belt is not
uncommonly accompanied by emplacement of granitic rocks. There is little evidence,
however, to indicate contact metamorphic effects on the surrounding rocks, as the meta-
morphic conditions have been considered to be different from hornfels facies. For this
reason the regional metamorphism in the Ryocke Metamorphic Belt is described as regional
high-level or high-temperature metamorphism, that is, the nature is of Mryasuiro’s (1961)
andalusite-sillimanite type and/or low-pressure intermediate group.

With respect to the process of regional upheaval of iso-geothermal surface; the origin
of heat energy must be taken into account. Boundary of granite body does not always
coincide with that of metamorphic zoning, however, the highest zone is largely confined
to near around the granite body. Thus it is quite natural to assume that heat transportation
was made upwards along with the intrusion of granitic magma.

Havama (1962) concluded that the Ryoke metamorphism took place in a relatively
shallower depth, and the age is coeval with that of granitic rocks: of Middle Cretaceous
time. His conclusion is based on the assumption that the emplacement of granitic rocks
in the Ryoke Metamorphic Belt is intrinsically upheaval phenomenon. Furthermore, he
stated that it is difficult to postulate a considerable time-gap between the time of the
granite emplacement and the time of upheaval, referring to the result of radiometric
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Fig. 19 Map showing the zonal distribution of granitic rocks, based on
their K-Ar ages. Reproduced from KawaNo and Ugpa (1967).

dating. Kawano and Uepa (1966 ; 1967) made a general account for the ages of many
granitic masses in Southwest Japan (Fig. 19). They considered that a marked zonal
distribution of granitic rocks is the result of progressive migration of igneous activity.
They did not regard radiometric dates as the time of uplift itself,

The relation that one of the Ryoke granites intruded into the Nohi Rhyolites of
Cretaceous age (Saxar et al., 1965; Yamapa, 1966) is of much interest to consider the
nature of the Ryoke metamorphism. Probably this strongly implies that the volcanism is
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accompanied by the granite emplacement. Although the author will discuss a possible
mechanism to produce granitic magma in the later section, it is quite probable that at
least part of granitic magma associated with the Ryoke metamorphism erupted onto surface,
thus forming volcanic rocks like the Nohi Rhyolites.

Matsumoro’s (1965a) assumption that the plutonic activity associated with the Ryoke
metamorphism is intrinsic of magma formation within the upper mantle should be taken
into consideration in this regard. In addition, Marsumoro (1965b) threw doubt upon if
the Ryoke Metamorphic Belt has gained the character of the culmination axis of regional
metamorphism in an orogenic belt, and furthermore if the plutonic activity played signifi-
cant roles in the processes of geologic development from geosynclinal to orogenic stages.

II1. 6 Nature of Rocks in the Ryoke Metamorphic Belt Prior to the Ryoke
Metamorphism

There still arises another problem : before the Ryoke Metamorphic Belt was subjected
to the granitic intrusion, what strata or rocks may have been there. Comments made by
Havama (1962) and Havama et al. (1963) on this point is very important to postulate
the nature of the rocks prior to the Ryoke metamorphism. According to them, the rocks
were nearly unmetamorphosed Paleozoic geosynclinal sediments, and some of the rocks
may have been crystalline schists. Thus it is likely that parts of the sediments have
undergone regional metamorphism during the period of the Early Mesozoic orogenic
movement in the Sangun Metamorphic Belt, as will be discussed later.

My asuairo (1965, pp. 401—402) suggested that the salient metamorphism in the San-
gun Metamorphic Belt and the Sambagawa Metamorphic Belt may have lasted for a long-
range span of life of a single regional metamorphism in the Japanese Islands, and on the
contrary that the Ryoke Metamorphic Belt continued only in a very short span of life,
subordiante to the main events of the Sangun-Sambagawa metamorphism.

It is therefore most likely that not less amounts of the rocks existed before the Ryoke
metamorphism might have been involved in the Late Paleozoic to Early Mesozoic phase
of the Sangun metamorphism. In this connection Icuxawa’s (1964 ; 1966) account that
the Late Mesozoic tectonic movement is subordinate diastrophism of the major eugeosyn-
clinal tectogenetic process in Farly Mesozoic is significant to explain the postulation made
by Havama (1962) and Mivasuaro (1965).

Some constructive evidences may be pointed out to support the existence of the rocks
which have been slightly metamorphosed during the Late Paleozoic to FEarly Mesozoic
phase of the Sangun metamorphism, as follows.

a) Geologic structures

Ia a discussion on superficial” folding of the Paleozoic eugeosynclinal sediments in
Southwest Japan, Mrzurant (1964) reached the conclusion that the tectonic movement of
domirant folds of the Paleozoic strata occurred in relation to the Early Mesozoic orogenic
movement. In the central Alps, the metamorphic zone has developed obliquely with fold axis,
and the metamorphism accomodated static condition without disturbing pre-existed struc-
tures (Katapa et al,, 1961). Further they stated that the age of the Ryoke metamorphism
is ot penecontemporaneous with the main phase of folding, suggesting a large time-gap
between the age of main structural deformation and of metamorphism.

b)%# Petrographical and petrological significance
Well-known descriptive term “ schistose hornfels ” for the Ryoke metamorphic rocks
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sounds unusual, for the process of constructing schistose structure is quite different from
the process of essentially thermal phenomenon for the formation of hornfels. And this
question has been made not infrequently among Japanese petrologists. This suggests that
schistose structure might have been formed before hornfels. For instance, Havama et al,
(1963) revealed that in the hornfels zone of the eastern Ryoke Metamorphic Belt there
occur some crystalline schists hardly discernible with those of the Sambagawa Metamorphic
Belt, and that the schists gradually merge iato hornfels.

Another evidence for this may be provided ia Iwao’s (1938) study:progressive
recrystallization of porphyroblastic quartz iacluding different pattern of helicitic structure
in biotite schist of the Yanai district, west Japan. It seems probable to assume that this
type of helicitic structure is the product of two distinct metamorphic events.

Petrologically the occurrence of stilpnomelane coexisting with biotite in the Ryoke
metamorphic rock (Kartapa and Sumi, 1966) draws much attention. Apart from genetical
relation of stilpnomelane to the low-pressure intermediate group metamorphism, a possibil-
ity arises as the occurrence indicates a remnant mineral from the rocks which have already
experienced the tectonic deformation comparable to the prominent folding in the Early
Mesozoic orogenic movement. For instance, the rocks of the Sangun Metamorphic Belt
underwent the similar orogenic movement and contain stilpnomelane-bearing schistose
rocks. Thus relevant condition is expected in the area of the Ryoke Metamorphic Belt.

III. 7 Areal Extent of the Sambagawa Metamorphism

a) Sambagawa metamorphism in the Sambagawa Metamorphic Belt and the
Chichibu Terrane

Referring to the structural pattern of the Sambagawa Metamorphic Belt, Havama (1962)
divided this Belt into two regions placing the divide at the central part of the Kii Pen-
insula. In the eastern region, it is simple with geatly dipping monoclinal structure, aad
the metamorphism gradually increases to the lower stratigraphic member. This implies
that the subsidence was continuous in a uniform rate. On the contrary in the western
region the subsidence was probably violent, and thus reversed order of stratigraphic suc-
cession are dominant and also the metamorphic grade increases to the upper stratigraphic
member. This interpretation made by Havama (1962) has been supported by detailed
petrologic studies of the Sambagawa metamorphic rocks in the Kotsu-Bizan district
(Iwasaki, 1963), the Besshi-Tano district (Banno, 1964), and the limori district (JKaNEHIRA,
1967).

The Chichibu Terrane largely separated from the Sambagawa Metamorphic Belt by
the Mikabu Fault had been considered to be non-metamorphosed, but Iwasaxi (1963)
and Baxno (1964) revealed that the greater part of the Chichibu Terrane was affected by
the regional metamorphism which drove part of rocks to form the Sambagawa crystalliae
schists. As far as the metamorphic zoning is concerned, the presence of the Mikabu Fault
Line is no longer significant.

b) Possible extension of the Sambagawa metamorphism farther south to the
Shimanto Terrane

SExI et al. (1964) found that most of the Mesozoic rocks of the Shimanto Terrane

in the central part of the Kii Peninsula have mineral assemblages of the lower-grade

metamorphism : combination of prehnite and pumpellyite, and of pumpellyite and actinolite.

They concluded that the lower-grade metamorphic rocks progressively become the higher-
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grade rocks from south to north, and finally grade up to the ‘‘spotted” zome of the
Sambagawa Metamorphic Belt. Isograds of the metamorphism cut the conspicuous thrust
which separated the Paleozoic strata of the Chichibu Terrane to the north and the
Mesozoic of the Shimanto Terrane to the south. The Mesozoic strata contain the Jurassic.
Therefore the metamorphism took place even in later than Jurassic time. In addition, their
suggestion that the Sambagawa metamorphism may have lasted for a long time since Late
Paleozoic to later than Jurassic should be noted.

Iil. 8 Migration of the Paleozoic Geosyncline to the Shimanto Geosyncline

Icmkawa (1964, p. 96) summarized the Permian—Triassic tectogenesis in Southwest
Japan, as follows. The Permian eugeosynclinal condition was brought to an end in the
late Middle Permian, followed by the Late Permian “terminal” sediment of conglomerate-
bearing facies. In a few provinces, for instance in the Ryoke Metamorphic Belt, a
possibility was not excluded that a thick marine accumulation might have lasted partially
until the earlier half of Triassic, although there is no positive evidence for it.

In the probable southern extremity of the Paleozoic Geosyncline which is referable
to the southern sub-belt of the Chichibu Terrane, the sedimentation of the Permian and
Triassic strata (Sambosan Group) was still of eugeosynclinal nature, characterized by a
considerable amount of chert, limestone and mafic tuff. Therefore it can be said that this
evidence is a positive sign for the southward migration of the eugeosynclinal environ-
ments.

Geological Survey of Japan (1960) classified the vast area to the south of the Chi-
chibu Terrane into the so-called “Undifferentiated Mesozoic” of the Shimanto Terrane on
the north and the Cretaceous—Paleogene of the Nakamura Terrane on the south. But later
these two Terranes were mapped by an omnibus term, the “Shimanto Complex” in the
Geological Map of Japan at 1:2,000,000 (1964). Icaxawa (1964;1966) called this vast
area the “Shimanto Major Belt”. In this paper the “Shimanto Terrane” is used in a wide
sense, and is identical to the “Shimanto Complex” and the “Shimanto Major Belt”.

The nature of the sediments in the Shimanto Terrane is briefly described as follows,
based on Geological Survey of Japan (1960). Ia the northern part of the Shimanto Ter-
rane the rocks are composed of geosynclinal sediments with great thickness. Some parts
of the facies are rich in radiolarian chert and others occasionally carry limestone of Later
Jurassic age. Other paris contain diabase or altered mafic pyroclastics. These sediments
are believed to be from Jurassic to Earlier Cretaceous in age. Whereas in the southern
part of the Shimanto Terrane the rocks are thick, geosynclinal sediments chiefly composed
of alterrating sandstone and shale. In the upper part tuffaceous shale appears. These
strata are assumed to be Cretaceous—Paleogene in age, that is, younger than those of
the northern part of the Shimanto Terrane.

From geological evidence mentioned above, it is quite obvious that there is a tend-
ency of progressive migration of geosyncline from the Chichibu Terrane to the southern
part of the Shimanto Terrane.

1. 9 Possible Origin of a Pair 'of the Ryoke Metamorphic Belt and the
Sambagawa Metamorphic Belt

Working from many geologic evidence and postulations mentioned in the preceding
sections, aad also referring to a proposed model of “New Zealand type present-day paired
metamorphism”, the author would like to consider a possible mechanism to form the
paired Metamorphic Belts in Southwest Japan.
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The Paleozoic sediments deposited in a wider belt of eugeosyncline. Volcanism was
dominant in the southern narrow strip of the present Sambagawa Metamorphic Belt. As
sedimentation proceeds, the sediments start undergoing burial metamorphism in a moderate
depth, in a manner suggested by Martsupa and Kurivacawa (1965) as follows:as
sedimentation proceeds continually, the sediments of the lower member are pushed down
and buried into a certain depth where burial metamorphism takes place ; provided that
geosyncline migrates laterally, then correspondiag migration of burial regional metamorphism
is also expected.

In Late Paleozoic to Early Mesozoic the Paleozoic Geosyacline changed its nature of
subsidence to uplift. And the burial regional metamorphism in the northern part of the Paleo-
zoic Geosyncline ends with uplift in Middle Triassic aad resultant regional unconformity,
as known in the relation of the Sangun Metamorphic Belt and overlying Upper Triassic
strata. This evidence implies the Late Paleozoic—Early Mesozoic Sangun metamorphism.
However, burial regional metamorphism continued in other terranes includiag the Sambagawa
Metamorphic Belt retained in a considerable depth.

In connection with this tectonic movemeat, the Paleozoic Geosyncline was dying out,
and migrated to the south where another geosyncline (Shimanto Geosyncline) was formed
as seen in the present Shimanto Terrane.

In Early Cretaceous, a great rift of wedge-shaped comparable to the New Zealand
Sub-Crustal Rift probably occurred in the sub-crust beneath the Median Tectonic Line or
its neighbouring depths. The appearaace of a trench is postulated near the axial part of
the Shimanto Geosyncline where volcanic activity of mafic nature was accompanying with
the sedimentation. To the north of this trench, that is, near the Median Tectonic Line
and farther north, activity within sub-crustal rift produced continually certain volume of
granitic magma in various times and places on one side, and led to rapid uplift. Oa the
other side, to the south of the Median Tectonic Line occurred a remarkable downward
buckling to form high-pressure minerals. Between them the salient tectonic line appeared
to make two distinct types of metamorphic terranes iato direct coatact. Some of granitic
magmas erupted upwards to the earth’s surface through faults, and formed volcanic rocks
like the Nohi Rhyolites.

This hypothesis is postulated to explain possible origin of the paired Metamorphic
Belts in Southwest Japan: the Ryoke Metamorphic Belt and the Sambagawa Metamorphic
Belt including parts of the Chichibu Terrane and the Shimanto Terrane.

Working hypotheses to account for paired metamorphic belts have been put forward
by Miyasmro (1961 ; 1965), Matsupa (1964) and Takevcut and Uvepa (1965). Mry AsHIRO
(1965) and Taxkeucht and Uvepa (1965) directed their atteation on the relatioa between
the zone of deep focus earthquake and magma production as well as on the possible
tectogenesis near the Japan Treach.

The present author’s attempt, however, is slightly differeat from their hypotheses.
One of advantages by the author’s hypothesis may be emphasized: wedge-shaped sub-crustal
rift of New Zealand type can produce huge volume of granitic magma; whereas the well
known inclined zoae of deep focus earthquake in Northeast Japan can well explain the
origin of lateral variation of basalt magmas (Kuno, 1959), but not explain granitic magma.
The author would like to stress that this hypothesis would help to reconcile the conflicting
views on the concept of paired metamorphic belts.
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IV. Comparison between the Two Geologic Developments
of New Zealand and Japan

In the case of the geologic development of New Zealand, three characteristic points
may be stressed as follows.

(1) Long duration of life of the New Zealand Geosyncline from Carboniferous to
Jurassic is recognized along the axis of the Geosyncline. Since Late Mesozoic time, the
axial part probably represented by an area close' to a certain trench has started migrating
northeastwards nearly along the trend of the axis of the New Zealand Geosyncline, and
emerged into the present Hikurangi Trench and also farther north into the Kermadec
Trench (Fig. 20a)

(2) Late Mesozoic volcanic activities are not so conspicuous when cempared with
those of Southwest Japan. Two interpretations are possible. a) This probably results
from emplacement of the corresponding granitic rocks in depths which is expected only
on a small scale. Therefore a pair of the Tasman Metamorphic Belt and the Wakatipu
Metamorphic Belt may not have been established well. b) Volcanic rocks possibly existed
in response to the intrusion of the granitic magma and together with the rocks of the
Tasman Metamorphic Belt may have already been eroded out.

(3) Large lateral shifts are recognized in the Kaikoura area, where the movement has
taken place since Miocene time. However, it seems Mlikely that total displacement along
the Alpize Fault never reaches the generally accepted amount of 300 miles. Recent
tectogenesis is displayed by the postulated present-day paired metamorphic belts in north-
east New Zealand where rhyolite, active faults and the Trench run parallel side by side.

Whereas in Japan similarly three points may be stressed.

(1) The Paleozoic Geosyncline migrated to the south, that is, toward the oceanic side,
and a new geosyncline—the Shimanto Geosyncline was formed in parallel with the Paleozoic
Geosyncline. In Receat time, the distribution of geosyncline suggested by the present
Japan Trench—the Izu-Ogasawara Treach and the Ryukyu Trench—the Nanseishoto Treach
has developed in a quite different manner (Fig. 20b).

(2) Southwest Japaa is characterized by the salient paired metamorphic belts in
Cretaceous time: the Ryoke Metamorphic Belt, and the Sambagawa Metamorphic Belt and
parts of the Chichibu Terrane and the Shimanto Terrane. Once parts of the rocks of the
Ryoke Metamorphic Belt and the Sambagawa Metamorphic Belt were probably involved
in the Late Paleozoic to Early Triassic tectonic movement of the Sangun metamorphism.
And the present status of the paired Metamorphic Belts is considered to be due to the
later tectonic eveats in Cretaceous time. It is therefore concluded that the rocks of the
Ryoke Metamorphic Belt may have experienced two different types of metamorphic events.
This in turn implies that the rocks of the Ryoke Metamorphic Belt can be assigned to be
of polymetamorphic origin.

The rocks of the Sambagawa Metamorphic Belt have been influenced by the continual
tectonic movements of burial metamorphism since Late Paleozoic time umtil considerably
high-pressure regional metamorphism took place in the area close to the Median Tectonic
Line as a result of intense dowaward buckling in Cretaceous time. The Median Tectonic
Line was formed by the two markedly contrast movements between the upheaving Ryoke
Metamorphic Belt and the rapidly subsiding Sambagawa Metamorphic Belt.

(3) Large lateral shifts are recognized only in the area around the Akaishi Mountains,
where the movements along the Akaishi Tectonic Line were largely of lateral nature in
pre-Miccene time. According to Kimura (1959) the irend of the Line is strikingly in
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harmony with that of the Japan Trench, and moreover it is compared with the case of
the New Zealand lateral faults in the Kaikoura area which lie in parallel with the Hiku-
rangi Trench.

It may be concluded with some degree of confidence that the slight difference in the
manner of the geologic developments in both New Zealand and Japan is well explained
in the different progressive migration of axial part of geosyncline, as seen in the present
status of trenches, and that the origin of paired metamorphic belts can be accounted for
by a model of “New Zealand type present-day paired metamorphism ”. Furthermore the
facts that the formation of paired metamorphic belts happened in both New Zealand and
Japan in Cretaceous time is prime importance to consider as to whether the formation
simply means a tectogenesis in each place or a global phenomenon as suggested by the
Cretaceous tectonic movement in the Circum-Pacific Region,

In the South Island, New Zealand, the pair of the Tasman Metamorphic Belt and
the Wakatipu Metamorphic Belt was formed shortly after the last sedimentation in the
New Zealand Geosyncline. Whereas in Southwest Japan the pair of the Ryoke Metamor-
phic Belt and the Sambagawa Metamorphic Belt was formed long after the cessation of
sedimentation in the Paleczoic Geosyncline.

For this reason the formation of a pair in both cases is quite independent of the
process in a geologic development from geosynclinal stage to subsequent upheaval-denu-
dation. In other words, it seems likely that the Cretaceous tectogenesis to form the
paired metamorphic belts concerned are probably generated by a global tectogenesis in the
Circum-Pacific Region.
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H. HATTORI

Late Mesozoic to Recent Tectogenesis and Its Bearing on
the Metamorphism in New Zealand and in Japan

Hitoshi HATTORI
W AR, No. 229, p. 47, 1968
25 illus.

The geologic developments since Late Mesozoic in New Zealand and Japan
are reviewed on the basis of recent advances in metamorphic zoning, radiometric
dating, and geophysical interpretation. In New Zealand, the Wakatipu and
Tasman Metamorphic Belts constitute a pair in Cretaceous, separated by the
Median Tectonic Line. Very young mineral ages obtained from rocks of the
Wakatipu Metamorphic Belt may well be explained by a close relation with the
distribution of hot springs. A hypothesis of a present-day paired metamorphism
in northeast New Zealand is proposed to account for the origin of paired
metamorphism. Referring to this hypothesis the marked contrast of the Ryoke
and Sambagawa Metamorphic Belts is explained. A slight difference between the
geologic developments in both New Zealand and Japan is also discussed.

551.76 : 551.25(52+-931)
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