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FOREWORD

It is my great pleasure to present this volume incorporating the papers presented at our
International Centennial Symposium which was held in December 1982. At this symposium,
it was most gratifying to find distinguished scientists from so may countries gathered to con-
tribute to the discussions relating to the very wide spectrum of geosciences to-day.

Looking back when our Geological Survey was founded in 1882, it was half a century
after the publication of the first edition of Charles Lyell’s “‘Principles of Geology’’ and it
was two years after the birth of Alfred Wegener. In Asia, it was thirty years after the establish-
ment of the Geological Survey of India and systematic geological investigation had started
in Indonesia many years before. Thus there has been a long tradition of geoscientific studies
in Asia compared to other scientific disciplines, and we were not very early in systematically
organizing our activities.

Now after a long cultural tradition of identifying ourselves together with nature rather than
observing it objectively, our people became aware of the environment as objects of systematic
study. And the growing interest in knowing the nature of our land and mineral resources
for various purposes warranted the establishment of such institution.

The initial raison d’étre for this new institution was geological mapping and the first edition
of the geological map of the country at the scale 1:1,000,000 was published in 1898. The
Geological Survey gradualy developed by drawing the experiences of the surveys mostly in
Europe and North America, and with the turn of the century, our activities gradually expand-
ed to include investigation of mineral resources, earthquake studies, marine geology and now
we are concerned with all phases of geoscientific activity and also are involved in international
cooperative work.

Through these activities, we became aware, among others, that mineral resources were not
limitless as we had innocently took for granted, earthquakes became matters to be studied
rather than just feared and also ocean floors became one of the most interesting frontiers
of science.

During the past one hundred years, our view of the earth changed radically. Although
Wegener’s continental drift theory was once refuted by the geoscientific community, it is now
accepted by most of us that the earth’s crust does move laterally albeit from a totally different
interpretation. Lyell’s uniformitarianism is being considered from various aspects with ap-
proaches completely unexpected in his days. We have begun to search for the sources of
various geological phenomena; concentration of mineral resources, tremors of the earth, volcanic
eruptions, just to name a few. In other words, the past century had been an extremely exciting
time for us geoscientists. Now, what lies ahead?

The most important aspect in conducting our work to-day is the fact that a global perspec-
tive is essential for all geoscientific efforts. All of our activities cannot be limited by national
boundaries and we are now completely interdependent internationally. During the course of
this symposium held within the ambitious framework of ‘‘Geologic evolution, resources and
geologic hazards”, we reviewed the present complex state of the art of the geosciences and
the role of the geological surveys in various parts of the world and were able to obtain a
glimpse of what lies ahead of us. Thanks to the efforts of the distinguished participants,
I am assured that we can look forward to very exciting developments and a greater role for
us in the geological surveys.

Toshiaki SAwa
Director
Geological Survey of Japan
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Gondwana Geology of Indian Plate—Its History of
Fragmentation and Dispersion

N.R. DATrA and N.D. MITRA

Geological Survey of India, Calcutta, India

ABSTRACT

The Gondwanic rocks of India show a varied array of lithofacies spanning in age from
Late Carboniferous to Early Cretaceous period and exhibit characteristic floral and faunal bon-
dage with the homotaxial rocks of Southern Hemisphere. The fault bounded Gondwana troughs
of Peninsular India are a mosaic of tilted blocks formed by major normal faults and the basin
belts show broad similarity in their structural setting with that of East African Rift, Baikal
Rift and Rhine Graben. Based on geophysical data, a mechanism of convective upwelling of
mantle material has been invoked for Gondwana graben formation.

In the Extra Peninsular India, the faunal zones and correlative lithofacies of Gondwanic
affinity occur not only in the frontal zone of the Himalayas but also in the Tethyan domain
of Kashmir, Spiti, Nepal and Sikkim. It is, however, suggested that Gondwanic India, with
its lithological and palacontelogical entity, extended northwards upto Indus-Tsangpo Suture
and the Himalayan front is the Tethys-facing margin of Indian Gondwanic Plate.

The spatial and temporal relation of the Rajmahal volcanism with that of evolution of
Late Gondwana east coastal troughs indicates that the initial phase of rifting and ocean floor
spreading along the eastern margin commenced 100-105 million years ago and the ocean
opening began with the continental rupture and uplift-generated triple junction formation. The
fragmentation of western margin of Indian Gondwanic Plate was earlier considered to be a
Late Cretaceous event but recent reappraisal of the age of Deccan volcanics, analysis of the
evolutionary history of Cambay graben in the west coast and the pattern of Cretaceous marine
transgression during the deposition of Lameta and Bagh beds prove beyond doubt that the
fragmentation along western margin of India and the beginning of ocean floor spreading took
place in Lower Cretaceous period. In other words, both the eastern and western margins of
Gondwanic Plate of India bear coeval records of fragmentation and continental dispersal.

INTRODUCTION

The Gondwana rocks of Peninsular India are characterised by a thick sequence of predomi-
nant terrestrial rocks spanning in age from Upper Carboniferous to Lower Cretaceous, which
have a characteristic floral and faunal bondage with homotaxial rocks of southern hemisphere.
As such, the study of Gondwana and associated rocks has assumed considerable significance
in the context of the recent developments in geotectonics. As a general rule, the Gondwana
rocks are found occupying basin shaped depressions in older formations, each of which lies
closely along a prominent river valley. The best known outcrops of Gondwana rocks are in
the Damodar, Son, Mahanadi, Pranhita, Godavari and Narmada river valleys (Fig. 1). The
alignments of Damodar, Son, Mahanadi Valley basins converge in the Rewa tract in the heart
of Indian Peninsula. The Pranhita-Godavari Gondwana basin also extends beneath the cover
of Deccan Trap lavas in Central India and the hidden extension of Gondwana basins below
the Deccan volcanics in all probability runs through Gudagaon, Akot, Bhusawal, Vagadih
to west coast as evidenced from a number of Gondwana inliers, supplemented by geophysical
data. Besides these well defined belts, a master basin has been indentified in Rajmahal-Malda-
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Purnea area of Bihar and West Bengal, a major part of which is concealed beneath the basic
volcanics, younger sediments and alluvium. The Gondwana basins of Bangladesh are apparently
separate depositories.

In the Extra Peninsular region, a linear discontinuous belt of Gondwana sediments occurs
along the foothills of the Himalayas from Arunachal Pradesh to Nepal. In addition, rocks
of Gondwana affinity have been detected in Kashmir, Simla and Garhwal, Spiti and Nepal
Himalayas.

TECTONIC SETTING OF GONDWANA BASINS

The different Gondwana basins of Peninsular India define prominent linear belts on Precam-
brian platform. Bouguer gravity survey along the Gondwana basins indicates that gravity lows
are usually associated with Gondwana basins. A gravity survey in the Godavari and Satpura
basins shows that gravity lows of the order of — 50 milligals are associated with these basins
(QURESHY et al., 1968). The graben structure of the basinal areas is reflected by steep Bouguer
gravity anomaly gradient at the basin edges. In Raniganj basin of Damodar Valley, Bouguer
anomaly values of the order of —20 milligals are also reported (VERMA et al., 1980). A steep
gradient of the gravity contours along the southern flank of this basin also suggests that
the southern boundary is steeply faulted. In South Rewa basin, gravity lows have been noted
along the axial region of the Gondwana trough. The gravity surveys in the Wardha Valley
have also shown that a gravity low of the order of — 50 milligals is located near Wardha
and the structural configuration of this basin is of a broad rift striking in a northwest-southeast
direction.

The Gondwana basins of Peninsular India are composite in nature and display a complex
tectonic setting of grabens, half-grabens and downwarps which have originated under varying
tensional regime. The Giridih basin in Bihar provides an ideal example of narrow elongatged
Gondwana graben, both the margins of which are defined by faults. In the Damodar Valley
Gondwana basin, E~-W trending major fault occurs over 87% of the southern margin, the
remainder being accounted by overlap. Fewer and less extensive faults occur along the nor-
thern margin of this basinal area. In the Godavari Valley on the other hand, Gondwana sediments
are found to be laid down in a well-defined block faulted trough. In other words, the promi-
nent intra-cratonic Gondwana basins of Peninsular India have usually a fault bounded linear
alignment. Within this broad structural framework, the Gondwana basins exhibit a mosaic
of tilted blocks formed by normal faults. The major intra-basinal faults with long strike exten-
sion and appreciable throws most probably originate in the basement and they predetermine
the position of the depressions, dispersal pattern of sediments and the process of sediment
infilling. In fact, the growth faults, which were penecontemporaneous with sediment accumula-
tion, have a dominant control on the distribution of facies organisation and geometry of
the lithic fill. Borea fault and Govindpur-Pichri fault of Bokaro basin in Damodar Valley,
Bamni-Chilpi fault in Sohagpur basin of Son Valley, Johilla fault in South Rewa, axial fault
in Giridih basin etc. are but a few classic examples of such prominent intra-basinal faults
of long strike extensions.

There is no consensus of opinion about the age of Gondwana faults (Fox, 1934; AUDEN,
1954; CHATTERIJEE and GHOSH 1967; VERMA and SINGH 1979). Recent analysis of the ma-
jor faults of the Gondwana basins, however, proves beyond doubt that these formed along
the Pre-Gondwana precursor faults. The Gondwana basins of Peninsular India are again thought
to mark lines of incipient crustal rupture. The evidence of fault along this prominent shear
zones concomitant with sedimentation is documented by an abrupt facies change across the
fault and thickening of coal seams in the down thrown block. The Bamni-Chilpi fault in
Sohagpur basin for example brings in juxtaposition two different successions of varied lithology
with differing metamorphism. In addition, the downthrown block of this fault, developed
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anticlinal closure near the faults. Likewise, in the downthrown block of the Borea fault in
Bokaro basin, there is a marked increase in the thickness of the coal seams in the down
thrown blocks in comparison with that in the upthrown block. Further, in the Auranga, Tatapani
and Hasdo-Arand Coal Fields located in Damodar, Son and Mahanadi valleys, the movement
along the boundary fault has induced rapid accumulation of fanglomerates along the flanks
of the rising upland during the Lower Gondwana sedimentation (Roy CHOUDHURY ef al.,
1975). The control of fault tectonism on Gondwana sedimentation is also well documented
in the Raniganj basin. In the northwestern part of this basin, a fault marking the southern
limit of the Gondwana rocks, becomes intra-basinal in the southeasterly direction. This fault
defined the limit of the deposition of the lower units of the Gondwanas but during the later
phase lost its dynamic behaviour when the present southern boundary fault was activated
with a southerly shift of the basin axis.

The major and regional faults of the Gondwana grabens of Peninsular India are structures
of Pre-Gondwana initiation. Their revival during the Gondwana sedimentation was responsi-
ble for the evolution of rift depressions. Very little studies have so far been made to decipher
the major stages in the rift zone evolution of the Gondwana basins. The tectonic setting of
the Gondwana basins is, however, remarkable similar to that of East African rift system,
Rhine graben and Baikal rift zone. The study of the evolution of continental rift zones generally
shows an identity in their deepseated formation and tectonic regimes. According to present
day ideas (MCCONNELL, 1977) rifting is the result of mantle process. Gravimetric and Deep
Seismic Sounding (D.S.S.) in Rhine graben and East African rifts have shown it to be underlain
by a subcrustal swell of mantle material. This is caused by an upwelling of anomalous mantle
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through the asthenosphere. The uprise of anomalous mantle produces disjunctives in the
asthenosphere and overlying lithosphere which, in turn, gave rise to extensional stresses par-
ticularly in the segment where the lithosphere is relatively thinner and cut by deep faults of
antiquity (MUELLER et al., 1969, ZAMARAYEV and RuzHICH, 1978). This process .ultimately
leads to crustal uparching and rifting. the same mechanism of convective upwelling of mantle
material can be invoked for Gondwana graben formation. The recent D.S.S. profile along
the Narmada graben shows the phenomenon of domal uplift beneath this graben. The anomalous
mantle at depth beneath the Gondwana basins is also probably corroborated by the negative
gravity anomalies. It is, however, surmised that the formation of the Gondwana rift depres-
sions begins with the concomitant uprising of the mantle material. After a period of ensuing
cooling new faults are formed and as such the formation of the Gondwana rifts is deemed
to be a complex phenomenon.

Several stages of fault generation in course of the evolution of Gondwana basins have been
identified based on the study of the nature of faults, history of igneous activities and nature
of the lithic fill (Fig. 2). In the early stage of basinal evolution in Lower Permian period,
the deepseated faults are reactivated during the upwelling of anomalous mantle material through
the asthenosphere. This may be defined as the embryonic stage of Gondwana basin evolution
and the rift zone morphology at this time was defined by shallow rift depressions. In the
second stage (Upper Permian), the anomalous mantle flow caused renewed activity along ex-
isting faults and also favoured formation of transverse normal faults and oblique-slip faults.
At this stage the Gondwana basins have asymmetric profile with deposition of thicker sediments
near the boundary fault. The third stage of the graben evolution is denoted by major fractur-
ing in the central segments of the rift zones in Triassic period. The basins become restricted
along the rift axis due to the emergence of major faults along them. The final stage of this
rift development is distinguished by local eruption of volcanic lava and intrusion of basic
and ultrabasic bodies along extensional fissures in Lower Cretaceous period.

EXTRA PENINSULAR REGION

In the Extra Peninsular region, the detached exposures of Gondwanas are known from
the frontal zone of the Eastern Himalayan foothills, window zone of Sikkim and from the
Tethyan domain of Kashmir, Spiti, Nepal and Sikkim. The most well developed Gondwana
rocks are in the Eastern Himalayas where they occur in two well defined tectonic belts. It
is-disposed as a schuppen belt in Darjeeling and Jalpaiguri area of North Bengal. This linear
belt continues further east as a persistent litho-tectonic unit in Kameng, Subansiri and Siang
districts of Arunachal Pradesh. The Gondwanas are also well exposed in the inner tectonic
belt as isolated tectonic windows in the Rangit Valley in Sikkim and Kuruchu Valley in Bhutan.

The Gondwanas of the Eastern Himalayas occur as superficial nappes over-riding the
autochthonous Siwalik Group (Miocene to Pleistocene) along the Main Boundary Fault. The
Gondwana Formations are themselves overridden in turn by older rocks - the Daling Forma-
tion, Buxa Group, Miri Formation etc. Usually, the thrust plane is inclined northward at
angles of 50° to 60°. The northern tectonic contact of the Gondwana sequence with the older
formations is also defined by prominent thrusts. Leaving aside the two major tectonic con-
tacts, subparallel east-west trending tectonic planes are also noted within the Gondwana sequence.

In the Rangit Valley in Sikkim, the Gondwana Formations rest unconformably on the older
Proterozoic rocks but in the major part of the area, the contact of the Gondwana sequence
with the older rocks is defined by a tectonised zone and the rocks are exposed in the form
of a window.

All the rock units of the Gondwana succession are deformed by multiple folds. A set of
east-west trending fold axis is seen to be refolded with almost perpendicular fold axis. This
trend of fold axis, which is well preserved varies from NW-SE to NE-SW. The entire area
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is finally seen to be folded with east-west trending major folds.

In the Tethyan domain of the Eastern Himalayas, lying to the north of the central crystallines,
continuity of continental and shallow marine Gondwanas have so far not been reported. But
in the Lachi Series, the occurrence of diamictite horizon similar to those of the foothills is
well known. The Lower Permian and Upper Permian marine fossils are also reported to have
been found below the Lachi Pebble Bed and some plant remains are reported from the sand-
stones overlying the Lachi Beds. Beyond this, there is no unequivocal proof of the develop-
ment of rocks of typical Gondwana affinity in the Tethyan domain of the eastern part of
the Himalayas.

In the Tethyan domain of Kashmir, the Gondwana belts are represented by agglomeratic
slates and beds containing Gangamopteris flora. The Permian Gondwanas of Kashmir are
also interbedded with the Panjal Trap. The rocks of Gondwana affinity are also noted in
the Blaini diamictites of the Simla Himalayas. The Late Palacozoic diamictites, similar to
those found in the Himalayas as well as rich Glossopteris Flora, are recorded from north
of the Mount Everest (ACHARYYA et al., 1979). It is, therefore, postulated by some workers
(GANSSER, 1964) that Gondwana flora and fauna extend deep inside Asia upto the Indus-
Tsangpo suture which is normally believed to define the northern limit of Gondwanic India.

STRATIGRAPHY OF GONDWANA BASINS OF PENINSULAR INDIA

The Gondwana basins of Peninsular India define prominent grabens on the Precambrian
platform. The process of growth of these basins, was initiated and continued through a regional
tensional regime and the sedimentation and faulting were concomitant over a greater part
of the time. But the tectonic impulse was not continuous but spasmodic in nature. As sedimen-
tation progressed in the fault-bounded linear belts, recurrent uplift along the rift shoulders
created varying tectonic regime. This movement took place at varying rates in space and time.
In other words, tectonic movements in different Gondwana basins of Peninsular India were
waxing and waning at intervals. This is manifested in the local development of intraforma-
tional breaks and unconformities. An analysis of the structural style and the stratigraphic
framework of the Gondwana basins of India, permits identification of several well defined
domains of sedimentation with similar tectono-sedimentological history (Fig. 3).

Rajmahal-Malda-Purnea-Galsi Basin

This basin stretches over 10,000 sq km from east of the Damodar Valley basin to North
Bihar beneath the cover of the Gangetic alluvium. The Gondwana sedimentation in this master
basin was initiated by the deposition of glacial and peri-glacial sediments of Talchir Forma-
tion. The domain of sedimentation, however, attains its maximum extent during the deposition
of the overlying Barakar Formation. This formation included thick coal seams (up to 40 m)
and a repetitive sequence of arkose, carbonaceous shale and siltstones. Following the deposi-
tion of Barakar Formation, the depositional site was exposed to sub-aerial weathering and
denudation which continued till the end of the Permian period. During the Lower Triassic
period, a thick sequence of (800-900 m) Panchet Formation was developed in this north-
south trending basin belt. The Panchet Formation comprise a thick sequence of chocolate
clays, mottled green sandy clays and brownish sandstones. Following the deposition of Pan-
chet sediments there was sub-aerial erosion and then the sedimentation commenced in the
Upper Triassic period resulting in the deposition of 150 m thick sequence of Dubrajpur For-
mation. There is a prominent hiatus in the geological record after the deposition of Dubrajpur
Formation. In the Lower Cretaceous period, this master basin was the site of widespread
volcanic activity popularly known as Rajmahal volcanism. The Rajmahal volcanics in all pro-
bability extended further east upto Sylhet in Bangladesh. The flora of the intratrappean within
the basalt pile as a whole has been dated as Middle Jurassic to Early Cretaceous (SASTRI
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Fig. 3. Different Gondwana Provinces of Peninsular and Extra Peninsular India.

et al., 1977). McDouGALL and MCELHINNY (1970), however, reported concordant K-Ar ages
of 100-105 million years for Rajmahal volcanics. This radiometric data shows Albian to Ap-
tian age for the Rajmahal volcanics.

Damodar-Koel-Eastern Son Valley Province

This Gondwana sedimentary province comprises the Damodar Valley and adjoining Koel
Valley basins and the Tatapani-Ramkola basin of Eastern Son Valley. There is a subsidiary
parallel belt comprising Deogharh, Giridih and Daltonganj to the north. These basinal areas
show the classic development of basal Talchir Formation and Permian coal measures-Karharbari,
Barakar and Raniganj Formations. The major coal bearing unit, the Barakar Formation, has
attained its maximum development in the central segment of this sedimentary basin where
900 to 1200 m of Barakar Formation is preserved. The Barakar Formation is succeeded by
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400 m-600 m thick horizon, devoid of any coal seam which is popularly described as Bar-
ren Measures. Some segments of this province also show development of Upper Permian
Raniganj Coal Measures.

The advent of Triassic heralded the deposition of Panchet Formation which rests over the
Permian Raniganj Formation with an apparently conformably contact. Recent studies on the
Permo-Triassic boundary in this province show that there may be a local break between the
Permian and Triassic sequence. The Panchet Formation characterised by red bed and arkose
association contains typical Triassic flora as Dicroidium and yield vertebrate fauna which in-
clude dicynodont Lystrosaurus and primitive cynodonts of Early Triassic age. (SASTRI ef al.,
1977). Following the deposition of Panchet rocks, the basinal area witnessed a break in sedimen-
tation in the Middle Triassic Period. The youngest unit of the Gondwana sequence of this
sedimentary province is defined by a sequence of coarse conglomerates, ferruginous sand-
stones and red shales which has been described as Supra-Panchet Unit. This succession rests
over the denuded surface of the Panchet Formation and is bereft of any identifiable fossil
remains. The Gondwana sedimentation in this master basin ceased in all probability by the
end of Triassic period. Nevertheless, this basin belt experienced volcanic activity in the form
of intrusion of lamprophyre sills and dykes and dolerite dykes. The period of intrusion of
the lamprophyres has been dated as 105-121 million years (SARKAR et al., 1980).

Mahanadi Valley Basin

This province stretches from Talchir basin in Mahanadi valley across the Mand-Raigarh
to Korba and Hasdo-Arand basins in Madhya Pradesh. This master basin forms the type
area of glacial and periglacial Talchir Formation (BLANFORD et al., 1856). This basinal area
witnessed widespread advancement of glaciers from the different gathering grounds of ice
and the Talchir sediments show a fairly thick development in the palaeo-topographic lows.
The Talchir sequence has attained acme of development in this basin belt and a maximum
thickness of 450 m is recorded from Hasdo-Arand basin. The Talchir sequence is succeeded
by Karharbari coal measures which is a distinct lithological and palaeontological entity in
this basin. The Barakar Formation forms the bulk of the clastic fill of this master basin
and is characterised by very coarse feldspathic sandstones, carbonaceous shales and coal horizons
as thick as 180 m. The Barakar sediment is conformably overlain by a thick sequence of
black and grey shales with sandstone interbands and is considered to be homotaxial with
the Barren Measures of the Damodar Valley basin. This, in turn, is overlain by Kamthi For-
mation which shows two broad lithological associations in its compositional make up. The
Lower 250 m of the sequence is characterised by alternation of arkosic sandstones, grey shales,
thin coal seams, ferruginous shales and shows a profusion of the Lower Gondwana plants.
The upper unit of Kamthi Formation rests apparently with an angular discordance over the
underlying sequence and shows a preponderance of ferruginous sandstones, pebble beds and
red shales. A critical re-examination of the sedimentary organisation of the Kamthi Formation
proves beyond doubt that the upper and lower successions are separated along an erosional
surface. Based on fragmentary palynological evidence, it is visualised that this erosional con-
tact may denote the Permo-Triassic boundary in this Mahanadi Graben. After the deposition
of the upper member of Kamthi Formation this sedimentary province lost its dynamic behaviour
and sedimentation ceased by the end of the Early Triassic period.

Rewa Basin

This basin occupies the heart of Indian Peninsula and includes in its ambit the major Gond-
wana basins of Son Valley. A large tract of this sedimentary province is covered by Talchir
Formation which exhibits a wide spectrum of lithofacies. The dominant palacogeomorphic
features of this basinal area during the Talchir sedimentation were characterised by a very
rugged basement topography dissected by subparallel E-W trending ridges, which were the
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gathering grounds of ice (CHOUDHURY, 1979). After the retreat of ice, this basement
topography controlled the development, extent and nature of sediment infilling of the Karhar-
bari Formatien. The palaeovalleys excavated by advancing glaciers were infilled by pebbly
sandstones and coarse arkose and conglomerates. The Karharbari Formation is succeeded by
the Barakar Formation which does not show development of very thick coal seams as noted
in other Gondwana provinces. Evidently the basins experienced repeated tectonic pulsations
during the Barakar Formation which does not favour accumulation of thick coal seams. Suc-
ceeding the deposition of Barakar rocks, this basinal area witnessed uninterrupted deposition
of thick sequence of rocks of Pali Formation, Recent reappraisal of the stratigraphic status
of the Pali Formation shows that this unit corresponds to a tripartite subdivision, the lower,
middle and upper Pali Members. The lower member with a sequence of greyish sandstones
and variegated clays can be considered to be equivalent of Barren Measures of the type area
on the evidence of miospore assemblage. The middle Pali Member shows development of
impersistent coal seams and has rich floral assemblage of Upper Permian affinity. Recent
geological studies, however, indicate that the middle Pali Member includes the classical Nidpur
beds of Singrauli Coal Field, where several species of Dicroidium have been reported along
with Glossopteris, Vertebraria, etc. This Nidpur flora is dated a little younger than Early
Scythian (Roy CHOUDHURY, ef al., 1975). It is, therefore, reasonable to assume that the mid-
dle Pali Member straddles across the Permo-Triassic boundary and extends into Lower Triassic
period. The upper Pali Member is conspicuously a 400 m thick sequence of ferruginous sand-
stones, green and red shales and siltstones. This member has yielded reptilian remains
Metaposaurus maleriensis, Pachygonia incurvata, Paradapedon huxleyi and Phytosaurus
maleriensis in the type locality of Tiki village. This faunal assemblage has been dated as Car-
nian to Lower Norian (CHATTERIEE and Roy CHOWDHURY, 1974). Thus, a large part of this
sedimentary province witnessed sedimentation of Pali Formation from Late Permian to early
Norian period without any recognisable hiatus in sedimentary succession

The Pali Formation is, in turn, succeeded unconformably by Parsora Formation which com-
prise medium to coarse grained sandstones, pebbly beds and violet to lilac coloured shales
with a maximum thickness of 500 m. This formation has a rich floral assemblage viz. Dicroidium
odontopteroides, Pterophyllum Sahni and Marattiopsis sp. which are dated as Rhaetic (Roy
CHOWDHURY, et al., 1975). Over the major part of this province the sedimentation ceased
subsequent to the deposition of the Parsora Formation. But the northwestern extremity of
this basin belt became the locii of accumulation of a thin unit of white sandstones and shales
after a pronounced hiatus. This youngest formation designated as Bansa bed has yielded rich
floral remains of Ptilophyllum acutifolium, Onychiopsis paradoxus and Weichselia reticulata
which suggest a Lower Cretaceous age. It has been visualised that this restricted occurrence
of upper Gondwana sediments of Early Cretaceous age in the northwestern extremity of this
sedimentary province took place in response to resurgence of tectonic movement along the
Son-Narmada lineament which represents a subcrustal fracture of great antiquity (RAO and
MiITRA 1978).

Godavari Basin

This NW-SE trending major sedimentary basin preserves a record of sedimentation of Per-
mian, Triassic and Jurassic Gondwanas and as such is remarkably unique from other Gond-
wana sedimentary provinces. This basin documents widespread advances of glaciers along the
periphery of the basin during the initiation of Gondwana sedimentation. During the Barakar
period, the domain of sedimentation progressively widened over larger areas in this basin
belt. The Barakar sediments show an intimate interbedding of coal, coarse sandstones and
shales. They are succeeded by a 500 m thick unit of greenish sandstones with subordinate
shales, which have been relegated to the Barren Measures as this unit is remarkably devoid
of any coal seams. Succeeding the Barren Measures is the Kamthi Formation which has a
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large areal spread in this basin and attains its maximum development of 1400 m. Based on
the gross lithological characters, this formation can be further subdivided into lower, middle
and upper units. The lower unit (250 m.) is characterised by development of coal seams and
has distinct floral assemblage of Raniganj affinity. The lower coal bearing member grades
upward into a thick monotonous sequence of greenish sandstones and variegated shales which
define the middle Kamthi Member with a thickness of 800 m. This member contains floral
elements which are conspicuously developed in the upper units of Raniganj Formation of
the Damodar Valley. The upper Kamthi Member shows coarse, arenaceous facies and is com-
prised of coarse grained sandstones, conglomerates, ferruginous sandstones and brick red
siltstones. At places, the upper member overlaps older formations and as such its contact
with the underlying unit of Kamthi Formation is considered to be a disconformable one.
The Kamthi Formation contains the only reported Permian reptile Kistecephalus of Upper
Permian age.

The Kamthi Formation grades upward conformably into a thick sequence of red clays,
sandstones and lime pellet conglomerates which are grouped together as Maleri Formation.
This formation has yielded a rich vertebrate fauna permitting identification of three well defin-
ed biozones. The lower Yerapalli biozone contains Dicynodonts, Wadiasaurus indicus and
Rechinisaurus cristarhynchus, a cynodont tooth and the amphibian Parotosaurus rajreddyi
(JAIN, et al., 1964 CHATTERJEE and Roy CHOWDHURY, 1974). The dicynodonts and amphi-
bian fauna indicate a Middle Triassic age.

The concordant contact between Yerrapalli biozone with the underlying Kamthi Formation
points to the fact that the upper Kamthi Member extends upto Lower Triassic period. The
Middle Maleri biozone includes Amphibians-Metaposaurus maleriensis, Reptiles-Paradapendon
huxleyi, Malerisaurus robinsoni, and Parasuchus hislopi. The uppermost Dharmaram biozone
of Maleri Formation has yielded condontosaurid Prosauropod and two more Archosaurus
teeth. On the basis of occurrence of Plateosaurus, the top bed of the Maleri Formation is
considered to be late Upper Triassic, i.e. Upper Norian to Rhaetic in age (KuTTY and Roy
CHOWDHURY, 1970). Evidently, unlike the other sedimentary provinces, the Godavari basin
displays an uninterrupted succession of Triassic Gondwanas with its unique history of reptilian
evolution. Further, the basin also bears the only record of Lower Jurassic continental Gond-
wana sediments denoted by Kota Formation. It comprises medium to coarse grained sand-
stones, variegated and red clays and limestones. The floral assemblage of the Kota Formation
includes Ptilophyllum, Equisetites sp., Sphenopteris sp., Otozamites sp., and Araucarites cut-
chensis. The fauna comprises fishes i.e. Tetragonolepis and Paradapedium which indicate a
Lower Jurassic (Liassic) age (JAIN, 1973). The Sauropod dionosaur found in this also cor-
roborates the Lower Jurassic age. After the deposition of the Kota Formation, there was
widespread erosion during the remaining part of Jurassic period. In the Early Cretaceous
period, there was deposition of arkosic sandstones, white clays and conglomerates of Gangapur
and Chikiala Formations. These beds have yielded a floral assemblages which includes
Cladophlebis indica, Thinnfeldia odontopteroides, Ptilophyllum acutifolium, Otozamites sp.
and Nilssonia sp. Based on this, an age between Late Jurassic and Early Cretaceous is inferred
for these beds. It is evident that the younger Gondwana formations occur successively towards
the north-western part of this basin which points to a shifting of the basin axis towards the
northeast with time.

Wardha-Kamptee Basin

The Pranhita basin and its northerly extension upto Kamptee in Central India, represents
a distinct tectono-sedimentary province of the Gondwana sedimentation, despite its physical
continuity with the Pranhita-Godavari basin. This basin belt is segmented into three subparallel
troughs-Wardha trough, Bander trough and Umrer trough, which bear similar records of
sedimentation. In this basin, the Talchir Formation and overlying Barakar sequence are well
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developed. There is evidence of widespread denudation after the deposition of the Barakar
rocks. As a result, the overlying units of Kamthi Formation composed of ferruginous sand-
stones, red and mottled shales rest over the eroded part of the Barakars with an angular
discordance. Consequent upon pre-Kampthi erosion, the records of upper units of Barakar
Formation have also been obliterated. This basinal area thus documents a unique evidence
of well defined stratigraphic hiatus at the top of the Lower Permian sequence. There is a
reported occurrence of a skull of Labyrinthodont-Brachyops Laticeps and Concostrachans
of Lower Triassic affinity. Based on the lithologic affinity and the palaeontological evidence,
it is surmised that the Kamptee sequence of Wardha Valley represents the upper member
of Kamthi Formation of the Godavari Valley. In other words, this denotes a major break
in sedimentation and erosion (Upper Permian) during which Barren Measures and lower and
middle units of Kamthi were deposited elsewhere.

Satpura Basin

This province encompasses the Gondwana basin along the drainage of Pench, Kanhan and
Tawa rivers. The nothern limit of this basin belt is defined by Narmada lineament while its
western extension is not precisely known due to the cover of Deccan Traps. The Permian
succession of this basin is denoted by Talchir, Barakar, Motur and Bijori Formations. The
Barakar Formation is characterised by dominance of sandstones with a few coal seams. It
is succeeded by Motur Formation which is composed of red and variegated shales and fer-
ruginous sandstones. This unit is generally considered to be homotaxial with the Barren Measures
of the type area. The Bijori Formation overlying the Motur Formation comprises shales which
are often carbonaceous, this coal seams, micaceous sandstones and siltstones. This formation
has yielded a labyrinthodont-Gondwanosaurus bijoriensis of Upper Permian affinity. Based
on available palaeontological evidence this formation is considered to be broadly homotaxial
with the Raniganj Formation. The Bijori Formation is, in turn, overlain by Pachmarhi Forma-
tion which is characterised by thick units of coarse pebbly sandstone and red siltstones. This
formation has yielded the typical Lower Triassic Concostrachans Estheriella. (GHOSH, per-
sonal communication). The Pachmarhi Formation is conformably overlain by Denwa Forma-
tion which is characterised by a sequence of red and variegated shales and brownish fer-
ruginous sandstones. This has been assigned a Middle Triassic age based on the find of a
reptilian bone of a Parotosaur (CHATTERIEE and Roy CHOWDHURY, 1974). The Denwa clays
are succeeded by Bagra conglomerates which contain pebbles of granite, quartzite and also
of Vindhyan rocks. There is a well defined hiatus at the top of the Bagra conglomerates
and the sedimentation commenced again in the Lower Cretaceous period when the feldspathic
sandstones and white clays of Jabalpur beds were deposited. The nature of sedimentation
in the Satpura, Proves beyond doubt, that the locli of sedimentation shifted progressively
towards north in this sedimentary province.

Coastal Gondwana Troughs

These basins are disposed mainly in the east coast and locally in the west coast in Cutch
area. This includes the troughs in Cauvery, Palar, Godavari-Krishna and Athgarh along the
east coast. Some of these basins, as Palar and Athgarh, bear undoubted evidence of Talchir
glaciation but no younger Permian and Triassic sediments have been preserved in these coastal
troughs. These were the milieu of fluvial and near shore paralic sedimentation in early Cretaceous
period. The Lower Cretaceous sediments show an interplay of fluvial, lagoonal and paralic
environment depending upon the oscillation of the marine strand lines. The tectonic history
and mode of sediment infilling in these troughs would be discussed in length while analysing
the evidences of the rifting of Gondwanic India.
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HIMALAYAN GONDWANA PROVINCE

The Gondwanas in the Himalayan belt occur in two distinct tectonostratigraphic domains.
It occurs as a distinct linear belt in the foothill belts of the Eastern Himalayas and also as
isolated tectonic windows in Rangit Valley in Sikkim and Kuruchu Valley in Bhutan. The
rocks of Gondwanic affinity have also been identified in the Tethyan domain of the Himalayas.
In the foothill belt of the Eastern Himalayas, the Gondwanas occur as a discontiriuous belt
in Darjeeling and Jalpaiguri between'the Jaldhaka and Chamurchi in Bhutan and as a persis-
tent lithotectonic unit in Kameng, Subansiri and Siang districts. The basal unit of the Gond-
wanas in this belt is defined by Rangit pebble slate (ACHARYYA, 1971). This facies, in fact,
shows a complete lateral gradation from pebbly mudstone to layered argillite containing dispersed
clasts. In Subansiri and Siang districts, marine fossils like Conularia, Productus, Spirifer etc.
have been recorded from the black shale immediately overlying this pebble bed. These units
are overlain by a thick sequence of greyish white to brownish yellow sandstones, carbonaceous
shales, grey shales and lenses of coal. The lithological association of this facies, as well as
the floral remains show close similarity with those of Damuda rocks of Peninsular India.

Concomitant with the deposition of these Gondwana sediments, spasmodic volcanism took
place in this Foot Himalayan belt of Arunachal Pradesh. The volcanic paroxysm reached
its peak in the Siang district. The volcanism is known as Abor volcanism (Fig. 4). This com-
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prises a thick sequence of basaltic to andesitic aa-type lavas and agglomerates. A few black
shales associated with the Abor volcanics have yielded sporomorphs of lower Gondwana af-
finity. This volcanic suite associated with the Lower Gondwanas has often come in Juxtaposi-
tion with the younger volcanic rocks of undoubted Tertiary age along tectonised contact.
This has introduced an element of uncertainty in assigning the proper chronostratigraphic
status of the Abor Volcanics.

In the inner tectonic belt of Sikkim, the Rangit pebble slate is well exposed. Marine Permo-
Carboniferous fossils are found within this pebble bed in the Rangit Valley window, on the
basis of which, its correlation with the Lachi Series of Tethyan sequence of Sikkim is sug-
gested (SAHNI and SRIVASTAVA, 1956) and the idea of Gondwanic influence in the Tethyan
domain of Sikkim followed (GANSSER, 1964). This pebble slate is succeeded by Damuda rocks
containing floral assemblage dominated by Glossopteris. These Damuda rocks have also been
reported in western Bhutan (ACHARYYA, 1979). The Gondwana pebble slate with coal bear-
ing Damudas is also known from the Lower Himalayas of Nepal but its stratigraphy and
structural relation with the associated rocks are not clearly understood.

In the Kumaon and Garhwal Himalayas, the Blaini Formation is considered to be the
equivalent of Rangit pebble slate. In the Garhwal Himalayas, the boulder slate sequence of
the lower Bijni unit has yielded a rich marine fauna of Bryozoa and Brachiopoda which is
comparable with the Subansiri fauna of Arunachal Pradesh (ACHARYYA ef al., 1979). This
points to the Gondwanic influence in Lesser Himalayan domain of Western Himalayas.

The most ideal development of Gondwanas in the Tethyan domain is known from the Kashmir
Himalayas. The Permian Gondwana sequence of Kashmir includes the Agglomeratic slate and
the overlying Gangamopteris beds. The Gangamopteris bed is characterised by a vertebrate
fauna Archaegosaurus, Actinodon and Chelydosaurus and the plant fossils showing a dominance
of Gangamopteris. In the younger beds, the frequency of Gangamopteris diminishes and a
number of species of Glossopteris appear (NAKAZAWA et al., 1975). The Gondwanas are closely
associated with the Panjal volcanics, which are now regarded to be of Sakmarian to Kungurian
in age based on the information from intercalated fossiliferous horizons (NAKAZAWA, ef al.,
1975). In Chamba area of Kashmir, the agglomeratic slates with similar fauna have been reported.

In the Spiti area, conglomeratic horizons have been recorded which are correlated with
agglomeratic slates of Kashmir (ACHARYYA and SHAH, 1975). This proves the extension of
Gondwanic influence in the Tethyan domain of Spiti.

The Gondwana pebble beds and ssociated facies are reported from the Higher Himalayas
of Nepal. Lenticular horizons of conglomerates with coaly beds are reported from Thinichu
Formation in the Thakkhota Tethyan domain. In the Tethyan zone of Sikkim, the Lachi
Formation defines a conspicuous lithostratigraphic unit. It is correlated with the Blainis of
the Lower Himalayas and Talchirs of Peninsular India. The faunal association of the Lachi
beds also shows a good correlation with those of Talchir marine beds of Daltonganj and
Umaria. Glossopteris is also reported from the northern face of the Everest area (ACHARYYA
et al., 1979). It is, therefore, emphasised that floral and faunal similarity exists between the
rocks of Gondwanic affinity of Lesser and Tethyan Himalayas with those of essentially con-
tinental Gondwanas of Peninsular India.

BROAD STRATIGRAPHIC FRAMEWORK

An analysis of the sedimentary framework of the Gondwana rocks of different Peninsular
basins proves beyond doubt that sedimentation manifestly took place at varying rates in space
and time (Fig. 5). These basins attained their acme of development during Barakar sedimenta-
tion and the basinal areas subsided in response to major epeirogenic impulse in Barakar time.
The domain of Gondwana sedimentation in the sedimentary provinces of Damodar, Rewa,
Godavari and Satpura continued to have fluvio-lacustrine environment in post Barakar period
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but the sedimentation ceased altogether in Rajmahal master basin, in the subsidiary belt of
Damodar valley and in the Pranhita-Wardha basin. This denotes the major stratigraphic hiatus
in the terrestrial Gondwana sequence in Lower Permian period. In the Upper Permian time,
there is recurrence of coal forming environment in the Damodar, Son-Mahanadi, Godavari
and Satpura basins.

Inspite of broad similarity of gross litho-facies, the correlation of Triassic Gondwanas is
fraught with uncertainty. The Godavari sedimentary province documents an uninterrupted
sequence of sedimentation from earlier Triassic to Rhaetic as evidenced by its rich reptilian
fauna. But the succession in other basins denotes a major erosive break in Upper Norian
period. The break is precisely dated in the Rewa basin at the base of Parsora Formation
because of the available palaeontological information.

The unequivocal evidence of Jurassic Gondwanas is preserved only in a small segment of
Godavari Valley. The Kota beds, representing the Jurassic succession, rest over the Maleri
Formation with a break of local magnitude at the Triassic-Jurassic boundary. Elsewhere in
the Gondwana basins, the Jurassic is denoted as a period of non-deposition and subaerial erosion.

The most fascinating episode of tectonism in the Gondwana basin is denoted in the Early
Cretaceous period. the tectonic event in the plate interior was manifested by the formation
of coastal troughs, creation of new basins in the heart of Peninsular India, reversal of palaeoslope
(Fig. 6) and volcanic paroxysm in well defined segments.

BOUNDARY OF GONDWANIC PLATE OF INDJA

The reconstructions of Gondwanic plate of India have been attempted from the comparisons
of regional geology and tectonic evolution, comparisons of fossil flora and fauna, seafloor
magnetic anomaly pattern and palaeo-magnetic analysis. The precise outline of Gondwanic
India and the interrelation between India and Antarctica, Australian plate have long been
a topic of lively discussion. Of the various continental fits, the one proposed by SMITH and
HALLAM (1970) received wide acceptance. Later, several modifications have been suggested
from time to time within the broad framework of Smith and Hallam’s fit. The generally
accepted fit places the western margin of India against the eastern margin of Madagascar
and eastern Antarctica in juxtaposition with east coast of India. In the fit of Smith and Hallam,
the eastern edge of the Indian Plate lies in Assam and is separated from Australia by an
oceanic gulf ““Sinus Australia’’. It is now postulated that ‘‘Sinus Australia’®> was occupied
by continental block which continues with Indian block in an entity called greater India
(VEEVERS ef al., 1975, JOHNSON et al., 1976). In other words, according to this fit, the eastern
margin of India was partly in juxtaposition with Antarctica and partly with Southwest Australia.
In Smith and Hallam’s reconstruction, Ceylon has, however, been arbitrarily detached from
India though there are valid reasons to believe tht Ceylon was an integral part of Indian
plate. MITRA et al. (1979) have proposed that if Enderbyland is placed further south of Madras
in the Indo-Antarctic fit, Ceylon can be suitably accommodated within the Indian Plate. In
this fit the Godavari Valley graben is found to be in juxtaposition with Amery basin of
Antarctica.

The crux of the problem of defining the extent of Gondwanic India lies in the precise
delineation of the northern limit of Gondwanic plate. There has been suggestions that the
northern limit of the Indian Plate is defined by Indus-Tsangpo suture (GANSSER, 1966). This
suture is defined by an ophiolitic belt extending from Manasarowar, northwestwards along
the Upper Indus, Kargil to Dras. Following Gansser’s idea, DEWEY and BIRD (1970) regard
the Indus suture line as the relic of a closed ocean that lay between Gondwanic India and
Asia. There has been, however, other suggestions of a Greater India in Gondwanaland and
the Tibetan Plateau is considered now to be a part of Gondwanic India (CRAWFORD, 1974).
It has, further been suggested that the northern plate boundary was beyond Tibet on the
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northern side of Tarim basin and along the Tienshan. This idea received support from geophysical
survey and it has been postulated that the northern boundary of greater India is marked
by Kun Lun-Astin Tagh-Nan Shan mountain front. This shape of greater India places the
Tethyan margin west of Australia (VEEVERS ef al., 1975). Hari NARAIN and KAILA (1976)
based on seismotectonics and deep seismic soundings also considered that the northern boun-
dary of the Indian plate extended beyond Tibet and coincides with the southern margin of
Tienshan-Nan Shang mobile belt.

The concept of greater Gondwanic India with Tibet within its tectonic block no doubt resolves
the problem arising out of intertonguing of strata containing Gondwana and Tethyan biota.
It is opined that both faunal zone and correlative litho-facies of Gondwanic affinity extend
into Sinkiang-Ulgiur region, Szechwan in China and even upto Kuznets basin (MEYERHOFF
and MEYERHOFF, 1976). This include the Lystrosaurus fauna similar to the one found from
Panchet Formation in India, Trans-Antarctic mountain in Antarctica and from South Africa.
It is, however, to be borne in mind that Lower Gondwana Glossopteris flora as well as
Lystrosaurus are also reported from U.S.S.R. On the score of this evidence, the Gondwanic
margin is to be extended even beyond the Kun Lun-Astin Tagh suture which is incompatible
with palacomagnetic data. It is, therefore, to be examined whether that Lystrosaurus fauna
from the different places document a history of parallel evolution of reptiles.

FRAGMENTATION AND DISPERSION OF INDIAN GONDWANA PLATE

There are divergent views about the period of separation of Indian Plate from the other
segments of Gondwanaland. It has been suggested that India separated from Antarctica-Australia
segment in Albian-Aptian times (SCLATER and FISHER, 1974). JOHNSON ef al. however dates
the period of inception of seafloor spreading between India and Antarctica at 130 million
years. Evidences for this date come from sequence of magnetic anomalies, basement depth
of the ocean floor at D.S.D.P. sites. This reconstruction implies that a triangular land locked
sea, some 3000 km long and 300 km wide, opened between India and Antarctica at 110 to
120 million years (Aptian-Hoteterivian) and the eastern margin of Greater India cleared the
Wallaby Plateau at about 100 million years (Albian). MARKL (1974) and LARSON (1977) have
dated the period of separation of India from Antarctica-Australia at 127 million years.

Though there is no significant discrepancy of dates in regard to the period of separation
of India from Antarctica-Australian plate there is some ambiguity about the period when
India separated from the Western Gondwanaland. COLBERT (1981), based on the distribution
of Mesozoic Tetrapods, postulated that India may have been connected to Africa until Late
Cretaceous time after which it may have rifted at a rapid rate. NORTON and SCLATER (1979)
have also dated the period of separation between India and Madagascar as Late Cretaceous
(80-90 million years). This event is accompanied by outpour of lavas along Madagascar east
coast. It is also postulated that seafloor spreading after India’s separation from Madagascar
was very high upto 13 cm./year.

It is further observed on critical analysis of sedimentologic and tectonic history of the
Palaeozoic-Mesozoic Burma-Malayan mobile belt, that it extends to Western Yunnan and South-
Central Tibet (ACHARYYA, 1978). This mobile belt, in all probability, was located to the north
of Gondwanic margin, as the Indo-Burman, Indonesian orogenic belt is tied up with a dif-
ferent development history. Malaya has occupied a latitude of about 150°N since Palaeozoic
time (MCELHINNY ef al., 1974).

The Chinese geologists after the recent revision survey in Tibet claim that the Himalaya
is the result of Indian Plate coming in collision with Asian Plate along the Yalu-Tsangpo-
Gurchu deep fault in which numerous ultrabasic bodies are mixed up with the flysch sediment.
This zone appears to mark the tectonic suture between two plates. This suture extends to
Pomi and then southwards through Chaou to the Wulung river valley of Burma (Kuo Wen
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Kuei, 1978). Evidently the ophiolite complexes along the Indus-Tsangpo suture represent
intrusion-extrusion of mantle material that took place along the continental margin. The ques-
tion, however, has not yet been resolved whether the ophiolite complex represents oceanic
crust that has been obducted on to a continental margin or they took place under conditions
of tensions along the margin of Gondwanic India (STONELEY, 1975). The proponents of
Greater India model have not yet satisfactorily resolved the implications of the ophiolites
of Indus suture in their tectonic modelling. It is, therefore, reasonable to assume that the
Gondwanic India with its sedimentological and palaeontological entity extended northwards
upto Indus-Tsangpo suture and the Himalayan front is the Tethys-facing margin of this Gond-
wanic continent (Fig. 7).

The palacomagnetic information further suggests that the relative drift of Africa, India
and Madagascar occurred in late Cretaceous-early Tertiary period and may have been associated
with the effusion of Deccan Traps (VILAS and VALENCIO, 1979).

In the context of the fragmentation and dispersion of the Gondwanic India, it is worthwhile
to study the geologic events within the plate interior which have significant bearing on dating
the fragmentation history of this continent. The manifestation of the crustal extension in Gond-
wanic plate interior can be analysed in relation to the evolution of marginal basins along
the coast, volcanic paroxysm along well defined zones and fault movements vis-a-vis creation
of new basins of deposition.
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GONDWANA BASINS OF THE EAST COAST

The east coast of India shows evolution of several troughs which have significant bearing
with the fragmentation of Gondwana continent. These include the Cauvery trough, Palar basin
around Madras, Godavari-Krishna basins along the delta of Godavari-Krishna rivers, Athgarh
basin near Bhubaneswar.

The Cauvery basin covers an area of 25,000 sq km on land and the basins extends into
the off-shore areas. The oldest sediments resting over the Precambrian basement include Up-
per Gondwana Sivaganga Formation which comprises paralic shales and argillaceous sand-
stones of Aptian to early Albian age.

The Palar basin located to the north of Cauvery basin covers an onshore area of 4000
sq km and extends into the sea. This basin experienced block faulting along NE-SW tren-
ding basement faults which probably originated at the beginning of Cretaceous period. The
Gondwanas of this trough comprise two distinct groups of rocks separated by a pronounced
hiatus. The lower Gondwanas are represented by Talchir Formation which comprise glacial
and periglacial sequence up to a maximum thickness of 280 m. The Talchir sequence is overlain
after a pronounced erosional unconformity by the Sriperumbudur Formation of Lower
Cretaceous age. The overlying Satyavedu Formation is represented by arenaceous facies and
has been assigned Aptian age (SHASTRI et al., 1973). The Gondwana beds are covered by
Palacogene and other younger sediments.

The Godavari-Krishna trough forms a late Gondwana NE-SW trending trough paralleling
the east coast. Structurally it is formed of three depressions which have a pile of 2-4 km
thick strata. Godavari depression shows the development of late Permian-Early Triassic Chin-
talapudi Sandstone which succeeded by Golapilli Sandstone after a stratigraphic hiatus. It
is further overlain by Reghavapuram Shale and Tirupati Sandstone. The Golapilli Formation
has been assigned Late Jurassic to Early Cretaceous age while the Raghavapuram shales in-
dicate a Neocomian age. The lithological and faunal association of these Gondwana sediments
show that these sediments accumulated on a piedmont plain in a marginal basin. The rocks
and fossils of Raghavapuram shales show lagoonal deposition in an embayment close to the
sea. The Tirupati Sandstone points to a late stage of bay infilling.

The other important coastal Gondwana trough is defined by the Athgarh basin in Orissa.
It comprises a few identifiable structural depressions with intervening basement ridges paraliel-
ing the east coast. The upper Gondwana sediments in this trough include Athgarh sandstone
which on the basis of floral assemblage is considered to be of late Jurassic-Early Cretaceous age.

The tectonic styles of the coastal Gondwana basins and the nature of the lithic fill demonstrate
that they correspond to rifted marginal basins with asymmetric cross section. They have a
landward faulted margin and gentler slope towards the sea. The lithic fill of these basins
shows admixture of fluvial, marine and paralic sediments. Such rifted basins along the con-
tinental margin elsewhere are often found to be terminated along their length by transform
faults (WILSON and WILLIAMS, 1979). In case of Godavari-Krishna trough and Cauvery basin,
prominent shear zones have been found along the margins of this trough transverse to the
Indian coast line.

CREATION OF NEW BASINS ALONG NARMADA LINEAMENT

The most spectacular episode of crustal movement in late Gondwana period is witnessed
along the Narmada lineament in Central India. This zone defines a prominent gravity low
with subsidence history at least since Lower Cretaceous period. As a result of the tectonic
movement, this linear belt became a new locale of late Gondwana sedimentation. The Jabalpur
basin near Jabalpur, the Idar basin, bearing Ahmednagar sandstone of Cretaceous age, the
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Nimar basin in Lower Narmada valley and the deposition of Wadhan sandstones at Kathiawar
are manifestations of this late Gondwana crustal movement and accompanying change in
palaeogeography.

LATE GONDWANA AND POST GONDWANA VOLCANISM IN PENINSULAR INDIA

Intracontinental Gondwana rifts provide unique opportunity to relate the rift tectonics to
episodes of volcanic activity. The Gondwanic plate of India shows manifestation of volcanism
both in the eastern and western segments (Fig. 8). The Rajmahal flood basalts of Eastern
India have a wide spread from Galsi area close to the eastern part of Raniganj Coal Fields
across the Rajmahal Hills in North Bihar to Bangladesh. In all probability, the Sylhet Traps
of the Khasi Hills is a continuation of the Rajmahal volcanics to the east. The rich upper
Gondwana flora associated with the Rajmahal volcanics shows Upper Jurassic-Lower Cretaceous
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affinity. MCDOUGAL and MCELHINNY (1970) report concordant ages of 100 to 105 Ma for
the Rajmahal volcanics.

The spatial and temporal relationship of the Rajmahal-Sylhet volcanics with the evolutionary
history of the east coast Gondwana troughs prove beyond doubt that the volcanic paroxysm
in Rajmahal area in eastern India is an outcome of the crustal extension during the initial
phase of rifting of Gondwanic India. SCLATER and FISHER (1974) regard that the outpour
of this volcanics appeared to be genetically related to the initial phase of separation of India
from Australia-Antarctica during Albian-Aptian times. DUNCAN (1978) further suggests that
the Rajmahal traps are the earliest manifestation of volcanic activity that later produced the
Ninetyeast Ridge. These traps are considered to result from the passage of India northwards
over the hotspot. As the Indian plate moved to the north, its path was supposed to be braced
by the Ninetyeast Ridge. There are, however, different views on the involvement of the Kerguelen
hotspot as a source of material for Rajmahal activity (MAHONEY, ef al. under preparation).

The major centres of volcanic eruption were in the western segment of India covering 6,000,000
sq km. The Deccan volcanic province is predominantly constituted of basalts that are associated
in the coastal belt of Maharashtra with acid and intermediate differentiates. Dolerite dykes
occur as swarms in the Albag-Panvel and Dudiapada areas and intrusions of carbonatites
and alkaline rocks are known in the Amba Dongar area (POWAR, 1981). The important struc-
tural elements of this Deccan volcanic province include the Narmada-Tapti lineament, west
coastal faults and the N-S trending Cambay graben and its extension on Western India shelf.
The basalts are known as far south as in Kerala-Lakhshadweep graben. The Deccan Trap
flow has a low dip towards south and east but exhibits monoclinal flexure along the Western
Ghats close to the coast line.

An analysis of the structural fabric of the Deccan volcanic province shows that the various
mega-tectonic features are the sub-crustal basin marginal faults, the shoulders of the rift and
junction of the two NNW-SSE trending and ENE-WSW trending basement blocks juxtapos-
ed against each other (RAMANATHAN, 1981).

As the episode of the Deccan volcanism has significant bearing with the rifting of the western
margin of Gondwanic India, the age and duration of the Deccan volcanism has considerable
significance in dating the history of fragmentation. A recent synthesis of radiometric age data
of the Deccan volcanics shows that the earliest manifestation of Deccan volcanism in Western
India is coeval with the Rajmahal volcanics (around 100 million years) (ALEXANDER, 1981).
The earliest Deccan flows in Sourashtra is dated as 101 +3 million years. There are two other
major volcanic episodes in the Deccan Trap eruptive history - the major one being during
65-60 million years and other during 50-42 million years. It is, therefore, assumed that
volcanism covered a fairly long time and the earliest flows of Kutch-Kathiawar have erupted
from the end of Aptian. The recent find of Dinosaurian fossils in the intertrappean beds
around Ada village of Andhra Pradesh corroborates the idea of the Deccan volcanism com-
mencing before the close of Cretaceous period. The major episode of Deccan Trap activity,
however, remained confined to Palaeocene (65-60 million years) period. Low intensity
volcanism, continued even upto Oligocene period. From this synthesis of the age data of
Deccan Trap, it is further observed that the volcanics of the western part are decidedly older
than the flows from northeastern and eastern part.

CONCLUSION

From the foregoing account, it is evident that
(1) the initial phase of rifting and ocean floor spreading along the eastern margin of Gond-
wanic India commenced about 100 million years ago. Certain segments of the east coast yield-
ed to tensional stress resulting in the formation of the coastal basins open to the sea. These
fault bounded troughs in Cauvery, Palar, Godavari-Krishna and Athgarh were the milieu of
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fluvial and near shore paralic sedimentation. The marine transgression of Albian period in
these coastal troughs marks the beginning of continental separation with the opening up of
the juvenile Indian Ocean. It is, therefore, obvious that the initiation of the fragmentation
of Gondwanic India along the east coast commenced in Albian period and not in earlier times
as postulated by certain workers.
(2) The ocean opening probably began with continental rupture and there is an evolutionary
sequence from uplift, rifting and uplift-generated triple junction formation to continental break
up. The Godavari-Krishna troughs, for example, represent the rifted arms formed during con-
tinental fragmentation while the main Godavari Gondwana graben behaved as a failed arm.
Similar rejuvenation of Athgarh graben is postulated with a triple junction near Cuttack.
(3) The basinal evolution of the east coast and contemporaneous magmatism in Rajmahal
and Sylhet in Eastern India needs to be studied in the geodynamic framework of plate tec-
tonics. The present thinking corroborates the idea of the evolution of Ninety-east Ridge and
the migration of India over a hot spot during its northward journey. The age determination
of the rocks drilled from sites close to the Ninety-east Ridge, however, suggests the northward
increase in age of basaltic rocks. In other words, the basement ages increase gradually to
the north. As the northward extension of the Ninety-east Ridge is covered by Bay of Bengal
Alluvial fan, its continuation into continental India is not definite. DUNCAN (1978) has sug-
gested that Rajmahal volcanics which erupted in Eastern India was the earliest manifestation
of volcanic activity that produced the Ninety-east Ridge. The palacomagnetic data from D.S.D.P.
sites along the Ninety-east Ridge and from the Rajmahal troughs also point more or less
to the same palaeolatitudes in the range of 48° to 53°S. Further geochemical studies are,
however, needed to confirm whether the Rajmahal volcanics resulted from the northward
migration of India over a hot spot, the subsequent trace of which was marked by the Ninety-
east Ridge.
(4) There is some ground for controversy about the period when India separated from
Madagascar. Palacomagnetic and palaeontological evidences broadly suggest that India left
Madagascar in the late Cretaceous (80-90 million years) period. But comparative study of
the Gondwana geology of Madagascar and that of Cutch basin in western India shows that
the marine Jurassic of Cutch is more or less homotaxial with the Marine Bathonian and Portlan-
dian sequence which overlies the Isalo Group in Madagascar. Both basins display a community
of faunal character and might have opened marine communication during the Late Jurassic
period. During this period, the juvenile Arabian Sea came into being permitting marine inun-
dation of the west coast of India as well as northern Madagascar.
(5) The Cambay graben which is considered to be a manifestation of the distention in the
crust during the fragmentation of the Gondwanic India bears record of Mesozoic sedimenta-
tion and as such had evolved in Late Jurassic to Early Cretaceous period. Further the presence
of extensive marine Bagh beds and Lameta beds over the North Indian basins point to inunda-
tion of the Cratonic interior by open sea from the west which existed at least in middle Cretaceous
period. The stratigraphic records of Barmer area in Rajasthan also rule out the possibility
of marine transgression in the heart of India in the Cretaceous period from the northwestern
shelf.
(6) The oldest Deccan volcanics along Cutch and Saurashtra are dated as 105-100 million
years and this phase of volcanic activity is coeval with the extrusion of Rajmahal Traps.
It is, therefore, obvious that this outpour of basaltic lava flows denoted the accompanying
distension in the crust during the fragmentation of western segment of Gondwanaland.
In the Western Indian Ocean, the Chagos-Laccadive Ridge parallels the Ninety-east Ridge
and has more or less a similar evolutionary history. It is of further interest to note that the
Deccan volcanic pile lies at the northern end of the trace of Chagos-Laccadive Ridge and
thus this ridge can be related to volcanism issuing from a major transform fault between
the Indian and African Plate, in Early Cretaceous to Oligocene time. Based on this analysis
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of tectonic framework, it is envisaged that the northward journey of India Plate commenced
in Early Cretaceous period and its path is traced by Ninety-east Ridge on the east and Chagos-
Laccadive Ridge on the west.
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The Last 200 Million Years in Eastern Asia: Yanshanian
Subduction and Post—Yanshanian Extension

Maurice J. TERMAN

United States Geological Survey, Reston, USA

ABSTRACT

The pre-Yanshanian (pre-200 Ma) geology of Asia can be interpreted as an unique record
of numerous small plates, some of which were separate rifted blocks as early as 1,500 Ma.
The north-south agglomeration of these blocks to form the bulk of modern Asia began in
the west during the Carboniferous (Hercynian events) and climaxed in the east during the Late
Triassic (Indosinian events). In the eastern part of the continent, four major east-trending sutures
(Red River, Qin Ling, Yan Shan, and Mongol-Okhotsk) bound three major blocks (respectively,
South China, North China-Korea, and Manchuria-Bureya).

The Yanshanian geology in eastern Asia, particularly the widespread belts of calc-alkaline
igneous rocks, can be interpreted as resulting from magmatism superposed above major peripheral
subduction zones that dipped northwestward under South China and westward under North
China-Korea and Central Mongolia from 200 to 100 Ma, and westward under North China-
Korea (fronted by Southwest Honshu) and Manchuria-Bureya from 100 to 50 Ma. Some sub-
duction also took place from 200 to 100 Ma, parallel to the Qin Ling, Yan Shan, and Mongol-
Okhotsk sutures, as all finally closed. Hydrocarbon-rich basins formed as the result of major
epeirogenic subsidence on western margins of the oldest continental nuclei farthest from the
eastern subduction zones. Rates of subsidence and subduction appear correlative; areas of magmatic
arcs and volumes of sedimentary basins reflects subduction rates; both reach a maximum in
the Late Jurassic and Early Cretaceous.

The post-Yanshanian (since 50 Ma) geology in eastern Asia can be interpreted as resulting
from northeast-southwest crustal extension in the region between the Siberian craton and the
continental margin from Primorye to Taiwan, contemporaneously with collisions between Asia
and the Okhotsk block in the northeast, the India block in the southwest, and the Philippine
arc in the southeast. The extension is evidenced by hydrocarbon-rich Tertiary graben, by
voluminous Late Tertiary alkalic basalt volcanism localized along former plate sutures, and
by historically recorded, scattered, intraplate, shallow seismicity.
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Was There a North New Guinea Plate?
Tetsuzo SENO

Building Research Institute, Tsukuba, Japan

ABSTRACT

On the basis of geological and geophysical evidence from marginal basins and subduction
zones of early Tertiary age in the southwestern Pacific region, I propose that there was another
plate in the southwest Pacific during this period. This plate, which contained northern part
of New Guinea and was separated from the Pacific plate at the north by a ridge-transform
fault system, was moving to the south with respect to hot-spots, subducting beneath the nor-
thern margin of Australia. The West Philippine, Coral Sea, and southern New Hebrides Basins
probably formed by back-arc spreading due to the southward subduction of this plate. The
abrupt change of the Pacific plate motion at 43 Ma could have resulted from the subduction
of the ridge system between the Pacific and hypothesized plates beneath those marginal basins.

INTRODUCTION

Almost all the marginal basins in the western Pacific formed during the Cenozoic (e.g.,
KARIG, 1971; WATTS ef al., 1977). Many of these Cenozoic marginal basins formed since
the Oligocene, that is, after the change of the Pacific plate motion with respect to hot-spots
from north-northwest to west-northwest at 43 Ma (CLAGUE and JARRARD 1973; JACKSON et
al., 1975). However, in the southwest Pacific, there are a few older marginal basins of early
Tertiary age, such as the West Philippine, Coral Sea and southern New Hebrides Basins,
which formed before the change of the Pacific plate motion at 43 Ma. It seems difficult
to explain the origin of these older marginal basins by back-arc spreading in the western
Pacific region. This is because during the early Tertiary untill 43 Ma, the Pacific plate was
moving to the north with respect to hot-spots (e.g., CLAGUE and JARRARD, 1973) and, in
contrast, Australia was almost stationary with respect to Antarctica (CANDE and MUTTER,
1982), that is, to hot-spots (DUNCAN, 1980). Thus the relative motion between the Pacific
and Australian plates was diverging during this period. Entrapment of these marginal basins
is one idea to explain their origin, as UYEDA and BEN-AVRAHAM (1972) and HILDE ef al.
(1977) proposed for the origin of the West Philippine Basin. However, along the northern
Palau-Kyushu Ridge of the Philippine Sea, subduction from the northeast had initiated at
least by 48 Ma (see SENO and MARUYAMA, 1984) and at the west of the northern Palau-
Kyushu Ridge, there are the Daito and Oki-Daito Ridges which were probably active island
arcs during the late Cretaceous (e.g., MIzZUNO et al., 1977). Therefore we cannot simply ap-
ply the idea of entrapment of an ocean floor or transformation of a transform fault in to
a subduction zone to form the Bonin arc. It also seems difficult to apply an entrapment
origin to the Coral Sea and southern New Hebrides Basin because there is evidence of island
arc type volcanism at their northern margin during the period of their forr.ation (JOHNSON,
1979; ANDREWS et al., 1975), as will be shown in a later section.

The cause of the sudden change of the Pacific plate motion with respect to hot-spots at
43 Ma is another enigma in the tectonic evolution of the Pacific region. Some significant
changes in plate driving force system around the Pacific plate, e.g., a change of the consuming
or accreting boundary distribution, must have occurred at this time. Until present no reasonable
mechanism has been proposed for the change of the plate driving force system. For example,
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HILDE et al. (1977) suggested that ridge subduction in the north and, partly, in the south
Pacific was related to the change of the Pacific plate motion. However, the causal relation
between the two in their paper is not easily understood.

The purpose of this paper is to present one possible simple model for the tectonic evolution
of the western Pacific region since the early Tertiary which incorporates the formation of
those early Tertiary marginal basins as back-arc basins. By examining geological and geophysical
data of this region, I conclude that a new plate existed during the early Tertiary in the southwest
Pacific. This plate, containing the northern half of New Guinea and separated from the Pacific
plate by a ridge-transform fault system, would have been moving to the south and subducting
beneath Australia. The origin of the West Philippine, Coral Sea and southern New Hebrides
Basins is attributed to back-arc spreading due to the subduction of this plate along the nor-
thern margin of Australia in this paper. By introducing this plate, it becomes possible to
explain the abrupt change of the Pacific plate motion at 43 Ma by the annihilation of the
ridge push force at the south of the Pacific plate caused by subduction of the system beneath

those marginal basins.
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MARGINAL BASINS OF EARLY TERTIARY AGE IN THE WESTERN PACIFIC

Figure 1 shows the distribution of marginal basins and subduction zones in the western
Pacific. Marginal basins which are located landward in the Philippine-Indonesian region are
not shown to avoid complexity. Marginal basins of Mesozoic age are also not shown in this
figure. Cenozoic marginal basins are classified into three categories according to the age of
their formation: late Paleocene-middle Eocene, Oligocene-middle Miocene, and late Miocene-
Present. It can be seen that most of the marginal basins in the western Pacific are younger
than Eocene. However, from the Philippine Sea through New Hebrides, the West Philippine,
Coral Sea and southern New Hebrides Basins are the oldest marginal basins of late Paleocene
to middle Eocene age.

Younger marginal basins have back-arc spreading origin (e.g., KARIG, 1971) except for some
basins, such as the Caroline Basin, the origin of which has not been elucidated yet. It is
noted that the direction of magnetic anomaly lineations of these younger basins are roughly
normal to the convergence direction of the oceanic plate at each subduction zone. This sup-
ports the idea that these basins formed by the process related to subduction. It is interesting
to note that the oldest marginal basins have roughly east-west magnetic anomaly lineations,
as will be shown in later sections. This leads us to an idea that if these basins were formed
by back-arc spreading, there must have been subduction of an oceanic plate from the north.
On the other hand, it is difficult for the Pacific plate to have been subducting beneath the
Australian continental margin during the early Tertiary because the relative motion between
the Pacific and Australian plates during this period was diverging as stated in the former
section. Thus one idea that another plate existed to the south of the Pacific plate comes
up. This idea was already described in SENO and MARUYAMA (1984) in a primitive form.
I am here attempting to collect geological and geophysical evidence from the southwestern
Pacific region to show that the formation of those early Tertiary marginal basins were related
to subduction.

Between the Philippine Sea and the Coral Sea along the northern margin of Australia,
New Guinea is a hiatus of older marginal basins. However, we can also find evidence of
a new plate from this segment of subduction zone. In the following subsections I will look
into detail the geological and geophysical data in each region.

The West Philippine Basin

SENO and MARUYAMA (1984) reconstructed the Philippine Sea back to 48 Ma using various
geophysical and geological data available in the basin. Figure 2 shows their reconstruction
at 48 Ma. One of the most important features in this reconstruction is that the subduction
along the northern part of the Palau-Kyushu Ridge (proto-Izu-Bonin arc) started by this time.
This is supported by the island arc type volcanic rocks of 48 Ma age which have been found
along the northern Palau-Kyushu Ridge and Bonin islands (see SENO and MARUYAMA, 1984).
Note that at 48 Ma, the Pacific plate was moving north-northwest with respect to hot-spots
(CLAGUE and JARRARD, 1973). Because the northern part of the Palau-Kyushu Ridge had
a northwest trend at this time (Fig. 2), the Pacific plate was moving apart from the trench.
This would make it difficult for the Pacific plate to subduct along the northern part of the
Palau-Kyushu Ridge. It would be formally possible to cause convergence between the Pacific
plate and the West Philippine Basin if the West Philippine Basin was moving faster to the
north and overriding the Pacific plate (see a possible velocity diagram at the upper right of
Fig. 2). However, this seems physically unplausible because much energy requires in order
to make the Pacific plate to subduct into the upper mantle beneath the West Philippine Basin.
This conclusion does not depend on model of the Philippine Sea reconstruction unless the
Philippine Sea Basin rotated significantly in a counterclockwise direction since its formation
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Shaded area is part subducted since 48 Ma The West Philippine Basin was currently
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shown the velocity vector diagram between the Philippine Sea, Pacific and hot-spots.

and the trend of the northern Palau-Kyushu Ridge was in a northeast direction at 48 Ma.
The counterclockwise rotation of the Philippine Sea since its formation is not consistent with
the paleomagnetic data of the Bonin-Mariana islands (see SENO and MARUYAMA, 1984).

We can avoid the above difficulty by postulating another plate between the Pacific plate
and the West Philippine Basin subducting beneath the northern Palau-Kyushu Ridge, as SENO
and MARUYAMA (1984) suggested.

New Guinea
Tectonic history of New Guinea is characterized by the collision episode along the medial
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mountains. Paleogene rocks in New Guinea are shown in Fig. 3 (after HAMILTON, 1979).
Southern New Guinea south of the medial mountains is a continuation of the continental
mass of Australia. The upper Paleozoic igneous terrain of eastern Australia continues nor-
thward to medial southeastern New Guinea and the middle Paleozoic orogenic complex is
exposed in northern Vogelkop in western New Guinea; between them Paleozoic rocks are
sediments in shelf and platform facies (HAMILTON, 1979). The medial mountains is a suture
zone where the northern New Guinea paleo-island arc is opposed to the continental shelf
of southern New Guinea, forming a foreland basin in south of the medial mountains. A
belt of the Late Cretaceous to Paleogene subduction melange and ophiolite complex of 50
km width runs the length of the medial mountains (Fig. 3). The disposition of the melange
complex and island arc type volcanic rocks indicates northward subduction of an ocean floor
which once existed north of southern New Guinea (HAMILTON, 1979).

This northward subduction beneath northern New Guinea during the early Tertiary suggests
another plate having been existed in the south Pacific. During 70 to 43 Ma, the relative motion
between Pacific and Australia was diverging as was stated in the former section. This diverging
relative motion between the Pacific and Australian plates and the convergence between nor-
thern New Guinea and Australia implies that northern New Guinea could not be part of
the Pacific plate, which provides another piece of evidence for a new plate in the south Pacific.

The Coral Sea Basin
The Coral Sea Basin is one of marginal basins of early Tertiary age in the southwest Pacific.
Located off northeastern Australia, the basin is bounded on the north by the Papuan Penin-
sula and the Louisiade Archipelago (Fig. 4). The magnetic anomalies of this basin was studied
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1979; DAVIES and SMITH, 1971). Positive anomalies are solid lines, negative anomalies
are broken lines. Heavy lines indicate magnetic lineations identified by WEISSEL and
WATTS (1979). Stippled region indicates the inferred fracture zone which dextrally off-
sets the magnetic lineations by about 50 km (WEISSEL and WATTS, 1979). Metamor-

phic melange belt (Owen Stanley Range of Paleogene-late Cretaceous age) is shaded.

by WEISSEL and WATTS (1979). They identified a sequence of anomalies 26 through 24
repeated about an extinct spreading axis in a N70°W direction (Fig. 4). These anomalies cor-
respond to 58 to 53 Ma according to the new geomagnetic reversal time scale (Cox, 1983).
Drilling results from DSDP Sites 210 and 287 near the center of the basin indicate that the
oceanic crust at these sites is at least early Eocene in age (BURNS ef al., 1973; ANDREWS
et al., 1975) which is consistent with the magnetic anomaly identification by WEISSEL and
WATTS (1979).

If the Coral Sea Basin formed by back-arc spreading, there must have been subduction
of an oceanic plate from the north beneath this basin at least during the late Paleocene to
early Eocene. By the same reasoning as in the former subsections, this oceanic plate could
not be the Pacific plate but another plate. Although the present knowledge on the geology
of the Papuan Peninsula - Louisiade Archipelago north of the basin does not allow us a
unique interpretation of it, we can find a possible candidate for a north-facing paleo-island
arc north of the basin as shown below.

From the Papuan Peninsula through the Louisiade Archipelago, there are zones of ophiolite,
metamorphic and unmetamorphic melange belts lying along the elongation of the peninsula
(Fig. 4). The metamorphic melange belt is called the Owen Stanley Range. The graphite-quartz-
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feldspar-mica schists are most common metamorphic rocks, although mafic metamorphic rocks
become more abundant to the southeast; thus a quartzose sedimentary assemblage was pre-
sent before metamorphism (DAVIES and SMITH, 1971; HAMILTON, 1979). The age of sedimen-
tation is believed to be mostly late Cretaceous through Paleogene (HAMILTON, 1979). The
silicic character of the metamorphic rocks suggests that they belong to a fragment of the
Mesozoic Australian continental crust and sediments derived therefrom, which were rifted
from Australia when the Coral Sea opened (e.g., DAVIES and SMITH, 1971). In this case,
southward subduction has to be invoked along the Owen Stanley Range (e.g., RoD, 1974).

Alternatively JOHNSON (1979) and HAMILTON (1979) proposed that the metamorphic melange
belt indicates northward subduction of the ocean floor which once existed north of the Australian
continent. They believed that the Papuan Ophiolite is the basement of an south-facing island
arc, obducted to the melange belt. KARIG (1972) proposed a similar scenario.

If the Owen Stanley Range formed as a subduction melange of a south-facing island arc,
one important difficulty arises. The origin of the thick (10-20 km) silicic sediments of this
range cannot be explained easily because the Papuan ultramafic belt to the north does not
contain much island arc type or continental type silicic rocks. Only a small amount of tonalites
and associated andesites are extruded in the ultramafic belt (DAVIES and SMITH, 1971). Fur-
thermore, the opening of the Coral Sea cannot be explained in a straightforward manner
by the northward subduction; in that case the Coral Sea would be part of a normal ocean basin.

JOHNSON (1979) described that late Cretaceous-early Eocene rocks of the unmetamorphic
melange belt that grades into the Owen Stanley Range to the north contain a significant volcanic
component with intermediate and silicic composition. This suggests the occurrence of island
arc type volcanism near or within the unmetamorphic melange belt. According to HAMILTON
(1979), other rocks of the unmetamorphic melange belt are described as follows. Between
147° and 148°E, upper Cretaceous through upper Eocene deep-water argillite, shale, siltstone,
chert and limestone are disrupted chaotically and are intercalated with shallow-water Paleocene
and Eocene strata and with large and small masses of gabbro, diabase and basalt. East of
148°E, the studied mafic rocks are of low-potassium oceanic tholeiite type. Intercalated
fossiliferous strata are of late Cretaceous and Eocene ages. Middle Eocene ridge type tholeiitic
basalt is exposed in the southeastern part of the peninsula, called the Milne ophiolite (Fig.
4). It should be noted that the volcanic and deep-water sedimentary rocks of the unmetamor-
phic melange belt have almost the same age as the Coral Sea Basin. It suggests that they
were most probably scraped off from the Coral Sea Basin and mixed with the terrigenous
rocks south of the Owen Stanley Range when the basin started to subduct along the Port
Moresby Trench.

Based on the above geology of the Papuan peninsula, I believe that the Owen Stanley Range
was formed by southward subduction of an oceanic plate during the early Tertiary in front
of the Australian continent, as may geologists suggested. Because of this southward subduc-
tion, volcanism occurred at the south of the Owen Stanley Range and the Coral Sea opened
as a back-arc basin and rifted the silicic metamorphic melange belt from Australia. Later,
associated with the northward subduction of the northward extension of the Coral Sea along
the Port Moresby Trench, island arc type volcanic rocks were mixed with the rocks of the
back-arc basin. The time of the initiation of this later subduction would be upper Oligocene
to lower Miocene when the Aure Trough started to deposit clastic sediments and explosive
volcanism occurred at both sides of the peninsula (DAVIES and SMITH, 1971). This northward
subduction along the Port Moresby Trench continued until the late Miocene or Pliocene
(HAMILTON, 1979).

The above interpretation of the Owen Stanley Range in Papuan Peninsula implies that it
has a quite different tectonic history from the melange belt along the medial mountains in
the mainland of New Guinea. The former is the lifted margin of the Australian continent
and the latter is the margin of the south-facing paleo-island arc which collided with southern
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New Guinea. On the contrary, HAMILTON (1979) regarded them having the same origin and
postulated a delayed collision to the east and further southward shifting of the Papuan Penin-
sula over the Coral Sea. The marked decrease of the Paleogene island arc type volcanic rocks
north of the Owen Stanley Range does suggest that it is not a simple continuation of the
mainland of New Guinea which has a large mass of Paleogene volcanic rocks. However, more
detailed investigations of the melanges including age determination for both terrigenous and
oceanic materials are necessary to allow us to determine the subduction polarity during the
Paleogene and the tectonic history of eastern Papua.

The Southern New Hebrides Basin

The southern part of the New Hebrides Basin is bounded by the Entrecasteaux Ridge on
the north, on the east by the presently active New Hebrides island arc, and on the west by
the platform containing the Loyalty Island Ridge and New Caledonia (Fig. 5). The magnetic
anomaly lineations of this basin were studied by WEISSEL et al. (1982). They identified
magnetic lineations in a northeast-southwest direction (Fig. 5). Their tentative correlation of
these anomalies with anomalies 18-23 corresponds to 52 to 42 Ma age according to the
geomagnetic reversal time scale (Cox, 1983). DSDP Site 286, which is located at the nor-
theastern margin of the basin, penetrated the igneous basement below vitric sandstones and
slitstones of mid-Eocene age (ANDREWS ef al., 1975). The drilling results provide a minimum
age for the oceanic crust at this site, which is consistent with the magnetic anomaly identifica-
tion by WEISSEL ef al. (1982).

If the southern New Hebrides Basin formed as a back-arc basin, it provides another piece
of evidence on the early Tertiary subduction of an oceanic plate from the north beneath the
northeastern margin of Australia. Although the existence of a paleo-island arc during the
early Tertiary north of the southern New Hebrides Basin is not confirmed directly, rapid
accumulation of sediments containing andesitic detritus at DSDP Site 286 occurred during
middle and late Eocene time, suggesting to ANDREWS ef al. (1975) that island arc type
volcanism occurred in proximity to the basin during its early stages of formation. WEISSEL
et al. (1982) suggested that the Entrecasteaux Ridge could be the northern half of a block
rifted apart and subsequently isolated by the seafloor spreading in the southern New Hebrides
Basin. On the other hand, LANDMESSER ef al. (1975) cited the East Rennel Island Ridge and
the Rennel Island Ridge as a possible candidate for the island arc related to the opening
of the southern New Hebrides Basin.

The region between the Coral Sea Basin and the New Hebrides Basin is characterized by
the complex bathymetry, comprising numerous ridges and troughs, although most of these
features appear to be of Eocene age (LANDMESSER et al., 1975). The ridges have been inter-
preted as either submerged continental crusts, old spreading centers, or island arcs, and the
troughs as either fracture zones which connect spreading centers or trenches (LANDMESSER
et al., 1975; HAMILTON, 1979). Their tectonic relationship to the opening of the Coral Sea
Basin and the New Hebrides Basin is still only poorly known.

RECONSTRUCTION OF THE WESTERN PACIFIC AT 48 MA

In the former section, from all segments along the northern margin of Australia, I collected
evidence for the existence of another plate in the southwest Pacific during the early Tertiary.
This does not necessarily mean a single plate having existed, but the case that many small
plates existed in the southwest Pacific is also possible. However, postulating a single plate
makes the tectonic situation of the western Pacific much simpler; thus I introduce a new
single plate south of the Pacific plate and call this plate the North New Guinea plate because
this plate contained northern New Guinea. I postulate that this plate was subducting beneath
the West Philippine, Coral Sea and southern New Hebrides Basins at least during the period
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Fig. 5. Magnetic anomalies along ship’s track in the southern New Hebrides Basin (after
WEISSEL et al., 1982) and major tectonic features around the basin. Positive anomalies
are solid lines, negative anomalies are broken lines. Magnetic lineations are denoted

by the heavy broken line. Bathymetry is in fathoms.

of their formation, that is, during the late Paleocene through middle Eocene. The northward
motion of the Pacific plate and the southward subduction of the North New Guinea plate
beneath the Australian continental margin lead us to an obvious conclusion that these two
plates were separated by a rigde-transform fault system which probably had a trend roughly
in an east-west direction. In this section I reconstruct the western Pacific at 48 Ma based

on the North New Guinea plate hypothesis.

Figure 6 shows the reconstruction. Australia and the southern New Guinea were rotated
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Fig. 6. Reconstruction of the western Pacific at 48 Ma Eurasia, North America, and Pacific
are rotated back with respect to hot-spots using ENGEBRETSON ef al.’s (1981) finite
rotations. Antarctica was fixed; Australia is rotated with respect to Antarctica using
the rotation by WEISSEL ef al. (1977) and CANDE and MUTTER (1982). For the posi-
tion of northern New Guinea, see text. EP, ST, HS, MP and OJ denote Emperor
Seamount Chain, Shatsky Rise, Hess Rise, Mid-Pacific Mountains, and Ontong-Java
Platean, respectively.

to Antarctica using the pole and rotation by WEISSEL et a/. (1977). I used the revised magnetic
anomaly identification by CANDE and MUTTER (1982) to correct the rotation angle of WEISSEL
et al. (1977) up to 48 Ma. The Eurasian, North and South American and Pacific plates were
rotated with respect to hot-spots using the rotation poles and angles by ENGEBRETSON et al.
(1981). The northern half of New Guinea were reconstructed as follows. First it was rotated
back to 25 Ma with Australia because it has been with Australia after the collision at about
25 Ma. From 25 through 43 Ma, it was rotated back with the Pacific plate. There is no
strong evidence for this and the reason of this rotation will be described in the next section.
From 43 through 48 Ma, it was translated to the north more or less arbitrarily along with
the hypothesized southward motion of the North New Guinea plate during this period. The
reconstruction of the Philippine Sea is from SENO and MARUYAMA (1984). The marginal basins
younger than the Eocene (Fig. 1) are all closed.

The reconstructed position of northern New Guinea and the Coral Sea poses a problem;
northward subduction occurred along the southern margin of northern New Guinea and
simultaneously southward subduction occurred along the northern margin of the Coral Sea
Basin. Because northern New Guinea and the Coral Sea Basins are located in a similar longitude
in Fig. 6, the North New Guinea plate is difficult to subduct beneath the Coral Sea Basin.
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To avoid this difficulty, I postulated another small plate, subducting southward beneath the
Coral Sea Basin, south of northern New Guinea as shown in Figure 6. We can avoid this
ad-hoc postulate if the North New Guinea plate was moving southwestward with respect to
the hot-spots. This might be better concordant with the paleomagnetic evidence of a
counterclockwise rotation of northern New Guinea since Cretaceous (GREEN and PITT, 1966).
In that case the trend of the Bonin-Mariana arc became normal to the convergence direction.
The eastern half of the southern New Hebrides Basin in Figure 6, which has been subducted
beneath the north Fiji Basin, was attached to the western portion visible at present. The amount
of extention of this basin to the east is not determined uniquely. If the Pacific plate is rotated
back to 15 Ma the when arc polarity reversal probably occurred along the Solomon - New
Hebrides arc (KARIG and MAMMERICKX, 1978; DUNKLEY, 1983) and the north Fiji Basin is
closed, a much larger area will appear at the east of the present New Hebrides Basin. I suggest
that in this large area back-arc basins of Oligocene - mid Miocene age existed, which would
have now been consumed beneath the north Fiji Basin and the adjacent Pacific plate.
On the basis of the above reconstruction of the continents and plate boundaries, the con-
figuration of the North New Guinea plate is drawn in Figure 6; the position of the ridge-
transform fault system is more or less arbitrary. However, as will be discussed in the next
section, if the ridge subduction south of the Pacific plate was the cause of the Pacific plate
motion change at 43 Ma, the ridges cannot be placed much further to the north. Some sub-
marine features in the Pacific Ocean were also reconstructed in Figure 6; they are the Emperor
Seamount Chain, Shatsky and Hess Rises, mid-Pacific mountains, and Ontong-Java Plateau.

DISCUSSION

By introducing the North New Guinea plate, some enigmas in the evolution of the western
Pacific can be solved. First, the abrupt change of the Pacific plate motion around 43 Ma
can be explained simply by the subduction of the ridge system south of the Pacific plate
beneath the northern Australian margin if we assume that it occurred around 43 Ma. Major
driving forces of plates are the gravitational pull of the slab and the ridge push force (FOR-
SYTH and UYEDA, 1975; HAGER, 1978; CHAPPLE and TULLIS, 1979; CARLSON ef al., 1983).
If the ridge system disappeared south of the Pacific plate, it is expected that the Pacific plate
motion changed. Actually GORDON et al. (1978) showed that the present motion and the mo-
tion at 65 Ma of the Pacific plate can be calculated by the plate boundary geometries at
these times proposed by HILDE ef al. (1977). The geometry of the plate boundary around
the Pacific plate at 65 Ma of HILDE er a/. (1977) is almost similar to that shown in Figure
6 except for the existence of subduction zones along the northern margin of Australia, it
is expected that the geometry shown in Figure 6 will also produce the north-northwestward
motion of the Pacific plate. Recently, YAMANO and UYEDA (1983) demonstrated that the
geometry in Figure 6 and extinction of the ridge system south of the Pacific plate can produce
the change of the Pacific plate motion as represented by the Emperor-Hawaiian bend, by
postulating the ridge push force as large as the slab pull force.

In order to cause the ridge subduction to occur, the southward component of the absolute
motion of the North New Guinea plate should be larger than the half spreading rate at the
ridge system south of the Pacific plate. This does not seem unrealistic provided that the ridge
subduction actually has been occurring beneath western North America since the middle Ter-
tiary (ATWATER 1970).

After the change of the Pacific plate motion, some segments of the plate boundary of
the western Pacific region would have turned into subduction zones as proposed by HILDE
et al. (1977); they are the southern part of the Palau-Kyushu Ridge (proto-Mariana arc), and
Tonga-Kermadec arcs. The Solomon-New Hebrides arcs might have initiated before this change
of motion because the basement of these island arcs has late Mesozoic age (COLEMAN, 1970).
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These older island arcs also might be originated by the subduction of the North New Guinea
plate beneath the northeastern margin of Australia.

Most part of the North New Guinea plate would have subducted beneath the marginal
basins along the northern margin of Australia; however, the segment which contained nor-
thern New Guinea could not have subducted because the arc polarity was reversed in this
segment. I speculate that the segment of the North New Guinea plate which contained nor-
thern New Guinea was captured by the Pacific plate at this time and continued travelling
with the Pacific plate until it collided with southern New Guinea in the early Miocene. The
reconstruction of the paleo-position of northern New Guinea shown in Figure 6 is based on
this idea. The subduction along the southern coast of northern New Guinea continued even
after it was captured by the Pacific plate because the relative motion between the Pacific
and Australian plates had a convergent component since 43 Ma. This might have resulted
in back-arc spreading north of northern New Guinea and formed the Caroline Basins during
the Oligocene. Part of the Caroline Basins was possibly consumed beneath northern New
Guinea or beneath the Pacific plate by subduction since the early Miocene collision of nor-
thern New Guinea with southern New Guinea.

Forearc or near trench volcanism would have occurred along some subduction zones associated
with the ridge subduction and succeeding initiation of subduction of a very young hot plate.
Boninites of middle Eocene-carly Oligocene age along the Bonin-Mariana arc (e.g., SHIRAKI
and KURODA, 1977; MEUER, 1980; BLOOMER, 1983) and northeastern Papua (DALLWITZ 1968)
might be associated with the subduction of the ridge system and very young plates. If this
is the case, it may not be necessary to assume a large amount of tectonic erosion, as BLOOMER
(1983) did, to explain the island arc type volcanism beneath the Bonin-Mariana inner trench
slope. However, more direct evidence of the ridge subduction around 43 Ma is necessary
to substantiate the idea.

Implications of the North New Guinea plate hypothesis to the tectonic evolution of the
southeastern Pacific region is not in the scope of the present paper. However, it is possible
that the fragments of the North New Guinea plate existed also in the southeast Pacific; the
Aluk plate (WEISSEL ef al., 1977; CANDE et al., 1982) might be a possible candidate.

CONCLUSIONS

On the basis of geological and geophysical data from the western Pacific, I conclude that
the North New Guinea plate existed in the southwestern Pacific during the early Tertiary.
The ridge-transform fault system separated this plate from the Pacific plate. The expected
ridge subduction beneath the northern margin of Australia would have resulted in the abrupt
change of the Pacific plate motion at 43 Ma Northern New Guinea possibly migrated with
the Pacific plate since 43 Ma. and collided with southern New Guinea in the early Miocene.
The subduction along the south-facing Northern New Guinea arc during the Oligocene would
have formed the Caroline Basins as a back-arc basin.

Although for the evidence of the new plate to be found from all the segments along the
northern margin of Australia is too fortuitous to consider that it is a mere coincidence, much
more data are needed to substantiate this hypothesis. The melanges accreted since the middle
Eocene along the Japan-Bonin-Mariana arc might be able to provide data regarding the age
of the oceanic lithosphere which has been subducted and might be helpful to discriminate
whether a young plate produced by the North New Guinea-Pacific ridge existed eastward
of these arcs.
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Fundamental Framework of Arcs in the NW
Pacific Rim

Eiichi Honza

Geological Survey of Japan, Tsukuba, Japan

ABSTRACT

There is a fundamental framework which characterize an arc. It consists of trench, forearc
basement high and volcanic chain. Backarc basin is also one of them in the Western Pacific.
Arc geomorphology is variable both spatially and in geological time. There are variable features
even within a single arc.

A possible mechanism for arc volcanism and spreading of the backarc basin is suggested.
This is related to the formation of the subduction complex at the trench. They are caused
by the convection current under the arc formed by the frictional heating along the upper surface
of the subducted oceanic plate. The characteristic feature is that since they are caused by similar
mechanism, they are incompatible. In other words, when arc volcanism is active, backarc spreading
is dormant and accretionary wedge is formed at the trench. When arc volcanism is less active,
spreading occurs in the backarc and subduction erosion occurs at the trench. It is known that
the stress conditions affects the formation of the fundamental elements of the arc. One possibility
is that the alternative activities may be caused by the change of the stress condition of the
arc whether it is highly compressed or not.

Fan spreading is suggested as a mechanism for the formation of backarc basin related
to the arc activity although there may be mid-oceanic rift type spreading apart from the control
of the arc formation in some of them.

INTRODUCTION

Arc is a characteristic feature in the convergent margins and is essentially formed by the
subduction of the oceanic plate. Studies on arcs have been advanced by offshore surveys
in many regions of the circum-Pacific arcs associated with the development of the plate tec-
tonics concept since middle of the 1960s. New models for modern arc have been presented
as a result of more recent surveys, especially by multichannel seismic data and by Deep Sea
Drilling Project (DSDP) in the convergent margins.

Japanese and its neighbouring islands consist of sereral arcs. They are the Kuril, the Tohoku
(NE Japan), the Seinan (SW) Japan, the Ryukyu, the Bonin (Ogasawara) and the Mariana
Arcs (Fig. 1). There are a few paleo-arcs in the same area. They are the Hidaka, the Seinan
Japan and the Daito Paleo-arcs. The Seinan Japan Arc and Paleo-arc overlap in Southwest
Japan where the latter had been active during Cretaceous to Early Paleogene.

There are some arcs which do not have any backarc basins as are seen in the arcs of the
eastern Pacific Rim. There are some double arcs, not only backarc basin but also an additional
(secondary) arc in the inner side of the convergent margin with an additional backarc basin
as are seen in the situations of the Bonin and the Seinan Japan and the Ryukyu Arcs, and
the Mariana and the Philippine Arcs.

In these arcs, there are several fundamental elements which constitute the arc, although
some of them are discontinuous (HONZA, 1981). They are trench, forearc basement high and
volcanic chain. Backarc basin (marginal sea) is also one of the fundamental elements in the
western Pacific Rim (Fig. 2).
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Fig. 1. Arcs in the NW Pacific Rim. Holocene volcanoes are shown in closed circles (HONZA,
1983).

There are some models to distinguish arcs by the geomorphological conditions. Some of
them are based on the forearc phenomena (DICKINSON, 1973, KARIG and SHARMAN, 1975,;
SEELY et al., 1979; Honza, 1981) and some of them are based on the existence of a backarc
basin (UYEDA and KANAMORI, 1979).

With the accumulation and development of arc data at sea, onshore geology is also re-
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examined in order to establish the paleo-geomorphology on the basis of modern arc concept.
This work is also reflected in understanding the tectonics of the modern arc. This suggests
that the works both offshore and onshore influence each other in advancing the understanding
of arc.

This is an attempt to present some fundamental frameworks of the arc systems on the
basis of offshore works in the northwestern Pacific Rim.

GEOMORPHOLOGY OF ARCS

Zonal arrangement parallel to the arc was first postulated in the Tohoku and the Seinan
Japan Arcs on the basis of onshore studies in which the arc was documented to be a feature
associated with subduction of oceanic lithoshere at the convergent margin (MATSUDA and
UYEDA, 1970; SUGIMURA and UYEDA, 1973).

Several different morphological terms have been used for arcs. The term arc is here applied
to the area between the backarc basin and the outer edge of the oceanic trench associated
with that arc (SEELY, 1979; HONzZA, 1981). Some characteristic features are observed in the
arcs. There are steep slopes in the landward side of the trench. A gentle high is commonly
observed in the outer margin of the slope transit to the oceanic basin. There is a nick-point
or break in the landward side of the slope which is referred to as trench slope break or
ridge. The term inner trench slope is used here for the deeper part of the slope from the
break to the trench on which benches may occur. The terms outer trench slope is used for
the oceanward slope of the trench and trench swell, instead of outer arch or outer rise, for
the outer morphologic bridge oceanward of the trench (Fig. 3).

In the forearc area, a basement high between the volcanic chain and the trench consists
of mountains onshore or a submarine high overlain by modern slope sediments. Volcanic
chain consists of a ridge or a chain of highs in the inner side of the basement high.

From the geomorphology of the forearcs, three types can be distinguished, the first consists
of a slope underlain by continental crust and others with slope partly underlain by an accre-
tionary wedge. Forearcs of the former type can be categorized as consumption or subduction
erosion. The latters consist of one type dominantly underlain by a continental crust which
is categorized as continental forearcs and the other dominantly underlain by an accretionary
wedge and categorized as accretionary forearcs in which the subduction complex extends up-
ward to the trench slope break (Fig. 4). Common features associated with all of the forearcs
are the active volcanic chain, the basement high and the trench, even there discontinuities
may exist in some of the features in them. Basins filled with sediments to varying extent
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Fig. 3. Arc geomorphology illustrated in a diagrammatic profile in the Tohoku Arc.
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Fig. 4. Models of modern forearcs. Fundamental framework of the forearc is similar in all
cases, except in the model for consumption. Open triangle: volcanics, dotted layers:
modern sediments and cross hatches: forearc basement high.

may occur among the volcanic chain, the basement high and the trench. The position of
the basement high is variable. There may be a mountain range onshore such as in the Tohoku
Arc, Seinan Japan Arc and Peru-Chile Arc or a mid-slope high (trench slope break or outer
high) such as in parts of the Bonin Arc, in parts of the Mariana Arc and parts of the Kuril
Arc, or an island chain such as in the Ryukyu Arc and in parts of the Bonin and Mariana Arcs.

SUBDUCTION AND ACCRETION AT TRENCH

The concept of accretionary wedges for convergent margins was developed by the interpreta-
tion of multi-channel seismic data and by the drilling results of the Deep Sea Drilling Project
(DSDP) in the Pacific Rim.

The first, imbricated thrust model for accretionary wedge was proposed on the basis of
seismic data in the Sunda and the Middle America Trenches (BECK and LEHNER, 1974; SEE-
LY et al., 1974; KARIG and SHARMAN, 1975).

Subduction Erosion and Continental Sloped Forearc

Recent DSDP drilling works in the convergent margins provided significant information
for construction very clear models for accretionary wedges in the Japan Trench (vON HUENE
et al., 1982), in the Mariana Trench (HUSSONG ef al., 1982), in the Middle America Trench
(vON HUENE et al., 1982; WATKINS et al., 1982) and in the Nankai Trough (KARIG et al.,
1983). From the results of these drillings, different models were also constructed for the pro-
cess not only of accretionary wedges, but also of consumption in the subduction zones. The
consumption type is postulated for the Mariana Trench.

Different process of arc development is suggested for the Japan Trench, namely subduction
erosin in earlier stage which to form accretionary wedge in the latest stage (Honza, 1981;
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VON HUENE et al., 1982). There may be different processes between the north and the south
Middle America Trenches. A progressive accretionary wedge is suggested in the northern part
(MOORE et al., 1982), while large scale sediment subduction is suggested in the southern part
(vON HUENE, ef al., 1982).

Sediments in the inner trench slope are deformed by the subduction process of the oceanic
plate. Some of the sediments on the outer trench slope are accreted over the trench instead
of subducting under the arc and are covered by the terrigenous sediments supplied from the
upper part of the inner slope. These sedimentary and structural processes have resulted in
a complicated deformation forming a subduction complex at the trench. Studies on tectonic
process and on formation mechanism in the subduction zone are needed to clarify these varia-
tions both in time and in space.

A model without accretion of the oceanic sediments from the outer side of trench is a
type of “‘subduction erosion’’. This may be a transition zone on the inner side of the trenches
which is characterized by sheared and mixed features on seismic profiles. There may be less
compressional stress at the subduction erosion trenches, deducing from no occurrence of
accretion.

One possible mechanism to have less compressional stress at trenches is the case when the
force is relatively small near the surface of the trenches and is converted to hirozontally high
compressional stress in the deeper parts of the subducted slabs. This is suggested in the earth-
quake solutions along the subducted slabs in the Japan Trench (YosHi1, 1978). In this trench,
there is a strike slip vector under the inner trench slope. Horizontal tensional force is observed
near the surface of the outer trench slopes. Horst and graben structures occur in the outer
trench slope by bending of oceanic plate at trench and horizontal tensional force is formed
on the upper surface of the bended plate.

The other possibility is to have less compressional stress at the trench, such as gravitational
pull caused by a heavy plate under the arc. In this case, the subduction angle may be steep
enough to pull the upper parts of the oceanic plate and asthenosphere. Some problems, however,
remain in this case, namely features commonly observed in the forearcs some of which are
interpreted to be caused by the horizontal compressional stress over the forearc area. For
example, there are ultramafic cones in the inner trench slope of the subduction erosion forearc
of the Mariana Trench (HonzA and KAaGaMl, 1975; HUSSONG and FRYER, 1983) and of the
Bonin Trench (B. TAYLOR, personal commun.). Serpentinite cones in the forearc slope may
be dehydrated material mixed with the oceanic basement and uplifted by the horizontal com-
pressional stress beneath the slope.

It is thus necessary to clarify the stress field of the subduction erosion trench in detail.

Accretion at trenches is essentially formed by the thrust and overthrust movements. There
are high and low angle thrust and overthrust faults in the accretionary wedges.

Relatively high angle thrust faults are observed in the Japan Trench. The Late Cenozoic
and underlying Upper Cretaceous sediments (continental basement) show an abrupt change
in the lower part of the inner trench slope. The stratified Late Cenozoic sediments (forearc
sediments) and an unconformity between the underlying Upper Cretaceous sequence on the
continental slope cannot be observed in the lower part of the inner trench slope (Fig. 5).
Vague discontinuous horizontal reflectors are observed among the dominant reflectors dipping
landward. These reflectors may suggest sheared faults which caused deformation of the horizontal
layers. The oceanic basement which can be traced from the outer trench slope under the trench
to the subduction complex is cut by several large thrust faults. There is uncertainty in the
area between the continental basement and the subduction complex where no thrust faults
are recognizable in the profile. However the layers are deformed along the contact zone bet-
ween the continental basement and the subduction complex.

The thrust faults which occur in both the subduction complex and the underthrusted oceanic
basement suggest that there is no displacement along the bottom of the accretionary wedge.
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Fig. 5. Diagrammatic structural interpretation of a multi-channel seismic profile in the Japan
Trench (HONZA, 1981).

An unit presumed to be a melange which constitute the accretionarty wedge is fixed upon
the oceanic basement on the inner trench slope and there may be no consumption of the
melange under the arc in this area. It is inferred from this fact that there may be a retreat
of the trench axis toward the ocean side by the development of the accretionary wedge.

Accretion in the Nankai Trough

A few cases of accretion are distinguished in the Nankai Trough (HONZA and MURAKAMI,
in press). One is associated rather higher angle imbricated thrust faults. Here, some of these
thrust faults may have developed through the subducted basement as is observed in the Japan
Trench. This process may contribute to the underplating of oceanic basement in the accre-
tionary wedge. Rather lower angle imbricated thrust faults are dominant in the second group:
They change to overthrust faults near the surface and the decollements in the deeper parts.
The third is a mixture of the both high and low angle thrust or overthrust faults. Accreted
sediments are blocked in units of high and low angle thrust faults. Layered sediments which
overlie the hemipelagic seiments in the Shikoku Basin consist of turbidites (KINOSHITA et al.,
1975; KARIG et al., 1983). Thick turbidites may offer a favorable condition for offscraping
and underplating by accretion (COWAN and SILLING, 1978; MOORE ef al., 1982).

Accretionary wedges in the eastern part of the Nankai Trough have variable profiles. The
angle of landward dipping reflectors change remarkably. It is inferred from these profiles
that the angle of significant thrust or overthrust faults are controlled by both subduction
angle and morphology of subducted basement. If there are topographic highs, the thrust faults
on them are complicated and form many high angle thrust faults on both sides of the highs.
On a smooth basement, relatively uniform imbricated thrust faults with relatively long segments
are formed (Fig. 6).

Imbricated thrust faults are discontinuous with wavy patterns. In many cases of landward
imbricated units, layers near the surface are overthrusted and have depressions where some
amount of terrigenous sediments are ponded approximately 10 km from the bottom of the
inner trench slope. This overthrusted feature is concordant with an offscraping model initially
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Fig. 6. Interpreted profiles of migrated depth sections in the Nankai Trough off Kill Penin-
sula, east to west in decending order. (HONZA and MURAKAMI, in press).

documented by SEELY ef al. (1974). Apparently offscraped units have a uniform total thickness
throughout the accretionary wedge, except for a few initial units near the trough.

Underplating by decollements tends to increase in thickness landward by increase of number
of decollements. Total increase of thickness of accretionary wedges on the decending sub-
ducted basement under arc is supplied by increase of underplating. Offscraping is approx-
imately of the same thickness throughout the lower and upper slope of accretion (Fig. 7).
Thrust faults are discontinuous and show wavy patterns with a few to several kilometers long.
Within an unit, internal velocity tends to increase downward. There is a high velocity layer
even in the initial unit near the trough.

Landward thickening of underplating may be different from the underplating process noted
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Fig. 7. A model of acction in the Nankai Trough. Imbricated offscraping by thrusts and over-
thrusts are dominant in the upper horizon and underplating by decollements are domi-
nant in the lower horizon (HONZA and MURAKAMI, in press).
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Fig. 8. Forearc models on basis of formation mechanism in the convergent margin. Consump-
tion or subduction erosion is associated with subduction of oceanic and continental
materials. Some of accretion are only associated with offscraping and some of that
with both offscraping and underplating.
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in the Middle America Trench (WATKINS ef al., 1981; MOORE et al., 1982). Subduction ero-
sion process noted in the south of the Middle America Trench (vON HUENE ef al., 1982)
may have the same feature as the underplating process in the Nankai Trough, neverthless
there is an additional thickening of underplating by the generation of decollements changed
from imbricated thrust faults of the upper horizon in the Nankai Trough. This may be originated
by the fundamental difference which controls not only the forearc but also the whole arc
(Honza, 1983). There is less possibility of this difference coming from sediment composition
and thickness at the trench.

From these results in the convergent margins of both sides of the Pacific Ocean, some
types of the trench system can be distinguished. The first is subduction erosion or consump-
tion at the trench. The second is association with imbricated thrust faults and the third is
association with both imbricated thrust faults and underplated decollements (Fig. 8).

In most of the seismic reflection data in the forearcs, there is a less reflective area in the
landward side between the continental mass and the trench or the accretionary wedge. This
is a transition zone between them and suggests some deformation of both continental and
oceanic material by subduction. The material transition zone may consist of sediments deposited
before the start of accretion or earlist accreted sediments (WATKING ef al., 1981).

FOREARC BASEMENT HIGH

Arcs are commonly associated with forearc basement high which is one of the fundamental
elements constituting the arc (HONzA, 1981). The basement highs consist of rocks older than
the development of the arc, and is located between the trench and the volcanic chain. The
Kitakami and the Abukuma mountains form the forearc basement highs in the Tohoku Arc.
Some of the highs constitute the island chain, such as in the Ryukyu and the Bonin Arcs.
A long narrow forearc basement high is developed in the Chile Arc. Here the high consists
of Pre-Cambrian and Paleozoic formation.

In some areas, foreafc basement high cannot be seen, but highs exist in the mid-slope.
The Ogasawara Islands form the forearc basement high in the southern Bonin Arc while there
is a high in the mid-slope area on the northern extension of the Ogasawara Islands. The
northern high consists of a trench slope break of the Bonin Trench and do not show highly
uplifted feature as in the southern arc (Fig. 9).

Some of these highs are interpreted to have formed by the horizontal compressional stress
as an extension of the stress field over the trench. However, most of them are free from
the effect of the subduction complex and is located at some distances inside from it. This
fact suggests that the forearc basement high was originated by the deeper tectonics of the arc.

ARC VOLCANISM

Arc volcanism occurs in a chain or in a zone along arcs, some hundreds of kilometers
landward of the trenches. This feature of arc volcanism is noted as an indication of a possible
control of subduction of an oceanic plate under the arc. However, the mechanism of the
heat rising to the surface from the deeper part under the arc to produce the arc volcanism
is not yet satisfactorily explained.

The chain distribution of the arc volcanoes is commonly observed in most of the arcs of
the circum-Pacific Rim, except for some arcs in which a zonal distribution is observed. A
zonal distribution of modern arc magma is well known in the Tohoku and the northern
Ogasawara Arcs in which three main volcanic rock series of tholeiitic, calc-alkali and alkalic
series are recognized. The zonal distribution is also observed in Kamchatska, parts of the
Philippines, Mexico and a part of the Chilean Arcs.

The difference between a chain and a zonal distribution in modern arc volcanism seems
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to be related to the difference in geometric scale of the arcs. At least, as a surfacial phenomenon,
relatively wide arcs have a zonal distribution while narrow arcs have a chain volcanism. This
fact seems to imply that arc volcanism occurs essentially as a chain eruption and is variable
to zonal distribution by the enlargement of geometric scale of the arc bodies. Some exceptions
may appear at the junction of arcs where some complex tectonics may develop as suggested
in the Mexican Arc.

Activity of arc volcanism is not uniform during its history. Radiometric age determinations
on the Tohoku, the Seinan Japan and the Bonin Arcs (KANEOKA et al., 1970; TANAKA and
NozAwA eds., 1977; TsUCHI ed., 1979) show histories of arc intermittent volcanism (Fig. 10).

Some uncertainties remain regarding the beginning of volcanism in the Tohoku Arc in which
stratigraphic and biological studies support late Oligocene, but earlier ages up to early Oligocene
were obtained by absolute age determinations for several samples. The beginning of the activi-
ty of the Tohoku Arc is also suggested in the forearc area where young sedimentary basins
were formed since late Oligocene (HoNza, 1981; vON HUENE, LANGSETH, et al., 1980).

Apparently, volcanic activity occurred continuously in the Tohoku Arc since late Oligocene,
although the intensity of volcanism were variable. Evidences show the occurrence of intense
volcanism in early Miocene, gradually decreasing until late early Miocene, weak volcanism
during middle Miocene and gradually increasing again in late Miocene (ISSHIKI, 1977).
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Fig. 10. Historical evolution of volcanism in the Seinan Japan, the Tohoku and the Bonin
Arcs based on the radio metric age determinations without any consideration on inten-
sity of volcanism. (HONzA, 1983).
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Volcanic history is not clear in the Seinan Japan Arc, because of sparse age data. However,
a continuous eruption was taking place apparently during its development and a unique volcanism
occurred in the Setouchi forearc area during middle Miocene (TSUCHI ed., 1979).

Volcanism of the Bonin and the mariana Arcs was intermittent since middle Eocene, although
the data obtained are only from the islands which occupy small areas on the ridge (Table
1). There probably were three stages of volcanism in the Bonin and Mariana Arcs, the first

Table 1. Stratigraphy of the Bonin and the Mariana Arcs (Shikoku Basin from KARIG and
INGLE, et al., 1975. DEVRIES and KOBAYASHI, ef al., 1980 and WATTS and WEISSEL,
1974. Ogasawara Arc from KUNO, 1968, MIYASHIRO, 1974, KANEOKA et al., 1970,
HANZAWA, 1947, IWASAKI and AOSHIMA, 1970, MATSUMARU, 1974, and UJIE and
MATSUMARU, 1977. Mariana Arc from LADD, 1966).

SHIKOKU SHICHITO OGASAWARA MARIANA
BASIN RIDGE RIDGE RIDGE
volcanic
Quaternary
hemipelagic rocks Mariana
) sediments Limestone
Pliocene and
L turbidites | -
o
Z
Mi é =" 1
iocene
// Alifan Ls.
4 |
volcano-
2 Bonya Ls.
[ clastics
Im= Minamizaki F. | |
volcanoclastics Umatac :
. Formation
Oligocene
Alutom
Sekimon F. Formation
Okimura F.
Eocene Yusan E.
Paleocene
DSDP results Kuno, 1968 ; Hanzawa, 1947 ; | Ladd, 1966.
(Karig, Ingle Miyashiro, 1974;| lwasaki and
et al, 1975; |Kaneoka et al.|Aoshima, 1970;
References | devries Klein, 1970. | Matsumaru,|974;
Kobayashi, et Ujiie and
al., 1980) ; Matsumaru, 1977
Watts and Wei-
ssel, 1974. |
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from middle to late Eocene, the second during late Oligocene and the last since late Pliocene.
Latest Miocene (7 Ma) was suggested by recent age determination of samples from the nor-
thern margin of the Mariana Ridge, while in the Bonin Arc, Miocene age has not been obtain-
ed from both the Bonin and the Shichito Ridges (HONZA and TAMAKI, in press.).

The last volcanism which formed the volcanic chain of the present Bonin Arc occurred
on a different line as compared to that of the earlier two stages which occurred on the Bonin
Ridge. The Bonin Ridge is the forearc basement high of the present Bonin Arc. The volcanic
chain (Shichito Ridge) is approximately 100 km west of the earlier volcanism (Bonin Ridge)
intervened by the Bonin Trough in betweeen.

The Mariana Arc located on the same morphologic line as the Bonin Arc have somewhat
different features. There are, from west to east, the West Mariana Ridge, Mariana Trough
which is a possible active spreading backarc basin, and Mariana Ridge consisting of both
volcanic chain and forearc basement high. Volcanic chain and forearc basement high seem
to separate gradually southward until the middle part of the arc (HESS, 1948). Volcanism
do not occur to the south of Saipan Island.

Geomorphologic variation is also observed in the Ryukyu Arc where different features are
distinguished between the northern and the southern parts. The northern arc has a volcanic
chain (Tokara Volcanic Chain) and the backarc basin is not observed clearly, only showing
gradual deepening toward the south. The southern arc has no volcanic chain and a few volcanics
are found in the narrow faulted depressions along the center of the Okinawa Trough (HON-
ZA, 1977; HERMAN et al., 1978). However, it is not certain whether the volcanics are a part
of the present volcanic chain or not.

A small shift of the volcanic chain is also noted in the Tohoku Arc during Neogene, the
older volcanic chain was probably located a little to the forearc side as compared with that
in Recent (NAKAMURA, 1969).

BACKARC BASIN

Backarc basin is interpreted to be essentially formed by the horizontal tensional force which
occurred in the backarc area creating a new oceanic crust. However, the mechanism of the
formation of the tensional force is not yet clear. Many backarc basins observed in the western
Pacific show a contrast to the system in the eastern Pacific without these basins. The North
and the South America Plates are drifting westward which implies the application of horizon-
tal compressional stress to the arcs on the Pacific side. This fact suggests that the movement
of the continents play important roles for the formation of the backarc basin. The occurrence
of the backarc basins may depend on the balance of stress field between compressional stress
in the forearc area and tensional force in the backarc area. Backarc basin may not be formed
if the retreat of continent is fast enough. In this case, not consumption but passive margin
may be formed. Some of backarc basins occur in the fractured or complexly bounded areas
of the plates.

Most of the characteristic features suggest that the stress fields of the arcs are commonly
horizontally compressional although there are some regionally horizontal tensional fields. There
is a model which indicate that the horizontal tensional force in the backarc area is formed
by the process of arc formation, that is the process of subduction under the arc. If this is
the case, this force may be too weak to constitute a primary force as compared with the
compressional stress of the subducted oceanic plate which prevails over the forearc area. If
the continent is to retreat with smaller speed than the subduction, the backarc basin may
occur while if the continent is to approach the arc, the backarc basin may not be formed.

Active and inactive backarc basins are distinguished from heat flow regime in the western
Pacific (KARIG, 1971). It is noted from heat flow values that the Japan, the Yamato, the
Kuril and the Shikoku Basins are inactive while the Okinawa Trough is an active backarc basin.
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Spreading of the Japan Sea

No Paleogene sediments are distinguished in the Japan and the Yamato Basins (HILDE and
WAGEMAN, 1973, KARIG ef al., 1975; HONzA et al., 1977; TAMAKI et al., 1981). The lower-
most horizontally layered sediments are estimated to be lower Miocene in the Japan Basin
and upper Miocene in the Yamato Basin from the assumption of constant accumulation ratio
during Neogene. There is a possibility that the diffracted layers beneath the transparent layers

Fig. 11. A fan spreading mosel for opening of the Japan and the Yamato Basins. Marginal
blocks on the opposite side of the pole are in different movements as compared with
that in the shorter radius.
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in the seismic profiles consists of volcanoclastics which are correlated to the miocene and
the late Oligocene volcanism in the inner side of the volcanic chain of the Tohoku Arc. If
this is the case, the Japan and the Yamato Basins have approximately the same history as
that of the Tohoku Arc. A two stage opening of the Japan Sea is suggested in the paleomagnetic
analysis of the volcanic rocks in the Seinan Japan (OTOFUJI and MATSUDA, 1983). Three
stages of structural movements are distinguished in the sedimentary units of the Japan Sea.
They are in the earliest Miocene or the latest Oligocene, late Miocene and in the earliest
Pleistocene. The first is correlated to the formation of the Japan Basin and the second to
the Yamato Basin and the third to the formation of the ridges along the northeast margin
of the Japan Sea.

From geometric analysis, a fan spreading of the Japan Sea is proposed with assumption
of a geometric boundary of the continents and ocean on the basis of reflection data (Fig.
11). This model is also concordant with the paleomagnetic analysis of the igneous rocks in
the Seinan Japan (YASUKAWA, 1979; OToFUIl and MATSUDA, 1983). Also differential fan
spreading is proposed from the geometry and magnetic data in the Mariana Trough. It is
difficult to have a differential fan spreading in the Japan Sea, for there are no differential
block movements of the older terrain in the Seinan Japan where long tectonic blocks are
fixed since Paleozoic, at the lastest early Mesozoic.

Geometric rearrangement of the original position of the Japanese Islands to the Asian Con-
tinent suggests that there is no space in the Japan Basin for the northern Japan. The Japan
and the Yamato Basins are occupied by the Seinan Japan blocks. This and other evidences
suggest that the Tohoku and the Hokkaido blocks are different in origin from the Seinan
Japan block and probably have drifted to the present position from another place. Neverthless
a possible original position could be on the northern extension of the Seinan Japan which
is the present Tartary Trough.

The direction of the spreading with a pole in the southern Korea Peninsula poses another
problem. This direction is oblique to the direction of the Japan Trench. This suggests that
the direction of the spreading is not necessarily controlled by the direction of the subducting
trench, but by the drifting direction of the continent.

The final stage of the Japan Sea since the earliest Pleistocene is noted to be in the horizon-
tally compressional field, which is observed as ridges and troughs in the northeast margin
of the Japan Sea where thrust faults are the dominant feature (HONzA ef al., 1977).

Fan Spreading in Other Backarc Basins

If the backarc basins are formed by the fan spreading caused by the subduction at the
trench in front of the arc, there is an inconsistency of geometric reconstruction of the backarc
basins as shown in the Mariana Trough and in the Kuril Basin (Fig. 12). The fan spreading
model is inconsistent with the magnetic lineation in the Mariana Trough. The marginal feature
of the opposite side of the pole in the reconstructed model by the fan spreading is also incon-
sistent in geometry. This feature may occur as a deformation in the margin when it opened.

Some models are proposed regarding the spreading center of the backarc basin. One is
along the immediately inner side of the volcanic chain (KARIG, 1971; WATTZ and WEISSEL,
1975; HonzaA, 1981; HoNzA and TAMAKI, in press). The other is along the central part of
the basin or trough (Sclater ef al., 1977; KOBAYASHI and NAKADA, 1970; UYEDA and
KANAMORI, 1979). The latter is based on the same mechanism as is seen in the mid-oceanic
rift apart from the influence of the subduction.

DISCUSSION

These facts indicate that arc geomorphology is variable both in space and in geological
time. There may be variable features in the different parts even within an arc, variable from
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Fig. 12. Opening of the Kuril Basin and the Mariana Trough based on the fan spreading. There
are some geometric inconsistensits in the marginal blocks on the opposite side of the
pole (A and B). This feature may suggest some restricted length to open in fan shape
and parallel spreading in the outer side from the pole.

intense to no volcanism, variable from uplifted forearc basement high having a range of islands
to insignificant uplifted high showing only a break bordering the continental slope and inner
trench slope, and variable from deep backarc basin to gradual deepening without any basin
feature.

There may be the similar temporal change as mentioned above, even in the same place
within an arc, as suggested by periods of subduction erosion or accretion at trench, period
of intense to no volcanism, periods of uplift or subsidence of forearc basement high and
alternating periods of spreading to no spreading of backarc basins.

Certain features are believed to alternate during their evolution. A volcanic ridge during
the earlier phase may convert to a different role in the later stage of the arc such as a non-
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volcanic forearc basement high in the forearc area, resulting in the formation of a new volcanic
chain on the inner side of the Bonin Arc (HONzA, 1983; HONZA and TAMAKI, in press).

There may be a certain correlation between arc volcanism and backarc spreading (UYEDA
and KaNaMORI; 1979; ScorT and KROENKE, 1980; HONZA, 1983, KARIG, 1983).

Studies on magnetic anomalies in the Shikoku Basin revealed lineations striking northwest,
parallel to the volcanic chain of the Bonin Arc. The lineation pattern is identified as a se-
quence of anomalies 7 (27 Ma) through 5 (10 Ma) between the base of the Kyushu-Palau
Ridge and the east margin of the Basin with tentative indentification on the eastern side on
account of rough and complex morphology of the basement (WATTS and WEISSEL, 1975).
The other identification is based on a symmetrical anomaly profile with a spreading center
along the center of the basin (KOBAYASHI and NAKADA, 1979).

Spreading of the Shikoku Basin, thus appears to have begun in late Oligocene and continued
until millde to late Miocence. On the other hand, no volcanism is known on the Bonin Arc
from Miocene to early Pliocene (Table 1).

Morphologic variation in the Ryukyu Arc also suggests that there may be a relatively deeper
backarc basin when there is no volcanic chain and there may be no deeper backarc basin
when modern volcanic chain is active.

These facts from modern geomorphology and historical evolution may be an indication
that arc volcanism is incompatible with the spreading of the marginal sea. In other words,
arc volcanism and spreading of the backarc basin may take place altenately. Low level volcanism
may occur on the volcanic chain while backarc basin is opening and slight spreading may
occur on the backarc basin when volcanism is active on the volcanic chain (SCOTT and
KROENKE, 1980; HONZA, 1983). A different interpretation is also proposed (KARIG, 1983).

A possible tectonic erosion is also noted in the Japan Trench during the earlier stage of
its development. A subduction complex was developed in the lower part of the inner trench
slope during the later stage. There might have been a wide shallow sea on the forearc of
the Tohoku area before subduction began. A probable evidence is the unconformity developed
in most of the forearc area and in the coarser material lying on the unconformity confirmed
by drilling of IPOD Leg 57 (vON HUENE, et al., 1980).

These facts suggest that there is an alternate development of subduction complex, one is
the transgressive stage where the subduction complex is formed with seaward migration of
the trench axis, and the other is the regressive stage tectonic erosion occur with the landward
migration of the trench axis.

The Mariana Arc may be in the regressive stage while there may be modern spreading of
the Mariana Trough in the backarc side (HUSSONG and UEDA et al., 1982). The Tohoku Arc
may be in the transgressive stage while no modern spreading is suggested in the Japan Sea.

It is inferred from these facts that there may be a spreading of the backarc basin while
subduction (tectonic) erosion is taking place in the trench, and subduction complex may begin
to develop when spreading of the backarc basin ceases (UYEDA and KANAMORI, 1979; HON-
zZA, 1983).

Several models or hypotheses have been proposed for arc volcanism and for backarc spreading.
Most of them were discussed independently on arc volcanism and on the origin of the backarc
basin. Those models for spreading of the backarc basin are related to the subduction of the
oceanic plate and some of them are based on the convection current in the upper mantle
formed by the subduction (UYEDA, 1977; KARIG, 1971; TOksOZ and BIRD, 1977; HONZA,
1978, Honza 1983).

Low stress or tensional mode in the Mariana type provides a favourable condition for sub-
duction erosion at the trench and for backarc spreading (UYEDA and KANAMORI, 1979). It
may also be favourable for weaker volcanism at the volcanic chain, for less frictional heating
may occur between the subducted plate and the asthenosphere under the arc, while accretion
at trench and active arc volcanism occur under stronger compressional field. Therefore, each
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of the two types underwent quite different processes in forming the arcs.

One possible source of heat energy for arc volcanism is the frictional heating along the
upper surface of the subducting oceanic plate which is the same model examined for the
origin of backarc spreading (Fig. 14). Upwelling conponent of the convection current could
play an role as a source of heat for the arc volcanism, although theoretical distance of the
upwelling is toward the backarc than volcanic chain according to the calculated result by
IcHIE (1971). In this case, there may be a heat supply whenever subduction occur. The dif-
ficulty for this model is the mechanism of deep earthquake which occur at the heated boun-
dary between a subducted slab and the upper mantle under the arc.

In the case without any heat supply from the subducted slab nor the upper mantle under
the arc, convection current might occur downward by mechanical drag along the upper surface
of the subducted slab followed by horizontal flow toward the arc near the surface on the
backarc side (Toksoz and BIRD, 1977).

In the case when frictional heating occurred along the upper boundary of the subducted
slab, convection current might be welling upward turning to the both sides on the surface
with relatively strong flow toward the inner side of the arc (horizontally away from descen-
ding plate) and weak counter flow toward the outer side (ICHIE, 1971, HONZA, 1978). Geology
of the arc seems to support a compornent of the flow toward the continent in the backarc
basin, especially on the double arcs such as seen in the Bonin and the Ryukyu Arcs intervened
by the Shikoku Basin (Fig. 14).

Convection current toward the continent implies that the arc drift toward the continent.
However, when a continent becomes a barrier to the horizontal component of the current
near the surface, the arc may drift seaward adding new material along upwelled sites of the
current near the surface. There may be a drift toward the continent when a new subduction
occurs along the margin of the continent as is seen on both sides of the Shikoku Basin,
and when supply rate of new material along upwelled sites on the surface is not enough to
recover the total loss incurred by consumption.

Arc volcanism needs heat sources under an arc. A calculated heat pattern under an arc
suggests that temperature is lower along the subducted oceanic slab than in the surrounding
asthenosphere which probably is the result of the subduction of cool plate (HASEBE et al.,
1970). In this case, it seems difficult to supply heat for arc volcanism from along the subdcted
slab.

Quite different mechanism is suggested for mid-ocenic volcanism and for continental volcanism
which may be attributed to heat process in deeper mantle than that of the arc area. Even
in some of the backarc areas, the same spreading mechanism as is seen in the mid-oceanic
rifts apart from the influence of the subduction is estimated in the Lau and Shikoku Basins.
There may also be another mechanism to form arc volcanism independent with the formation
of backarc basin, although both of then may need heat supply under the arc.

Here forearac and backarc features are joined as a related phenominon to constitute arc.
Geomorphologic variations of arcs make it difficult to understand the fundamental frameworks
which constitute arcs. Some of them occur within an arc. Further difficulty comes from the
variations of geomorphology during geological ages discussed above. Modern arcs are devlop-
ing now, in which it is difficult to know the direction of forearc development which phase
is taking place transgressive or regressive.

Acknowledgements

I wish to thank the staff of the Geological Survey of Japan who have prepared and con-
ducted the Centennial Symposium. I also wish to thank the staff of the Marine Geology Depart-
ment of Geological Survey of Japan. The data used here are based on the marine geological
activities by the Marine Geology Department. I also wish to thank Dr. Y. Shimazaki for
his critical reading of the manuscript and comments.



Fundamental Framework of Arcs (E. Honza) 63

COMPRESSIONAL STAGE

Ridge

or rise

) Voleanic Forearc
Marginal sea chain basement high

Trench

LESS COMPRESSIONAL STAGE )
.3
(0]
OPENING \%
- \
i
— ‘
-————— e —— -
)x
L SHIFT OF 5
Volc]anics ofh COMPRESSIONAL T 7 VOLCANIC CHAIN /L",
A A A A i 11 o)
volcanic chain STAGE g
)] Forearc basement
high
Older foreare o

basement high

Accretionary prism
of trench

m Remnant or shifted

basement
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During weak compression stage low level volcanism may occur in the volcanic chain
while the backarc basin is opening associated with development of tectonic erosion.
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Geology and Geothermal Resources in Northern Thailand
Saengathit CHUAVIROJ and Saman CHATURONGKAWANICH

Deptartment of Mineral Resources, Bangkok, Thailand

ABSTRACT

The stratigraphic succession in northern Thailand was summarized from Precambrian to
Quaternary including the important igneous activities. In addition, the significances of heat
sources, fault structures, origin of thermal water and the general surface discharge features
related to the geothermal resources were also discussed.

The Precambrian rocks are mainly composed of gneisses which have high metamorphic
grade and complex intrusives history, are compared with adjacent low grade or unmetamor-
phosed Lower Paleozoic rocks. Arenaceous and calcareous rocks intercalated with some volcanics
are recognized to be the Upper Paleozoic sequence.

The Lower Mesozoic rocks are characterized by volcanic rocks with marine sediments where-
as the Middle Mesozoic sequence is composed predominantly of continental sediments.

The Tertiary sediments are basically predominant in a large number of basins over the region.

The geothermal fields in Thailand are believed to be associated with igneous activities of
possibly Cretaceous to Tertiary ages. Presumably, the probable heat source is contributed from
tectonic movements and/or radioactive elements from some granitic batholiths.

The average temperature of thermal water ranges from 60-100°C with some warm
springs of 45-60°C and they are classified as sodium-bicarbonate type. Most of the thermal
water in northern Thailand are originated from local meteoric water and probably diluted from
cold ground water at shallow depth.

INTRODUCTION

Geological map of northern Thailand shown in the Figure 2 was compiled by A. LUMJUAN
and S. LOVACHARA SUPAPORN (1981) then edited and modified by S. SUENSILPONG et al.,
Igneous Research Project, Geological Survey Division, Department of Mineral Resources (DMR).
They were compiled from geological map on scale of 1:250,000 which was prepared by the
joint mapping and prospecting project between DMR and the German Geological Mission
(GGM) during 1965 to 1971 and partly by the Geological Survey Division, DMR (Fig. 1).

Generally, in the western regions, thick complete sequences of the Precambrian to Jurassic
and some Tertiary sediments are observed, while in the eastern regions the known sediments
are only of the Silurian-Devonian to the Cretaceous and possibly Tertiary ages (BUNOPAS,
1976). The successions of the Precambrian to Tertiary sediments were correlated by GGM
(1972) as shown in Figure 3.

There are 64 hot springs distributed throughout the country, but most of them (42 hot
springs) are concentrated in northern Thailand (Fig. 4). In general, their manifestations existed
in the provinces of Chiang Rai, Mae Hong Son, Chiang Mai, Lam Phun, Lampang, Prae
and Sukhothai.

Preliminary geothermal reconnaissance was done in northern Thailand by Chiang Mai Univer-
sity (CMU) in 1976 and Kingston Reynolds Thom and Alladice Limited (KRTA) of New Zealand
in 1977. Their reports indicated that many hot spring areas could be developed for geothermal
power generation and for agricultural application. In 1978-1983, a working group consisting
of personnel from Electricity Generating Authority of Thailand (EGAT), Department of Mineral
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Resources (DMR) and Chiang Mai University (CMU) was formed for geothermal energy develop-
ment programme of northern Thailand. Five hot spring areas; Sankamphaeng, Fang, Mae
Chaem and Papae in Chiang Mai then Mae Chan in Chiang Rai, are selected for detailed
studies. Initial studies to compile basic data, assigned and carried out separately by the three
organizations, were completed in early 1980. Three parties of foreign geothermal experts from
Japan (Geological Survey of Japan) and the United States (Los Alamos Scientific Laboratory
and U.S. Geological Survey) visited the five geothermal sites at different period of time. It
is agreed by local and foreign experts that there is a good probability that medium to high
temperature geothermal resources are present in Thailand at accessible depth.

GENERAL GEOLOGY

The Precambrian rocks are exposed with N-S trend in the mountains bordering Chiangmai
plain to the west and further south to Lan Sang National Park, Tak. The rocks are mainly
composed of migmatised paragneisses and include quartzitic schists, biotite schists, calcsilicate
schists and marbles (CAMPBELL, 1975; GGM, 1972). They are penentrated by concordant and
discordant veins and irregular masses of granodiorite and pegmatite. Apparently, Precambrian
gneiss series are unconformably overlain by less metamorphosed or unmetamorphosed Cam-
brian rocks (GGM, 1972).

East of Mae Hong Son, Mae Sariang and west of Kamphaengphet, the rocks are well bedd-
ed quartzite to massive quartzite, often crossbedded with some conglomerate beds, up to 500
m in thickness. These rocks are Cambrian in age and described by BUNOPAS (1976) and they
are conformably overlain by Ordovician limestone. The Lower Paleozoic sediments (Cambro-
Ordovician) consist of quartzitic rocks with locally increasing amounts of shaly and calcareous
intercalations to the upper part. The averge thickness of the Ordivician limestone in the north
ranges from 80 to 100 m.

The Silurian-Devonian sediments occur in Mae Hong Son and throughout northern Thailand
particularly to the southeast, west of Chiang Mai, Lampang and northeastern Uttaradit. Rocks
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are sandstone, graywackes, carbonaceous shales, cherts and thin limestones. The thickness
of the series does not exeed 500 m (GGM, 1972) and the distribution generally corresponds
with that of the Ordovician limestone.

The Carboniferous rocks are characterized by clastic sediments with occasional limestone
or chert intercalations. They are mainly exposed to the west of Mae Hong Son, north of
Chiang Mai, southeastern Lampang and northeastern Uttaradit. The end of Lower Carboniferous
is marked by orogenic movements with magmatic activities (GGM, 1972). The Upper Car-
boniferous sequence shows both marine and terrestrial facies. Marine sediments are chert,
sandstone, shale and conglomerate. Deposition of continental or marine clastic facies is
documented by a thick red conglomerate or shale, sandstone and chert. They laterally interf-
inger with marine Permian-Carboniferous limestone. In many places the uppermost Car-
boniferous for mation contains basic volcanics (GGM, 1972). MACDONALD and BARR (1978)
found that volcanic rocks or basalts have the composition of island arc tholeiites. They suggest
that the rocks represent part of a volcanic island arc extruded through oceanic crust. Clastic
and marine facies continue into the Permian.

The Permian rocks consist mainly of limestone and minor sandstone and shaly conglomerate,
agglomerate and tuff. In the central part of northern Thailand, particularly between Lampang
and Nan there develops the most complete Permian succession. The rocks, however, are
predominantly clastic and rhylolitic lavas, with some interbedded limestones. In the north
of Chiang Mai and northeastern Mae Hong Son, the Permian rocks consist mostly of a thick
limestone formation, the Ratburi Limestone. The thickness of the Permian limestone is about
100-150 m.

The Permo-Triassic rocks are predominantly rhyolitic and andesitic lavas distributed in almost
north-south direction from east of Chiang Rai to southeastern Lampang.

The Mesozoic in northern Thailand is characterized by a distinct regional and depositional
subdivision. The marine Triassic sediments rest unconformably on the Permian sediments to
the south of Mae Hong Son and southeast of Mae Sariang (see columns I and II of Fig.
3) and overlie the volcanic sequence in Lampang and Prae areas. In general, the marine Triassic
sediments consist of shale and limestone and then change the rock facies into a sandstone-
shale sequence, described as resembling Alpine flysch (BUNOPAS, 1976).

The continental sedimentary environment continued well into Jurassic. These terrestrial
sediments consist of red sandstone, mudstone, shale and a characteristic volcanic member
of acid to intermediate composition particularly in the Nan area (Column VI, Fig. 3) and
the east of the Uttaradit area, the Sukhothai area and the Phichit area (Fig. 2).

The Cretaceous rocks are exposed in the eastern part of Uttaradit and Thai border. They
consist mainly of quartz sandstone and conglomeratic sandstone. In the area surveyed by
the GGM, maximum thickness of the continental Mesozoic sediments may reach 1,000 m.

In northern Thailand the Tertiary sediments predominently occur in isolated basins with
distinct north-south trend, overlying the regional structure of the older formations. It consists
of shales, sandstones, marl beds, fresh water limestone and local accumulation of lignite,
oil shale and carbonaceous shale.

Pleistocene terraces and alluvium are developed in basins all over the area, they lie uncon-
formably over the older rocks.

Regarding igneous activities, large areas of Precambrian rocks and also areas adjoining
older Paleozoic formation have been affected by high grade regional metamorphism and
granitization. In several areas, plutonic activity provided intrusive rocks and they have been
dated to be of Middle Carboniferous age (GGM, 1972). After widespread deposition of basic
to intermediate volcanics, the tectonic activity started again in the early Upper Carboniferous age.

There are several granite complexes in northern Thailand, they were considered to be of
Late Carboniferous, Late Triassic to Early Jurassic, Cretaceous and Tertiary ages. Main
batholiths intruded only during the Triassic, perhaps extending into the very earliest Jurassic.
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This period of intrusion coincides with the age of andesitic and rhyolitic volcanic activities.
BuNoPAS and VELLA (1972) sugested that the age of volcanics in the central part of northern
Thailand extended from Late Permian to Early Triassic according to their category of volcanic
belts. They also believed that the collision of the Shan-Thai craton with the Indochina craton
took place in Early Jurassic time marked by scattered occurrences of ultramafic rock to the
east of Nan and northeastern Uttaradit.

The Pleistocene basalt at Lampang have been investigated using palacomagnetic and dating
techniques by BARR et al., (1976). The basalts to the north of Payao, the Prae and the eastern
Nakorn Sawan areas are probably of the same age as Lamapng basalt.

GEOTHERMAL RESOURCES

Forty two thermal areas are scattered in northern Thailand. Most of the hot springs occur
in low terrain close to streams or rivers, and are predominantly aligned along fault zones (Fig. 4).

The heat sources of these hot springs are not clearly explained. Their occurrences do not
lie on the seismic belt and there are no active volcanism in Thailand. The main phenomena
indicating heat sources of geothermal fields are believed to be associated with granitic intru-
sion of possibly Cretaceous-Tertiary age or the rejuvenated younger pluton or late basaltic
eruption. Recently, study of radioactive elements such as uranium and thorium from some
granitic batholith, shows rather high heat production value, for example, Khun Tan batholith
is about 17 KW/km> (WATTANAIKORN and RAMINWONG, 1980). This may indicate the in-
fluence of radioactive elements upon the appearance of high heat flux in some geothermal
areas, for example San Kamphaeng and Fang (Fig. 4 CM; and CMs3;). The other probable
heat source is the contribution of tectonic movement in active belts indicated by microearth-
quake study in northern Thailand. Nearly all shallow earthquakes with magnitude greater
than four are located in Burma, while in northern Thailand most of the magnitudes range
from one to three.

Regarding the geological setting of the thermal springs, they occur from various rock types,
particularly from sedimentary and granitic rocks. It can be summarized that they are controll-
ed by three major fault systems; the N-S fault at the western margin along Maehongson
province close to Thai-Burma border, the two E-W faults at the northern and extremely nor-
thern region in the vicinity of Lampang and Chiangmai provinces. In addition, some minor
hot spring areas which also have close relationships to faults and fractures are distributed
in the central northern Thailand.

Faults and joints control significantly the fluid paths and effective permeability of geother-
mal reservoirs. In northern Thailand, there is no active faulting of Quaternary period. However
most of the major fault structures are strike-slip fault and normal fault which formed in
tensional dynamic field. This might indicate an appropriate overall subsurface permeability
for the geothermal system in northern Thailand. This is seen clearly in several exploratory
wells drilled in San Kamphaeng area where faults and various joint patterns provide preferen-
tial passage for fluids at different depths. From many well studies at geothermal fields, it
seems that the average permeable horizontal-reservoir has significantly greater potential in
terms of geothermal reserve than vertical fracture reservoir.

GIGGENBACH (1977) has studied isotopic compositions of Fang and Pa Par thermal area
(CM.), the isotopic composition of D and 6'%0 between thermal water and water from near-
by river are very similar. This suggests that most of the thermal water of hot spring area
in northern Thailand originated from local meteoric water.

The surface manifestations at thermal areas in northern Thailand are quite similar. They
are predominantly water-dominated bubbling and boiling springs, except Pa Pae which is a
geyser type shooting hot water up to 3 meters. Temperatures of thermal areas in northern
Thailand range from 60-100°C. Some other warm springs have temperatures of 45-60°C.
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The water is usually clear, colourless with some precipitation of grey to white amorphous
silica, calcareous matter and algae. The flow rate from each hot pool is generally less than
1 litre/sec, pH ranges from 6.5 to 9.5, the hot water could therefore be classified as sodium-
bicarbonate type. Surface hydrothermal alteration does not show wide distribution. Silica sinter,
travertine and clay are commonly deposited at the vicinity of thermal springs. Sulphur deposi-
tion derived from fumarole or steaming ground is rare. Due to high humidity of tropical
climate, the effect of weathering and erosion is substantially greater than that of hydrothermal
alteration. Thus it is difficult to differentiate the process of alteration in these areas.
Reservoir temperatures calculated from Tsio,, Tna-x and Tna-x-ca reveal that several
geothermal areas such as San Kamphaeng, Fang, Pa Pae, Tepanom and Mae Chan (CM;,
CM3;, CM4, CM7 and CRy) exceed geothermometric temperature of 170°C. The different
temperature values estimated from various geothermometers indicate dilution or slow rising
of the thermal fluid which allow silica to re-equilibrate. The apparent very low chloride con-
tent in every thermal spring may not indicate the origin from the deep hot water reservoir,
even though chloride by nature is not consumed in water-rock interaction, but this low chloride
content should mainly be derived by dilution of cold ground water at shallow depth.
THIENPRASERT and RAKSASKULWONG (1982) suggested that the heat flow values calculated
from many water wells in northern Thailand range from 0.4 to 3.06 HFU except the San
Kamphaeng geothermal area where it ranges from 3.10 to 7.67 HFU. There are also other
geothermal areas of anomalously high geothermal gradient and high heat flow. The cause
of high geothermal gradients may be the effect of hydrothermal convection at deeper zones.

CONCLUSION

Geothermal resources of northern Thailand have been systematically investigated since 1978.
The application of geological, geochemical and geophysical exploration in many geothermal
areas are now being carried on, particularly in areas with higher resource potential such as
San Kamphaeng and Fang areas. Several exploratory wells have been drilled in those two
areas by the collaboration of the Government of Japan and France respectively. Although
the characteristics of occurrence and geological setting of thermal areas in northern Tahiland
differ greatly from other geothermal fields in the world, studies have shown the areas to
be promising and intensive prospecting is providing guidance for the development and utiliza-
tion of geothermal resources in the near future.

REFERENCES

BuUNOPAS, S. (1976) On the stratigraphic successions in Thailand — a preliminary summary.

J. Geol. Soc. Thailand, vol. 2(1-2) p. 31-58.

and VELLA, P. (1978) Late Palaeozoic and Mesozoic structural evolution of nor-
thern Thailand, a plate tectonics model. P. Nutalaya ed. Proc. 3rd Regional Conf. on
Geol. Min. Resour. S.E. Asia, Bangkok, p. 133-140.

BARR, S.M. MACDONALD, A.S., HARLE, N.S. and REYNOLDS, P.H. (1976) Palaecomagnetism
and age of the Lampang basalt (Northern Thailand) and age of the underlying pebble
Tools. Jour. Geol. Soc. Thailand, Vol. 2(1-2) p. 1-10.

CaMPBELL, K.V. (1975) Basement complexes Thailand, Dept. Geol. Sci., Chiang Mai Univ.,
Spec. Pub., no 1, p. 3-12.

CHATURONGKAWANICH, S. (1982) Core from well GTE; and GTE, Sankamphaeng geother-
mal area. Geothermal Institute, Auckland Univ., New Zealand, Report no 82.04,
(unpublished).

and VIMUKTANON, S. (1979) Report of geological map of northern Thailand scale
1:500,000. Geol. Surv. Div., DMR. (Unpublished).



Geothermal Resources Thailand (S. Chuaviroj et al.) 77

CHUVIROJ, S., CHATURONGKAWANICH, S., UDOMRATH, C., WONGWANICH, T., SUKAWAT-
TANANON, P., and DHRAMMADUSDEE, U. (1980) Geology of geothernal resources of
northern Thailand: Sankamphaeng Fang and Mae Chan (Unpublished).

GERMAN GEOLOGICAL MISSION (GGM) (1972) Final report of the GGM to Thailand
1965-1971. Geol. Surv. Federal Repub. Germany, Hanover, p. 10-22.

KRTA (Kingston Reynolds Thom and Alladice Ltd.) (1977) Reconnaissance survey of the
geothermal resources of northern Thailand: stage 1, Report (Exploration). (Unpublished).

Kawapa, K. and TAKASHIMA, 1. (1980) Preliminary assessment of geothermal energy
resources of northern Thailand. (Unpublished).

MACDONALD, A.S. and BARR, S.M. (1978) Tectonic significance of a Late Carboniferous
volcanic arc in northern Thailand, in P. Nutalaya ed., Proc. 3rd Regional Conf. Geol.
Min. Resour. SE. Asia, Bangkok, p. 151-156.

RAMINGWONG, T., RATNANSTHIEN, B., WATTANANIKORN, K., TANTISUKRIT, C., LERD-
THUSNEE, S., THANASUTIPITAK, T. and PITRAGOOL, S. (1980) Final report submitted
to Electricity Generating Authority of Thailand (Unpublished).

RAMINGWONG, T., LERDTHUSNEE, S., CHUAVIROJ, S. and LERTSRIMONGKOL, S.
(1982) Geothermal exploration drilling in Thailand, Proc. Pacific Geother. Conf. and
4th N.Z. Geothermal Workshop, Auckland Univ., N.Z. p. 321-327.

RAMINGWONG, T., RATANASATHIEN, B., WATTANANIKORN, K., TANTISUKRIT, C. and LERD-
THUSNEE, S. (1980) Report of evaluation, geothermal resources of northern Thailand:
Sankamphaeng, Fang and Mae Chan geothermal systems. (Unpublished).

SUENSILPONG, S. ef al. (1982) Geological map of Thailand covering northern provinces, scale
1:1,000,000 (Compiled by LUMJUAN, A and LOVACHARASUPAPORN, S.), Igneous Research
Project, Geol. Surv. Div., DMR., Bangkok.

Studies in East Asian Tectonic and Resources (SEATAR), (1980) A programme and review
of research compiled for the 2nd SEATAR workshop, Bandung, Indonesia 17-21 Oct.
1978, CCOP and IOC, Bangkok, p. 25-35.

THIENPRASERT, A. and RAKSASKULWONG, M. (1982) Heat flow in northern Thailand, Inter-
national workshop of Terrestrial Heat Flow Studies and the Structure of the Lithosphere,
May 31-June 5, 1982, Czechoslovakia.






Geological Survey of Japan Report, No. 263, 1984, p. 79-92.

Geothermal Exploration in Kenya with Special Reference to
Eburru Prospect

W.J. WAIREGI

Ministry of Energy, Nirobi, Kenya

ABSTRACT

The Eburru area is situated about 120 km NW of Nairobi whithin the mid-Rift Valley
region. The Eburru geothermal prospect was one of the three geothermal prospects identified
by the UNDP geothermal explortion project between 1970 and 1978, the other two being Olkaria
and Bogoria. Eburru and Olkaria prospects are about 200 km apart and close to the shores
of fresh-water lake of Naivasha.

The geothermal surface exploration of Eburru prospect was started three years ago by
a joint team of Japan International Cooperation Agency (JICA) experts and Ministry of Energy
(MOE) staff. The team has updated the mapping of the Tertiary/Quaternary volcanics, mapped
and sampled the alteration zones and undertook both geochemical and geophysical survey of
the prospect.

The results of the exploration work indicate the existence of a N-S fault zone within which
exist recent volcanics and phreatic craters. At the top of Eburru Hill, there are major steam
emanations and alteration zones closely related to carbon dioxide and mercury geochemical
(in soil air and soil) anomalies as well as resistivity anomalies. The alteration zones and geochemical
and geophysical anomalies have been observed in the N-S fault zone up to, and beyond, the
old Eburru railway station. The results indicate good steam conditions at the top of Eburru
Hill and hot water conditions at the base of the hill (about 600 m below) near the Eburru
station. Shallow drilling is proposed in 1983 followed by deep drilling work. There is a need
to extend the geothermal surface exploration area to the north and south. Meanwhile two 15
MW power stations are in operation at Olkaria Geothermal Field. The average depth of the
steam wells is 1000 m.

INTRODCUTION

The geothermal resources in Kenya is concentrated along the Kenya Rift Valley which is
a part of the African Great Rift System traversing in the north-south direction from the north
of Syria in the Middle East to Mozambique in the southeastern Africa and having a total
length of about 7000 km. It forms a major continental, fault-bounded graben and is indeed
the world’s greatest rift valley.

From the Red Sea Valley, the Rift Valley enters the Gulf of Aqgaba, which forms a part
of the Red Sea Rift, before turning southwards into Africa through Ethiopia. The Affar depres-
sion is the centre of the triple junction betwen the two opened arms of the Red Sea and
the Gulf of Eden, and the failed arm that forms the southern extension of the Rift Valley
into Africa. The Rift Valley extends beyond Ethiopia into Kenya, Tanzania and Mozambique
as the Eastern Rift Valley while another arm extends northwestwards from Malawi, Tanzania
and Uganda/Zaire border up to Uganda/Sudan border. It should be noted that most of Eastern
African lakes are found in the Rift Valley. Many of these lakes are salty but a few of them
have fresh water. The major exemption is Lake Victoria that lies in the depression between
Eastern and Western Rift Valleys.
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Fig. 1. Distribution map of the African Great Rift System.

In recent years geothermal energy proved to be a useful source of energy particularly as
electrical and heat energy. In a tropical country like Kenya, geothermal energy offers an alter-
native source of electrical energy as well as industrial heat energy. The existence of this geothermal
resource has been well documented by past geological mapping of the Kenyan Rift Valley
graben which extends 800 km between Ethiopian and Tanzanian borders and is 40 to 60 km
wide. Using the method of analogy, which uses the knowledge and experience gained in a
relatively well explored region as a basis for extrapolating limited data to a relatively unknown
region it was estimated that the geothermal power potentials in the Kenyan Rift Valley is
1700 MW. It is clear that not all estimated geothermal potential can be exploited from an
area because much of it depends on geological condition of a geothermal field concerned.

THE KENYA RIFT VALLEY — GENERAL GEOLOGY & STRUCTURE

The development of the whole Rift Valley system started in late Tertiary with a major
doming along the axis followed by major fissure and central volcanic eruptions. This was
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Fig. 2. Distribution of young volcanoes located in the East African Great Rift System from
the Kenya Ethiopian border to northern Tanzania.

followed by the dome collapse and further fissure and central volcanic eruptions. These magmatic
phases are separated by phases of erosion and sedimentation into the lakes formed in the
grabens. These sequence of events are more dynamic in some parts of the Rift Valley resulting
in the development of major volcanic domes. The Ethiopian and Kenyan domes form major
highlands outside and inside the Rift Valley.

In the saddle between the volcanic domes the basement is exposed as the volcanic cover
is negligible. These development of volcanic domes is typical of the Kenyan Rift Valley but
a typical of the western Rift Valley. Due to the Quarternary volcanism, manifestations such
as fumaroles, steam jets, hot mudpools and hydrothermal rock alterations are seen in many
parts of the Kenyan Rift Valley.

The line of calderas and craters in the centre of the Rift Valley indicates the last phases
of volcanic activity. This line of calderas and craters is considered, as a result of crustal
studies of the Rift Valley, to be formed along the axis of a mantle doming underneath the
Rift Valley. The crustal studies undertaken by various researchers in the Rift Valley based
on both refraction and reflection seismic studies, indicate that the crust is thinner underneath
the Rift Valley. This would lead naturally to a higher thermal gradient along this line of
craters and calderas.

Most of the faults bordering the Rift Valley are in N-S direction. While the graben boun-
dary faults of the Rift Valley are N-S direction in general, the floor of the valley has horst
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and graben structure due to E-W faults crossing the former.

THE OCCURRENCE OF GEOTHERMAL ACTIVITY ALONG THE KENYA
RIFT VALLEY

In the Rift Valley, as already indicated, there are many areas of active geothermal manifesta-
tions visible on the surface but only three of these areas have been well surveyed. These
are Olkaria, Eburru and Lake Bogoria. Olkaria and Eburru geothermal manifestations are
confined mainly to widespread fumaroles and hot ground.

At Eburru, these fumaroles have been used to supply the local population and their animals
with water. It is condensed from steam in sloping aluminium pipes and the condensed water
is collected into a concrete tank. The steam is also used by farmers as a source of heat for
drying pyrethrum flowers. At Lake Bogoria the geothermal activity is demonstrated by steam
jets and boiling hot springs centred in the southeast corner of the lake, while on the peninsula
it is boiling springs along the southern end of the western lake shore, and scattered warm
springs all along major faults.

The presence of hot or warm waters and steam, within a radius of several kilometers around
the lake, indicates that the heat flow in the immediate environment is high and that a heat
source must exist somewhere in the vicinity of the lake. On the basis of the available data,
it is postulated that the waters originate from at least two deep high temperature (140°C
to 300°C) sources. (Fig. 3).

THE GEOTHERMAL EXPLORATION AT OLKARIA

Investigations of the geothermal energy potential in the Kenya Rift Valley first began in
the period between 1955 and 1959 by drilling two deep boreholes (X-1) and (X-2) at Olkaria
which unfortunately failed to discharge steam of economic viability.

When the drilling operations were stopped, the colonial Government, through the Mines
and Geological Department, continued further investigations. They included the measurement
of near surface temperature and shallow drilling to measure temperature variations of shallow
underground. Unfortunately, these efforts were interrupted in 1963 and the whole programme
came to a standstill due to shortage of technical staff.

Towards the end of 1970, however, a major geothermal exploration programme was started
by the Kenya Government and the United Nations Development Programme (UNDP) under
the management of the United Nations Geothermal Exploration Project Manager. This pro-
gramme, which ended in 1976, covered the surveys of three main geothermal fields in the
Kenyan Rift Valley, namely Olkaria, Eburru and Lake Bogoria. Of the three regions, more
detailed geological, geochemical, geophysical and hydrogeological investigations were made
and the exploratory and production drilling was concentrated at Olkaria.

At the Olkaria Geothermal Field the first 15 MW turbo-generator plant began operation
in July 1981 and the next 15 MW in December 1982. The total capacity planned to be developed
at Olkaria East Geothermal Field is 45 MW.

THE GEOTHERMAL EXPLORATION AT EBURRU

Following the success of the Olkaria Geothermal Field, the Kenya Government requested
the Japanese Government to conduct a geothermal exploration survey in the Kenyan Rift
Valley. The request was agreed on and an exploration survey project agreement through Japan
International Cooperation Agency (JICA) was signed. The first Japanese Mission came to
Kenya in February 1979 and after the mission returned to Japan a second mission led by
Dr. Koyt MoTOJIMA was despatched to work out in cooperation with Ministry of Energy
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a comprehensive programme to evaluate the geothermal potential along the Kenyan Rift Valley
especially the Eburru area. Since then a detailed survey based on geology, geochemistry and
geophysics have been carried out at the Eburru prospect by the joint project team.

The location of Eburru Prospect

The Eburru Geothermal prospect lies within the Kenyan Rift Vally between 0° 55’ and
0° 83’ S. latitude and 36° 15’ and 36° 45’ E longitude and about 30 km north of the Olkaria
Geothermal Field.

The Eburru prospect is connected to the main Nairobi-Naivasha road by three dry weather
roads. These are, Moi South Lake Road which goes around the western side of Lake Naivasha,
while the second road follows Moi North Lake Road and the third road is through Gilgil
Town following Kiambogo Road (Fig. 3).

Physiography

East-West orientation of the Eburru Ridge is different from most of the structural trend
in the Rift Valley. An E-W fault served as the centre of volcanic activity in Quaternary time
providing pyroclastics. The present topography of Eburru was formed by these pyroclastics.
The top of Eburru Ridge is 2750 m and the floor of the Rift Valley is 1900 m. The last
volcanic activity took place in recent time along a N-S zone across the eastern side of Eburru
Ridge and produced a number of obsidian cones due to viscous nature of the acid magma.
The cones form very prominent features over the eastern face of Eburru Ridge. The 2750
m elevation gives Eburru a very cool climate. The wet season is normally April to May but
heavy rains fall also in October to November period. The thick natural forest at the top
of the ridge, there live different types of wild animals and birds due to attractive climate.
The lower parts of Eburru Ridge are dry like the floor of the Rift Valley.

Vegetation

The vegetation of the eastern Eburru area is characterised by scattered trees and schrubs
in contrast with a thick forest on the western side of the ridge. The local people grow maize,
potatoes, barley, and pyrethrum. The area is occupied by 150 families with a total population
of about 2000 people and the animal population is estimated to be more than 5000 heads.

Geology of Eburru

The Eburru area appears to rest upon a visible basement of Rift Valley trachytes which
crop out along series of N-S trending fault scarps in the flat area, south of the town of
Gilgil. These may have been flow lavas, extruded from fissures of N-S direction. Two small
faulted centres are seen on Cole Estates, east of the Badlands Basalts. These were followed
by trachytic volcanism and the trachytes are mostly covered by the Badland Basalts. The
related welded tuffs are seen overlying a part of the earlier trachytes. These later trachytes
are roughly correlated with the pyroclastics of the N-S trending Waterloo Ridge.

One of the above volcanic centres is thought to have constituted the embryonic Eburru
Ridge. From the proto-Eburru centre, a series of trachyte flowed down to the north, south,
and east flanks of the mountain. It is overlain by later pumice lapilli tuff. The latest activity
was the eruption of the Badland Basalts which more or less filled the space between Eburru
Ridge and Lake Elementaita and the extrusion of contemporaneous obsidian domes.

Structure

The main structural framework of the area was established during major faulting activities
in earlier time. The main structural characteristics is the narrow but significant fracture system
running in N-S direction traversing the eastern side of Eburru Ridge. This weak line provided
the access route for underlying deep pockets of magma to reach the surface. However, an
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E-W fracture may possibly extend beneath the Eburru Ridge to the western wall of the Rift.
Early stage (1970) of the UNDP geothermal project a survey was carried out using aerial
infrared imaging sensor to locate hot spots on the ground. Areal mapping revealed hot spots
at the areas of rough terrain and poor access (Fig. 4). The anomalous area shown by the
infrared image data corresponds with the zone of intense fracturing with N-S direction.

Geochemical Prospecting at Eburru

The most useful and powerful techniques being used in geothermal surveys is fluid
geochemistry.

Some of the geothermal sampling localities show manifestations such as hot springs and
fumaroles. From the fluids discharge which is assumed to come from a geothermal reservoir,
we can estimate the subsurface temperature. The geothermal fluids differ greatly from field
to field and even within a single field. The sampling of geothermal fluids for geochemical
analysis is only feasible in water dominated fields. In the case of the steam dominated fields
other methods such as gas methods are applied. The Eburru Geothermal Field lacks hot springs
and only fumarole discharge is the visible manifestations on the surface. This is probably
due to the too low water table level. However the mercury (Hg) and carbon dioxide (CO3)
geochemical methods were used effectively at Eburru.

The two geochemical methods have been used in US, Japan and Eburru and have proved
to be very successful since Hg indicates the hot geothermal areas and CO; helps to determine
the geological structures.

There is clear evidence of an association of unusual amounts of Hg and CO, with areas
having major geothermal activity. The occurrence of Hg and CO; at Eburru is closely related
to the hot area detected by the infrared survey, which covers approximately 40 km? (Fig.
S and 6). The relationship of anomalously high Hg areas with high temperature areas has
been surveyed by ground temperature measurements in all sampling localities.

Geophysical Prospecting at Eburru

The electrical resistivity sounding was conducted over a total of 163 stations located along,
more or less, E-W traverse lines covering an area of approximately 66 square km. The lines,
numbering 22 in all were designated ‘‘lines A to V”’

The soundings were carried out on all those lines except lines N and V. The lines were
marked by staked stations placed 50 m apart. The minimum distance between adjacent survey
lines was maintained at 400 m and only one set of equipment was used along a given traverse line.

Two sets of electrical resistivity equipment were used. The one set consisted of a powerful
IP transmitter, Model 15202 and an accompanying power supply, Model LF-83-B, both of
which are manufactured by the Yokohama Electronics Laboratory of Tokyo, Japan, for deliver-
ing a square wave current at 0.1 Hz into the ground. The recording system has a filter-amplifier
unit and an analogue chart recorder.

The transmitter and power supply were powered by a 2.4 kw gasoline generator. The other
set of resistivity equipment consisted of a less powerful but lighter ABEM SAS 300 Terrameter
with an accompanying ABEM SAS 200 booster. This type of equipment is the latest model
manufactured by the ABEM Company of Sweden and is powered by chargeable gel cells.

The Schlumberger configuration of vertical electrical sounding was employed throughout.
In this type of configuration, two ‘‘Current’’ electrodes, usually made of non-polarizable metal
stakes for sending a current into the ground, are dug into the ground at two points, placed
some distance apart on the survey line. Two ‘‘potential”’ electrodes, usually made of porous
pots filled with copper sulphate solution, are placed in contact with the ground symmetrically
between the current electrodes also at two points which are placed some distance apart. During
the transmission of the current into the ground, the potential difference between the two
pots is recorded. The transmitted current is also recorded. The sounding station is that point
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which occurs midway between the potential or current electrodes. To record more readings
on the same sounding station, the two current electrodes are moved out in steps while keeping
their distances on either side of the sounding station equal.

This investigation has revealed that the Eburru Field is underlain by a large hot water reser-
voir, possibly of meteoric origin, whose flow pattern indicates that it is being supplied from
the high peaks of Eburru Ridge to the southwest. The main heating centre for this water
has been postulated to be located underneath the western edge of the ‘“‘main’’ Eburru crater
where the flow pattern of the entire geothermal field appears to start. The minor heating
centres occur on the northern region of the field. The topography and the system of north-
south fractures passing across the eastern slope of the ridge have significant influence on
the direction of flow. There is one flow to the north and northeast and the other to the
east and then to the south.

In vertical section, there are three main resistivty zones which have been recognized. These
are, a thin top zone of low to very high resistivities acting as the cap rock, a middle thick
zone of low resistivities interpreted as the hot water zone whose maximum horizontal width
between the east and west boundaries has been found to be about 7 km. Its vertical thickness
is greater in the central and northern regions (about 1000 m or more) and smaller underneath
the mountain (about 400 m).

Another zone worth noting is that of moderate resistivities between the top zone and the
bottom thick low resistivity zone. Occurring mainly in the central part of the northern region
the zone may be due to the mixture of hot water and steam. The steam is a poor conductor
of current and any zone covered by the steam will indicate a high resistivity.

The hot water zone at Eburru closes on the southeast and northwest. It is open on the
south, north, northeast, where the flow continues underneath the thick layer of lake sediments,
and possibly southwest (Fig. 8).

FUTURE PROGRAMME OF GEOTHERMAL EXPLORATION IN MID-RIFT
VALLEY

The Rift Valley’s geothermally potential areas can be subdivided into three subregions: —

1. Northern Rift Valley — all that area extending from the Silali Caldera to the Ethiopian
border.

2. Central Rift Valley — south of the Silali Caldera to the Suswa Caldera both included.

3. Southern Rift Valley — south of the Suswa Caldera to the Kenya’s border with Tanzania.

In order to meet the very much needed electricity supply in 1990s and supply other uses

of low enthalpy heat, the programme of exploration should be directed as follows: —

1. The first area of operation will be Central Rift Valley purely because of the existing
development, and infrastructure. The next exploration subregion will be decided at a
later date. The exploration of Central Rift Valley includes the Eburru Geothermal Ex-
ploration Project.

2. All surface field exploration should be done comprehensively in the sub-region based
on the results of geological, geochemical and geophysical data collection, processing
and interpretation.

3. Drilling investigations for geological and temperature gradient based on 200-400 m
holes will be intensified to give proper coverage at Eburru.

4. Exploration drilling of 1500 m slim wells at Eburru should be continued after the sur-
face exploration to prove the existence of steam for both electricity generation and
other industrial purposes.

In an effort to carry out this programme, a joint MOE/UNDP geothermal exploration

project is being finalized and it might start in January 1984. The five year project is referred
to as Exploration for Geothermal Energy — Phase II. The project objectives are to carry
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out surface and drilling exploration and inventory of all geothermal resources in the Central
Rift Valley covering the area from Suswa Caldera to Silali Caldera. The area to be covered
will be about 260 km long and 30 to 60 km wide. By the year 1987, the project would have
identified at least three potential areas that would be recommended to Kenya Power Company
for exploration drilling and development of geothermal fields to produce electricity. Some
of the low temperature fields can provide industrial heat and meet other low enthalpy
requirements.

Following the National Power Development Plan the geothermal energy would then replace
the convectional thermal generating power plants (using fossil fuels). After completion of Phase
II, further work would be continued towards either northern or southern part of the Rift Valley.
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ABSTRACT

The philippines is indeed fortunate to be located within the West Pacific Island Arc dotted
by Neogene volcanic centers. The multi-stage developments of volcanic plutonic events in this
western part of the Circum-Pacific basin have generated regions of high heat flow where known
potential geothermal resources are located.

With the increasing power demands, reflecting a favorable growth of the country’s economy,
the Philippine Government has embarked on an accelerated program to harness the country’s
geothermal energy for power utilization inmediately following the start of the energy crisis in
the early 70’s.

For a period of ten years (1972-1982), the Philippines has successfully maintained a
systematic and continuing program of assessing, exploring, developing and exploiting its vast
potential geothermal resources. Of the several potential areas scattered all over the archipelago,
four geothermal fields have already contributed some 556 megawatts to the total electrical power
generation.

This paper deals with the geothermal resource development in the Philippines, a major
achievement of a developing country of the Third World in regard to the utilization of new
and renewable scources of energy.

INTRODUCTION

The Philippine Archipelago has geologic structure arising from multi-stage development of
volcanic-tectonic events in the past. These geologic events have been continuously manifested
in the forms of volcanisms and seismic activities occurring along the active blocks of major
structural lines which traverse most of the major islands of the Philippines.

The extensive volcanism localized along the active tectonic blocks have brought about regions
of high heat flow where a vast number of potentially—rich geothermal resoures are located
which could be exploited as indigeneous alternative source of energy.

With the systematic and continuing program launched by the Philippine government in harness-
ing the country’s geothermal energy after the successful pilot study made at the Tiwi Geother-
mal Field in 1967 by the Commission on Volcanology, now called the Philippine Institute
of Volcanology (PIV), the Philippines has developed four geothermal fields within a period
of ten years (1972-1982). These four areas, namely, Tiwi in Albay, Mak-Ban in Laguna,
Tongonan in Leyte, and Palinpinon in Southern Negros, have already contributed 556 MW
to the total electrical power supply of the country that is dominantly supplied by petroleum-
based power generating units.

The Philippine Government has envisioned that with its accelerated geothermal energy pro-
gram, it would be able to achieve its target of reducing the country’s dependence on imported
fossil fuel by about 20 percent within the next decade through the utilization of its vast geothermal
energy resources.
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OVERVIEW OF GEOTHERMAL OPERATIONS IN THE PHILIPPINES

Highlights on Geothermal Exploration/Development

The Philippines has embarked on an accelerted program of the utilization of geothermal
energy at the start of the energy crisis in the early 1970’s. This program was initiated through
the pioneering work carried out by the PIV in 1964 with the financial assistance of the Philip-
pine National Science and Technology Authority (NSTA), formerly National Science Develop-
ment Board (NSDB), selecting Tiwi' geothermal area in Albay province of Southern Luzon
to be the site of the scientific and pilot studies for geothermal power utilization. The studies
undertaken by PIV was successful. On April 12, 1967, a small turbo-generator borrowed from
the Mapua Institute of Technology, a local engineering college, was operated for the first
time by geothermal steam from the 122 m (400 feet) deep and a half-inch borehole drilled
by the Philippine Bureau of Mines for PIV’s pilot study. Another shallow borehole with a
four inch production liner was drilled in 1968 down to 195 m (641 feet) to further test the
shallow geothermal aquifer intersected earlier by the 122 m (400 feet) borehole. The well was
successfully discharged and was utilized to power a 2.5 kW non-condensing geothermal pilot
plant at Tiwi in 1969. This demonstrated to the country the potential power capability of
geothermal energy which, when fully utilized, could direct a developing nation like the Philip-
pines towards self reliance on its energy requirements and its quest to reduce total dependence
on imported fossil fuel.

The success of the feasibility study undertaken by PIV in Tiwi paved the way for a decision
to start with the commercial exploitation of the country’s geothermal resources. On August
14, 1970, the government declared 17,660 hectares of land in Tiwi, Albay as a geothermal
reservation area and gave the Philippine National Power Corporation (NAPOCOR), the state-
owned electric utility firm, the responsibility to administer the exploration/development of
the Tiwi Field through a service contract with the Philippine Geothermal Incorporated (PGI),
a subsidiary of Union oil Company of California, to develop the field and Serve as a supplier
of steam for the NAPOCOR geothermal plants.

The first deep wildcat well was spudded in Tiwi on March 1, 1972 to a depth of 1519
m (4,984 feet). This was followed by a second well in February 1973 which was a production
well. The activity inspired another NAPOCOR-PGI joint venture agreement for the explora-
tion/develoment of Makiling-Banahaw (MAK-BAN) Geothermal Field in Laguna. On
November 25, 1974, the first exploratory well drilled in MAK-BAN to a depth of 1,765 m
(5,792 feet) turned out to be also a commercial well.

The success in the geothermal exploration in the two isolated fields gave more encourage-
ment to proceed in the assessment of other potential geothermal areas in the country through
the foreign assisted projects. The Philippine government then entered into bilateral agreements
with some countries such as New Zeland, Italy, and Japan which have the technical expertise
in the utilization of geothermal energy. Through these bilateral agreements, two additional
geothermal fields (Tongonan and Southern Negros) were explored and are now ready for
full scale commercial power generation. The exploration activities in these two areas are being
undertaken by PNOC-Energy Development Corporation (EDC) with the technical assistance
of the New Zealand Government and the financial assistance (OECF) of the Government
of Japan for the development of the fields.

With the creation of the Philippine Ministry of Energy (MOE) in October 1977 to coor-
dinate and regulate energy development and utilization in the country, the government began
to engage in a systematic geothermal energy program. This led to the enactment of Presiden-
tial Decree 1442, known as Geothermal Law, providing for the rationalization of geothermal
exploration and development.
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Concept and Provisions of the Geothermal Service Contract

On June 11, 1978, Presidential Decree 1442 was promulgated into law intended to rationalize
the exploration and development of the country’s potential geothermal resources through a
service contract between a prospective developer and the Bureau of Energy Development (BED),
the implementing arm of the MOE.

Under the service contract system, the contractor will provide the necessary expertise, finan-
cing and technology. The services of the developer of the field will in turn receive a maximum
of 40% of the net proceeds from the selling of steam to the end-user which is the NAPOCOR,
the designated official agency of the government on power generation. The net proceeds is
computed after deducting the necessary expenses incurred in the exploration and development
of the field.

The geothermal service contract also provides exemption from the payment of tariff duties
and compensating tax in the importation of machinery and equipment and other materials
needed in the geothermal operations. Recovered capital investments and earnings derived from
such service contract operations can be remitted through the local banking system subject
to the Philippine Central Bank’s regulations.

REGIONAL DISTRIBUTION OF POTENTIAL GEOTHERMAL AREAS

Results of Nationwide Survey

The regional survey on Philippine thermal springs commenced as early as 1926 covering
54 hot springs which were later reinvestigated in 1963 by the PIV under the United Nations
Development Program (UNDP) technical assistance. The results of such early work led to
the selection of Tiwi Geothermal Field as the site for the first scientific and pilot studies
on the utilization of geothermal energy for electrical power.

With the continuing success in the exploration/development of the geothermal projects under-
taken by NAPOCOR-PGI joint venture as well as the PNOC-EDC and Zealand Govern-
ment, there has been a rapid growth of interest in the development of the country’s geothermal
resources. This has prompted the MOE to request the support of the Italian Government
for technical assistance in conducting a more detailed regional inventory on the geothermal
resources of the country in order to come up with a set of priority areas for immedite
development.

The resource inventory undertaken by joint participation of the BED and Italian Electrocon-
sult (ELC) was carried out for one year (1978-1979) on several known and unexplored ther-
mal areas scattered all over the archipelago. The investigation was concentrated on areas with
significant geological and geochemical indications as well as socio-economic importance. Bas-
ed on these merits, 13 of the 35 areas investigated were identified as priority areas to undergo
preliminary exploration work. The priority areas selected for further geoscientific studies are
as follows:

1. Batong-Buhay in Kalinga-Apayao — Luzon Island
2. Mainit-Bontoc in Mountain Province — "

3. Buguias in Benguet — ”

4. Daklan in Benguet — ”

5. Acupan-Itogon in Benguet — "

6. Pinatubo in Zambales — "

7. Cagua in Cagayan — "

8. Montelago in Oriental Mindoro — Mindoro Island
9. Biliran Island in Northern Leyte — Eastern Visayas
10. Anahawan in Southern Leyte — "

11. Mainit-Placer in Surigao del Norte — Eastern Mindanao

12. Balatukan in Misamis Oriental —  Northern Mindanao
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The methods and criteria of evaluation for selecting the priority areas under the geothermal
resource inventory program, however, are not without limitation. The ambiguities on the
geochemical pattern where varying degrees of interaction between the geothermal fluid and
the country rock or fossil alteration minerals, and the complex geologic setting are just some
of the complications to be expected in this type of preliminary reconnaissance work. However,
in spite of these limitaitons, it is felt that the regional inventory of the country’s geothermal
resources has satisfactorily achieved the objectives of identifying the promising areas within

the range of reasonable

probability.

The active involvement of the governmeént in the exploration of geothermal resources, sup-
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ported by foreign technical assistance under the bilateral agreement program, has enlarged
the scale of participation of private sectors to explore and develop the already pinpointed
potential areas whereby they are given some incentives under the service contract system on
geothermal operations.

Geologic Setting

The geological history of the formation of the Philippine Islands has been studied and
investigated by geologists such as Divis and HALLOWAY, who are engaged in plate tectonic
study of the western Pacific island arc system. A.F. Divis (1977) implied that the onset of
large-scale volcanism and metallogenic activity in the Philippines appears to be more related
with the tectonic evolution of the Caroline Basin than the formation of Marianas Arc. N.H.
HALLOowAY (1981), in his studies on the Philippine North Palawan Block, concluded that
the Philippine Archipelagic complex rotated towards its present orientation on a counter clockwise
movement at the start of Late Eocene when there was a change in Pacific Plate motion.
The final phases of the rotation of the Archipelago occurred in Late Miocene. These initiated
left-lateral movement on the Philippine master fault system that traverses the major islands
of the Philippines from north to south.

The Cenozoic crustal movement in the Philippine Island Arc could have caused the repeatedly
intense folding and faulting since the Tertiary. Such intense crustal warping may have induced
multiple stages of volcano-plutonic activities which reached the climax of plutonic intrusions
during the final rotation of the Archipelago in the Middle to Late Miocene and progressed
onward to extensive volcanisms in the Plio-Quaternary.

Many of the potential geothermal resource.areas in the Philippines and related young volcanoes
are located along the Philippine shear system or its nearby branch faults and some are localiz-
ed along the fringes of large Intra-Miocene silicic batholith.

The geothermal areas in Northern Luzon are generally confined along the eastern and southern
margin of the Agno batholith, the name adopted by SCHAFER (1956) to a portion of the
Northern Luzon Cordillera quartz diorite. The entire batholith complex in this region is con-
sidered to be the largest in the country. The eastern and southern margin of the batholith
are nested with Plio-Quaternary andesite-dacite volcanic centers which could be related to
the waning stages of the magnatic evolution in the area. Potential geothermal areas such as
Batong-Buhay, Mainit-Bontoc, Buguias, Daklan and Acupan-Itogon are located close to most
of these volcanic centers. It appears that the main heat source of these thermal areas is primarily
contributed by the residual heat of the batholith which is still confined in the body of the
pluton and being gradually released along the open channel-ways of young volcanic fissures
in the form of geothermal manifestations.

DATUIN and Uy (1978) recognized a number of Plio-Quaternary volcanoes in the Philip-
pines which formed zones of major volcanic fronts. The zonal distribution of these volcanic
rocks is grouped into three major belts, namely, the westerly convex volcanic front passing
along the western coast of northern and central Luzon facing the South China Mainland;
the southeasterly convex volcanic front in Sulu Islands which extends to the north of Zam-
boanga and swervs towards the western Visayas; and the easterly convex volcanic front facing
the Pacific which can be traced from the Bicol region, passing through Leyte Island and
extends southward to Surigao and Davao of Mindanao Island. The cluster of young andesite
dacite volcanoes (active and non-active) distributed along the easterly convex volcanic front
runs parallel with the trend of the Philippine master fault (ALCARAZ, 1947). Of the three
major volcanic zones, a number of potential fields are dominantly found along the easterly
convex volcanic front where it traverses the eastern block of the Philippine master fault. It
appears that the continued transcurrent movement in the master fault have generated the ma-
jor upheaval of volcanism in the late Tertiary and their activities had progressed during the
Quaternary. This could have induced extensive crustal fracturing and high heat flow which



Philippine Geothermal Resources (R. Datuin and A.C. Troncales) 99

produced condition favorable for the presence of potential geothermal resources in this region.

Some of the potential areas located on the eastern volcanic belt are Labo, Isarog, Tiwi,
Manito and Bulusan in Bicol regions; Biliran Island, Tongonan, Burauen and Anahawan in
Eastern Visayas; and Mainit-Placer and Masara-Amacan in Eastern Mindanao. Among the
geothermal areas mentioned, four are already in the advanced stage of exploration and/or
development (i.e. Towo, Manito, Biliran and Tongonan).

GEOTHERMAL ACTIVITIES

Recognizing the benefits on the utilizaiton of geothermal energy, exploration and develop-
ment activities have intensified in the four developed fields and in other equally potential
areas in Luzon, Visayas and Mindanao. The power potential of these resource areas, if fully
developed could be relied on to supplant a significant portion of electricity being supplied
by petroleum-based power generating units.

Tiwi Geothermal Field, Albay

The Tiwi field is developed jointly by the National Power Corportion and Philippine Geother-
mal, Inc., a subsidiary of Union Oil of California.

Pleistocene lavas and pyroclastics make up most of the present landforms in the contract
area. The lavas range from voluminous pyroxene andesite flown from Mt. Malinao to limited
hornblende biotite dacite extrusions at Putsan-Bolo.

Malinao Volcano covers nearly half of the contract area. Its lave flows extend to as much
as six kilometers from the volcano center while smaller flows cover most of the upper slopes.
Two plug domes domprise the Bolo-Putsan hill. Bolo is composed of biotite-hornblende dacite.

The Tiwi fracture system controls the permeability of the underlyng geothermal system.
Some components extend down into the besement and serve as major channel ways for ascen-
ding parent hot fluids.

The geothermal reservoir is the source of hot fluids being utilized to generate electric power.
It has a temperature of 204°C to 316°C at production depth. Tiwi now generates 330 MW
of geothermal power supply.

Eighty eight wells were drilled in the area, of the completed wells 70 are production wells
with proven steam power capability of 550 MW; ten wells are undergoing tests and stimulation
and eight are noncommercial wells.

Makiling-Banahaw Geothermal Field, Laguna

Like Tiwi, the Makban Geothermal Field is being developed as a joint venture of NPC
and PGI.

An early episode of volcanism in the region saw the deposition of a subvolcanic basement
consisting of intercalated andesite flows, agglomerates, tuffs and breccia interbedded with
marine sediments of late Miocene to middle Pliocene. South of Mt. Makiling, geothermal
well bores indicate that the basement exceeds several thousand feet in thickness.

The total installed generating power of the field is 220 MW from four 55 MW units. Two
more units of 55 MW are under construction.

A total of 78 wells has been drilled in the area of which 50 are steam producing, 23 are
non-commercial and five are under well stimulation and testing.

Tongonan Geothermal Field, Leyte

The Tongonan Geothermal Field is located at the northern part of Leyte Island in eastern
Visayas. The government has granted PNOC-EDC a service contract to explore and develop
the potential of the geothermal resource located inside the 107,620 hectares of land in the
designated NW-SE rectangular geothermdl concession area covering not only the Tongonan
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Field but also the Burauen geothermal prospect area.

Due to the dire need of Ormoc City (capital city of Southern Leyte) for cheaper electrical
supply, the Philippine Government through bilateral agreement with the New Zealand Govern-
ment, started a technical coopertion project in 1973 for deep exploration drilling in Tongonan
with PNOC-EDC and Kingston, Reynolds, Thom and Allardice (KRTA) as the implemen-
tors for the Philippines and New Zealand, respectively. The exploration program was then
expanded for a large-scale power generation after the completion of the feasibility study for
the development of the Tongonan Field. This led to the installation in July 1977 of the first
commercial pilot plant in the country with 3 MWe power capacity. The objective of the ac-
celerated development of the Tongonan Field was to meet the power requirement of the pro-
posed Philippine Associated Smelting and Refining (PASAR) cooper smelter project in Leyte.

Local Geologic Setting

The Tongonan Geothermal Field including the adjacent prospect areas such as Biliran, Burauen
and Anahawan, lie along the eastern tectonic block of the southern extension of the Philippine
master fault. The Tongonan area has a typical fault valley bounded by NNE trending rolling
upland and steep ridges following the trend of the fault scarp incision generated by the Philip-
pine major shear zone.

Several thermal springs and fumaroles are widely distributed along the Bao River Valley
at the intersections of the major faults and its subsidiary fractures curring through the andesite
volcanic products and sedimentary complex rocks (CARDOSO, 1973). The chemistry of the
thermal springs in the Bao Valley has indicated that the temperature of the source ranges
from 186°C to 219°C (GLOVER, 1974) based on Na-K-Ca geothermometer. The several test
wells drilled in the area as well as those drilled in the productive zones at Mahiao-Sambaloran
and Malitbog Fields located at the northeast highlands of the Bao Valley have measured
temperatures of 170°C-325°C.

The producing zones of the two fields (Mahiao-Sambaloran and Malitbog)are generally con-
fined at the contact periphery of the intruded andesite country rocks and diorite. The intrusion
of the diorite which caused intense hydro-cracking effects on the intruded country rock could
be related with the voluminous andesite volcanic upheaval in the area during the Pliocene-
Quaternary period. The lenticular shape of the diorite as reflected by the well and gravity
data apparently is parallel to the trend of the NNW regional structure.

Drilling Program

With the expected increase of energy demand in Leyte Island due to the PASAR copper
smelter and the proposed inter-island power connection primarily with the Luzon power grid,
a revised exploration/development plan has been instituted in the drilling program for Tongonan.

As of May 1982, the total number of wells drilled in the areas of Mahiao-Sambaloran,
Malitbog and Mamban-Mahanagdong is 47 with a total power reserve of 327 MW, enough
to supply the steam requirements of three 37.5 MWe generating units in Tongonan. About
45 additional wells are programmed to be drilled in the area to cope with the projected in-
crease in power generation within the next five years.

All explortion/production wells including reinjection wells drilled to date are productive
with rated power capacity of each well ranging from 3.5 MW to 18.3 MW. The average
power capacity of the production wells is between 7.0 to 12.0 MW per well.

Power Potential Reserve

With the completion of several explortory and production wells in the three separte geother-
mal systems in the Tongonan area, the following are the proven, probable and possible power
potential reserves based on the calculations made by joint studies of the PNOC-EDC and
KRTA.
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a. Proven reserves (from actual wellhead rating)

The total proven power reserves from the production, exploratory and relinjection wells
drilled in the Mahiao-Sambaloran, Malitbog and Mamban-Mahanagdong geothermal systems
is 326.9 MW. Of the 47 wells drilled in the three fields, 17 wells from the lower Mahiao-
Sambaloran Field contributed 161.5 MW, of which the highest recorded well capacity of 18.3
MW comes from a single well in the area.

b. Probable and Possible Reserves (based on minimum and maximum exploitable volume
of reservoir and initial mean rock temperature)

The total probable reserves (minimum) and possible reserves (maximum) of exploitable elec-
trical energy estimated for Mahiao-Sambaloran and Malitbog geothermal systems are 18,000
MWe-years (probable) and 25,000 MWe-years (possible) (PNOC-EDC, KRTA, 1982). This
exploitable electrical energy in the area of the reservoir has an assumed 25 years equipment life.

Power Generation

The nine power generating units to be installed in Tongonan by the NAPOCOR up to
1987 will have a total installed power capacity of 555.5 MWe. The electrical power output
demand, however, is expected to increase to almost a thousand megawatts when the planned
submarine power cable across the San Bernardino Strait is completed. This would connect
the eastern Visayas to the Luzon power grid and/or to northern Mindanao. In this event,
the other known potential geothermal resource areas in Leyte such as Biliran, Burauen and
Anahawan would have to be developed to augment the electrical power generation of the
Tongonan Field.

Environmental Impact Statement

Initial studies on the environmental protection measures were undertaken in 1977 by
PNOC-EDC and KRTA. These works have been conducted first continuously in order to
obtain sufficient information for considering of remedial measures to minimize whatever adverse
effects the exploitation of the field might have on the environment.

In as much as Tongonan is a wet steam field which is expected to discharge 1,500 tons
of waste water per hour (KRTA, PNOC-EDC, 1979) from the 28 wells, several reinjection
wells are being drilled in the area for fluid disposal of the waste water. A plan for an alter-
native disposal system is being laid out by the environmental experts should the reinjection
be not completely satisfactory in the long term.

The non-condenseable gases will be discharged to the atmosphere and the spent steam will
be condensed, cooled and will be piped into the reinjection wells.

Fluids produced at wellheads during test or short-term emergency conditions are being discard-
ed to rivers through local treatment ponds with facilities to remove some toxic elements such
as arsenic.

Southern Negros Geothermal Field, Negros Island

The Southern Negros Geothermal Field (former name was Palimpinon-Dauin prospect area)
is located at the southeastern tip of Negros Island in western Visayas. Similar to the Tongonan
Field, the exploration activities at southern Negros is receiving technical assistance from the
New Zealand Government with the PNOC-EDC as the Philippine implementor.

The geothermal concession area granted by the government to PNOC-EDC to explore and
develop the field is about 133,000 hectares.

The preliminary assessment on the possible geothermal potential of the Negros Island started
as early as 1973 by the NAPOCOR and PIV in conjunction with the electrification program
of the Visayas region. The responsibility to develop the field was later transferred to PNOC-
EDC in 1976 in order to keep up with the government’s accelerated energy program. The
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first pilot plant consisting of two turbine units of 1.5 MWe capacity was commissioned in
the later part of 1980 and followed of another two 1.5 MWe units in the later part of 1982,
thus giving a total of six MW power generation.

Local Geologic Setting

There are two geothermal systems located by exploration drilling in the area. These are
the Sogongon-Nasuji Field and Puhagan Field which are separted by the northwesterly tren-
ding Sogongon fault. Both fields are structurally controlled. The productive zones appear
to be localized along the northeasterly trending fault structures, at the crushed outer boundary
of diorite pluton and/or permeable andesitic lavas and its pyroclastic equivalent.

The thermal manifestations in the area are generally hotsprings, steaming vents, mudpools,
warm grounds and pervasive rock alterations which are essentially controlled by faults and
their subsidiary fractures (ALCARAZ, 1974). Majority of the surface thermal activity in the
area is confined along the steep banks and fractured flow channels of the downstream sections
of the Okoy river that discharges its water northeasterly. Its flow appears to be controlled
by an east-northeast trending fault where it has been off-setted along several sections by three
northwesterly trending faults; the Sogongon, Lagunao and Malaunay faults.

There are two prominent Plio-Pleistocene volcanic centers in the area (TOLENTINO, LoO,
1974) namely, Cuernos de Negros to the south and Balinsasayao to the north of Okoy Valley,
which are both andesitic and appear to be the source of the widespread distribution of thick
andesitic volcanic materials (lavas, lahar and breccias) over the area associated by late extru-
sion of dacite pyroclastics.

The chemisty of the thermal springs in the area suggested a source temperature of
173°C-279°C which lies whthin the range of the actual measured temperature of the wells
drilled in the two fields undergoing development at southern Negros. The temperature measured
in the seventeen geothermal wells ranges from 186°C to 320°C.

Drilling Program

A total number of 24 commercial wells have been drilled in Puhagan and Nasuji-Sogongon
Fields yielding a total power rating of 91 MW as of May 1982 with an average capacity
of 6.3 MW per well. These two fields are projected to supply the steam requirements of
the proposed 222.5 MWe power plant for the Negros Island. With the four drilling rigs in
operation, the drilling program in southern Negros Geothermal Field has been progressively
advancing at a faster rate to cope with the scheduled bigger electrical power generation by
the beginning of 1983. Southern extension of the field towards the Cuernos de Negros is
being considered by PNOC-EDC for testing. Seventeen additional production wells will be
drilled in the two fields by 1983, mostly directional wells with an averge length of 2,895
m per hole.

Potential Reserve

The 22 commercial wells drilled in Puhagan and Nasuji-Sogongon fields have proven power
potential reserve of 90 MW, enough to supply the two 37.5 MWe generating units of NAPOCOR.

Reservoir assessment conducted in the two fields have indicated probable power potential
of 600 MW.

Assuming that 50% of the field’s reserve could be exploited, there would be enough steam
to power the proposed installation of 222.5 MW geothermal power units intended to supply
the bulk of electrical power requirements of Negros Island which is expected to increase within
the next 5-10 years.

Power Generation
The planned electrical power genertion of NAPOCOR in southern Negros Geothermal Field
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involves the installation of three 37.5 MWe gnerating units at Puhagan Field which are scheduled
to be on stream by the end of 1983, and additional two 55 MWe power plant as Nasuji-
Sogongon field in 1985, giving a total installed capacity of 222.5 MW for Negros Islans.

With the present probable reserve of 600 MW in the two fields undergoing development,
there would be some residual power potential the could be transmitted via submarine cables
to the neighboring island provinces of Negros, like Panay and Cebu.

Environmental Impact Statement

The environmental protection measures for the southern Negros geothermal project is also
being jointly undertaken by PNOC-EDC and KRTA from 1981. The objective of the in-
itial study is to identify and evaluate the possible environmental effects of the development
of the field and to recommend prevention, mitigating and/or monitoring measures for the
various phases of the project activities in the area.

Following the results of the initial study, it was recommended that in order to minimize
the adverse environmental effects of toxic gases, ions, salts and heat, geothermal waste water
and vapor condensate be disposed of by reinjection into the reservoir (PNOC-EDC and
KRTA, 1981).

As a contingency to the reinjection facilities, adobe-lined settling ponds will be constructed
at strategic locations, particularly near the newly drilled wells, to collect waste water during
the temporary discharge of the wells. The fluid will be treated for any toxic elements, such
as arsenic, before it will be finally discharged into the rivers through adobe-lined channels.

Continuous monitoring activities, including microseismic survey, are being undertaken by
joint participation of the Geothermal Division and Environmental Department of PNOC-
EDC and KRTA to serve as an early warning for any impending environmental hazards that
may arise in the near furure.

Other Geothermal Prospect Areas Undergoing Drilling and Geoscientific Explorations.

Aside from the four geothermal fields undergoing advanced development, ten potential areas
are being explored by both private and government entities. Six of the ten prospect areas
are located in Luzon Island, four in Visayan Islands and one in eastern Mindanao Island.
Should some of these new potential areas show sufficient economic power potential, their
immediate development would be carried out in order to maximize the power utilization of
geothermal energy.

These ten other potential areas are currently being investigated and explored by two multina-
tional companies such as the CALTEX Oil Company, TOTAL Exploration-Philippine Oil
and Geothermal Energy Incorported (POGEI) and the state-owned PNOC-EDC. The BED
likewise has also been assisting in the preliminary geoscientific surveys on new areas under
the bilateral agreements with Japan and Italy.

The areas undergoing exploration are as follows:

1. Batong-Buhay (Kalinga-Apayao) — Northern Luzon
2. Mainit-Sandanga (Mountain Province) — ”

3. Daklan-Bokod (Benguet) — ”

4. Acupan-Itogon (Benguet) — "

5. Labo (Camarines Norte) — Southern Luzon
6. Manito (Albay) — ”

7. Biliran (Leyte) — Eastern Visayas
8. Burauen (Leyte) — ”

9. Mandalagan (Negros) — Western Visayas
10. Masara-Amacan (North Davao) — Eastern Mindanao

Of the six prospect areas located in Luzon Island, the Daklan and Manito geothermal areas
have been undergoing advanced stage of exploration driling.
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Five deep geothermal wells were already drilled in Daklan by PNOC-EDC under the
technical coopertion program of BED and Italian Electroconsult (ELC). The wells encountered
significantly high bottom temperatures ranging from 243°C to 286°C at an average depth
of 2,700 meters. The high temperature measured in all of the wells confirmed the existence
of an active heat source underlying the Daklan dacite domal complex. However, because of
limited permeable zones intersected by the exploratory wells in the underlying thick volcano-
sedimentary complex, exploration was not confined within the structural depression. It was
further extended northeastward and will be continued to the south of the area where younger
criss-crossing structural network have been recognized. These structures could be related to
the younger extrusion of dacite lava domes and contain enough rock fracturings to produce
better permeable horizons in the area of interest.

Of the five wells drilled in Daklan, only one, Daklan-1A was able to sustain a continuous
discharge with an estimated power output varying from 0.6 MW to 2.0 MW while the rest
of the wells were all unproductive. Apparently, DK-1A was obstructed by twisted 293 meter
length of connected frill pipes (2-7/8” OD) and bottom hole assembly (4-3/4”) in the last
284 meters of the hole where a series of total loss circulatin of drill mud occurred. The obstruction
of the hole due to the stuck drill pipes affected the productive characteristics of the well.
DK-1A has a projected temperature of more than 300°C at the bottom depth of 2,700
meters. This is based on the trend of static temperature (280°C) measured above the top
of the stuck drill pipes at 2,400 meters. The geothermometer of the fluid samples from
DK-1A also indicated a source temperature of more than 300°C which jibes with the pro-
jected bottom temperature of the hole.

The second potential area in Luzon which might be developed earlier than Daklan is the
Manito geothermal area in Albay. PNOC-EDC spudded a total of eight exploratory wells
and two turned out to be commercial wells. The estimated potential capacity of the two wells
is 17.6 MW. One of these wells (CN-1) was drilled to a depth of 2,673 m and has a rated
capacity of 12.5 MW. The other two wells are non-commercial ones with minimal wellhead
ratings of 0.63-1.1 MW and the rest are unproductive.

A reservoir assessment study will be undertaken in the area with the addition of four delinea-
tion wells to be drilled within the low resistive anomalous zones.

The maximum temperature recorded in the wlils ranged from 208°C to 268°C, slightly lower
than the bottom hole temperatures obtained for the Daklan wells.

The Mandalagan in Negros, Biliran in Leyte and Masara-Amacan in Davao are the areas
ready for deep drilling exploration. Hopefully, the results of the surface exploration in the
remaining five areas located in Luzon and in Leyte (Batong-Buhay, Mainit-Sandanga, Acupan-
Itogon, Labo and Burauen) would warrant deep drilling exploration in order to verify the
existence of a potential resource that could be immediately exploited for power generation.
Should 50 percent of these ten additional areas become commercially exploitable, the target
large-scale power generation of 1,554 MWe from geothermal energy in 1987 could easily be
achieved or even exceed.

PROJECTIONS FOR THE FUTURE

Power Genertion Target

Geothermal energy is expected to play a major role in achieving the non-petroleum based
electrical power\supply of the Philippines. It has been envisioned that with the growing interest
of private sectors (both foreign and local) to participate in the exploitaiton of the country’s
potential geothermal resources, ten more potential areas are expected to be ready for develop-
ment by 1987 in addition to the currently developed four fields (Mak-Ban, Tiwi, Tongonan
and Southern Negros).

Latest physical targets up to 1987 of geothermal energy contribution to the total power
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requirements of the country is about 19 percent coming from the installed 1,554 MW power
generating plants at the end of five years. Assuming sustained discovery ratios in all the 14
fields to be explored/developed, the expected geothermal steam availability from the addi-
tional 265 wells to be drilled from 1982 to 1987 will roughly contribute 1,350 MW. This
enough to supply geothermal steam for the projected increase of 998 MWe power plant capacities
on top of the existing 556 MWe installed capacity of the geothermal plants in Tiwi, Mak-Ban,
Tongonan and Southern Negros fields.

Industrial Non-Electrical Applications

It is the intent of the Philippines to fully utilize its geothermal energy resources both for
electrical power generation and industrial non-electrical uses. With the consistent high level
of encouragement that the private sectors involved with geothermal project have received from
the government, it has been envisioned that lage scale non-electrical applications of geothermal
energy would fully materialize in a few years time.

The pilot study initiated by the PIV in 1970 at Tiwi, Albay has successfully demonstrated
that viability of utilizing geothermal heat to process industrial-grade salt.

The success of the salt making project in Tiwi has served as a catalyst for the government
to focus on the research and development of the potential usages of geothermal steam and
low enthalpy fluid for non-electrical applications on areas not suitable for power generation
and even on areas undergoing power development.
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Geothermal Exploration in Japan
Katsuro Ocawa
Geological Survey of Japan, Tsukuba, Japan
ABSTACT

Japanese energy consumption has been constantly growing with the development of in-
dustry and the advance of living level of the people. Based on this energy situation, the Japanese
Government started the program to accelerate the development of alternative energy about ten
years ago. Geothermal energy is considered to be the most realistic alternative energy available
with present technology and under current economic situation. According to the Japanese long
term energy policy, it is expected that, in 1995, the total installed capacity of geothermal power
plants will increase to 3,000 MW, although the present capacity is only 215 MW.

To attain this difficult target, the Japanese Government started various geothermal projects
including exploration. The exploration can be classified into two major categories, that is, 1)
assessment of the nation’s geothermal resources and 2) development of deep (2500-3000 m)
geothermal reservoirs.

This paper deals with the exploration activities by the Government, especially ‘‘Nation-
Wide Survey for Geothermal Resources’ and ‘‘Hohi Project’”’, both of which are presently
underway.

INTRODUCTION

According to the Japanese long-term energy policy, 3,000 MW of installed geothermal power
capacity is expected in 1995, although the present capacity is 215 MW. The Japanese govern-
ment started various geothermal exploration programs in 1980 to attain this target and to
decrease dependency of foreign supplies of energy.

This paper reviews the governmental geothermal activities in progress.

GEOTHERMAL RESOURCES AND ITS UTILIZATION
Japan is located within the Circum Pacific Volcanic Belt and blessed with geothermal energy
especially related to the Quaternary volcanic activity. The research works of the Nation’s

geothermal energy initiated in 1940’s by the Geological Survey of Japan which revealed the
existence of many promising geothermal fields and led to the construction of the first geother-

Table 1 Geothermal power plants in operation.

name of station location capacity (MW) starting operation date
Matsukawa Iwate 22.0 1966, Oct.
Otake Oita 1255 1967, Oct.
Onuma Akita 10.0 1974, June
Onikobe Miyagi 1235 1975, Mar.
Hachobaru Oita 55.0 1977, June
Kakkonda Iwate 50.0 1978, May
Suginoi Oita 3.0 1981, Aug.
Mori Hokkaido 50.0 1982, Nov.

Total 215.0
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Fig. 1. Geothermal power plants in operation; location map.

mal power plant at Matsukawa in 1966. Table 1 and Figure 1 show the geothermal power
plants in operation in 1982. It is commonly agreed that the capacity of geothermal electricity
generation in the Japanese Islands is at least 10,000 MWe, although the science-based quan-
titative assessment has not been made.

GEOTHERMAL AREAS AND ASSESSMENT IN JAPAN

Japan has 170 Quaternary volcanoes. Sixty seven of them are still active. It has numerous
hot springs and fumaroles mainly related to Quatermary volcanic activities. Based on the
basic survey and research works on geothermal fields in the last couple of decades, the Geological
survey of Japan published in 1977 maps showing 185 areas of high temperature water good
for electricity generation including binary cycle and 26 areas of low to intermdiate temperature
water suitable for non-electricity utilization (GSJ and NEDO, 1981). Along with maps, the
preliminary resources assessment was made by using three different methods, that is, 1) area
of hydrothermal alteration, 2) heat discharge, and 3) stored heat (Table 2). The methods
employed for the 1977 assessment were not based on data sufficient for quantitative assess-
ment. However, it is commonly agreed that capacity of geothrmal electricity generation in
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Table 2 Assessment of high temperature resources for electricity generation in Japan.

Year No. of Area Electricity Method Organization
Areas km? MW,
1970a Al 40,000 circulating water JGEA
1970b Al 20,000 residual magma chamber JGEA
1977a 26 122 7,300 area of hydrothermal GSJ
alteration

1977b 30 (10,000) 26,580 heat discharge GSJ
1977¢ 6 8,800 20,000 stored water GSJ
1984 A.J. 777177 volumetric GSJ

A.J.: All Japan (380,000 km?)
the Japanese Islands is at least 10,000 Mwe.
GEOTHERMAL EXPLORATION ACTIVITIES BY THE GOVERNMENT

The government has made various efforts to accelerate the development of nation’s geother-
mal resources in the last decade. The office of ‘“The Sun-shine Project” was established in
1975 within the government (MITI) to promote alternative energy including geothermal energy.
Later in 1980, New Energy Development Organization (NEDQO) was founded under the govern-
mental sponsorship to carry out large-scale surveys and research projects which may be classified
into two major categories, that is, 1) assessment of nation’s geothermal resources and 2) develop-
ment of deep (2,500-3,000 m) geothermal resources (Fig. 2). To assess the nation’s geother-
mal resources, three projects are now underway. Those are A) Nationwide Survey for Geother-
mal Resources, B) Survey for Promoting Geothermal Development, and C) Geothermal Infor-
mation Data Base System. Hohi and Sengan-Kurikoma projects are also in progress to con-
firm and develop the deep geothermal resources, which is not yet utilized in Japan. Figure
3 shows the principal concept of the surveys to be conducted by the government and the
developer. Nationwide and regional surveys are conducted by the government to assess and
define high potential areas (like K.G.R.A. of USA). The private developers can begin local
or detailed survey and develop the resources if possible in the areas thus defined by the govern-
ment. At this stage the government may assist the developers by granting subsidies and low
interest loans. Through these governmental geothermal exploration activities, very massive
geothermal data are being accumulated. The geothermal data thus accumulated are processed,
analized and published by using the Data Base System SIGMA (System for Interactive Geother-
mal Mapping and Assessment) of the Geological Survey of Japan (Fig. 4).

This paper will briefly describe the outline of a) Nationwide Survey for Geothermal Resources,

|.  ASSESSMENT OF THE NATION'S GEOTHERMAL RESOURCES

A) NaTioN-WIDE SURVEY FOR GEOTHERMAL RESOURCES
B) SURVEY FOR PROMOTING GEOTHERMAL DEVELOPMENT
C) GEOTHERMAL INFORMATION DATA BASE SYSTEM

|1, DEVELOPMENT OF DEEP (2,500-3,000mM) GEOTHERMAL RESOURCES

A) HOHI ProJecT
B) SENGAN-KURIKOMA PRoJECT

Fig. 2. Important problems of geothermal resources exploration and development for
government.
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b) Hohi Project and c¢) Geothermal Data Base System in the following chapters.

Nationwide Survey for Geothermal Resources

This survey was commenced in 1980 by NEDO under close cooperation with the Geological
Survey of Japan. The purpose of the survey is to gather fundamental data of the Japanese
Islands for the preliminary assessment of geothermal resources. Remote sensing, gravity and
Curie depth methods are included in the survey (Fig. 5).

Remote sensing data will provide information on subsurface fracture zones which may give
channel way or reservoir space for geothermal fluids. Whole Japanese Islands were covered
by microwave radar (SAR: Synthetic Aperture Radar). Based on SAR imagery as well as
Landsat MSS imagery, several kinds of maps such as lineament map and SAR geologic map
were prepared. Figure 6 is a north-look SAR imagery of middle Kyushu. Many geologic features
such as linear, circular, and texture pattern can be seen on the imagery. Figure 7 is a lineament
map derived from the imagery (Fig. 6) (SUYAMA et al, 1982). This lineament map was con-
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Fig. 5. Nationwide survey for geothermal resources.

verted to the lineament density map by using SIGMA which allows easy statistic processing
necessary for resources assessment.

The rocks of the earth crust lose their magnetization at the depth of Curie temperature.
This depth is called the Curie depth. The distribution of Curie depth may represent the
temperature features of the deeper part of the earth crust, and hence, gives important geother-
mal information.

The information on Curie depth is considered to be included in the earth magnetic field
observed on or above the earth surface. Aero-magnetic survey was conducted for the Japanese
Islands with the line spacing of 3 km. The aeromagnetic data were processed and presented
as aeromagnetic anomaly map and reduction-to-the-pole map. Some special analysis was made
to present Curie depth map based on this reduction-to-the-pole map. Figure 8 shows Curie
depth map of the Kyushu area (OKUBO et al, 1983). The regional features of the temperature
distribution in deeper zones of Kyushu are well presented in this map. Shallow Curie depth
is obtained at Hohi (B in fig. 8), Unzen (A) and Kirishima-Sakurajima (D). These are all
located in geothermal fields. Curie depth of 7-8 km in these areas may correspond to 70-80
degrees centigrade/km of temperature gradient. Curie depth maps of all the Japanese Islands
were made by this survey.

Gravity anomaly shows the framework of subsurface geologic structure especially depth
to the top of basement rocks. In the case of impermeable basement rocks such as granite,
it gives the maximum depth of possible reservoir area. Gravity data were acquired in the
areas where Miocene to Quatermary volcanic rocks are distributed. Gravity basement depth
maps were made based on Bouguer anomaly maps.

The trial of geothermal resources assessment was carried out by utilizing 1) lineament densi-
ty map, 2) Curie depth map, 3) gravity basement depth map. The weighted-function method
was used to rank geothermal potential of Kyushu. The areas above 55 marks (full marks
is 100) are shown in Figure 9. Known geothermal fields such as Hohi, Unzen, Kirishima,
Sakurajima are located inside the high marks areas and some unknown areas also have high
marks.

After this computer-based assessment, a little more complicated manual-based assessment
using other kinds of data (distribution of Quaternary volcanic rocks and surface manifesta-
tions) and employing the combination of weighted-function and pattern recognition methods
were carried out. A more detailed classification map of geothermal potential of Kyushu was
prepared. Figure 10 is an example of this map (southern Kyushu area). The area is divided
into three major geothermal resource types, that is, 1) high temperature hydrothermal convec-
tion, 2) low temperature deep water in sedimentary basin, 3) undefined high temperature.
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Fig. 8. Curie depth map of Kyushu.
Contours indicate Curie point depth below sea level in kilometers.

Hydrothermal covection type is classified into three sub-types, that is, 1-a) high lineament
density along with high temperature hot springs, 1-b) high lincament density without high
temperature hot springs and 1-c¢) low lineament density.

The quantitative assessment of geothermal potential of the Japanese Islands using a volumetric
method will be carried out by the Geological Survey of Japan in the near future.

Hohi Project
This project was initiated in 1978 by the government (the Thermal Electric Power Division,
MITI) to confirm the feasibility of the development of deep (2,500-3,000 m) geothermal
resources. The Hohi geothermal area in central Kyushu was selected as an experimental site
(Fig. 11). Two geothermal power stations, Hachobaru and Otake are located in the selected
area. Exploration works were carried out based on the general exploration procedure shown
in Figure 12. Various kinds of geological, geophysical and geochemical surveys including shallow
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Fig. 9. An example of computer-based assessment using weighted-function method, Kyushu area.

heat holes were made in the first two years (see list in Fig. 11) and the target area for future
drilling was selected. In the next two years, ten shallow (500 m) wells were drilled to confirm
the results of surface surveys. After this, six intermediate (1,500 m) wells were drilled and
the rough outline of the hydrothermal system down to 1,500 meters was estimated. In the
following years three deep (2,200-2,600 m) wells were drilled. The first well hit two reser-
voirs at the depth of 2,000 m and 2,600 m, and produced 100 tons of hot water and 10
tons of steam. Both second and third wells reached the crystalline basement rocks of Mesozoic
age. The permeability of the basement rocks seems to be very low judging from very little
circulation loss and typical conductive type of heat transfer although temperature is very high.
Considering the above results, the survey area was moved to the adjacent area of deeper
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Fig. 10. An example of manual-based assessment using pattern recognition method, southern
Kyushu area.
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basement rocks and several additional surface surveys including magneto-telluric survey were
carried out in 1982 and 1983. Several deep (3,000 m) wells will be drilled in 1984 to confirm
the higher temperature part of the reservoir whose existence has been confirmed by previously
drilled well.

Figure 13 shows a conceptual model made based on various kinds of data including well
temperature deta (OGAWA and KiMBARA, 1984). Geothermal reservoirs exist in permeable
volcanic rocks but not in impermeable basement rocks. Magma chambers may supply heat
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to the reservoirs in two different ways, that is, 1) regional conductive heat transfer through
impermeable basement and 2) local convective heat transfer by high temperature up-flow through
faults cutting the basement rocks. This conceptual model shows that 1) conductive heat supply
is not enough to heat up fluid in the volcanic rocks, 2) recharging meteoric water penetrates
into considerably deeper part of the volcanic rocks because of their high net permeability,
3) recharge of meteoric water is greatly controlled by the topographic features. This may
lead to the conclusion that the area of local convective heat supply through the fault system
in the basement is the target of high temperarure reservoirs, and hence, determination of
the location of these faults system is very important role of exploration.

It was clarified through this survey that relatively shallow (less than 1,500 m) geothermal
fluids which are utilized for electricity generation at Hachobaru and Otake power plants is
a part of the larger scale hydrothermal circulation system in this area. We believe that understan-
ding the nature of the hydrothermal convection system is of utmost importance for further
development of geothermal resources in Japan.

Geothermal Information Data Base System
As a result of active exploration works by the government during the last decade, massive
geothermal data have been accumulated. This trend will continue for another decade. Con-
sidering this situation, the Geological Survey of Japan initiated the construction of a computer-
based data base system which is now called ‘SIGMA’. The purpose of data base system is
1) efficient use of data, 2) extraction of relevant information from data, and 3) rapid publica-
tion of data. The principlal functions of SIGMA are
A) mapping (Atlas data base)
B) image processing (Image data base)
C) information integration (Project data base)
D) resources assessment (Assessment data base)
E) application (Application program package).
Data types stored in SIGMA up to 1983 are as follows:
1) well: wireline logging, geologic formation, core test, casing, circulation loss, mud, etc.
2) gravity: original data, processed data
3) aeromagnetics: processed data (grid data)
4) geology: geologic map of the Japanese Islands (1:1,000,000)
5) hydrothermal alteration: location of altered minerals
6) cartography: topography, coast lines, rail ways, roads, lakes, rivers, mountains, etc.
7) water geochemistry: chemical analysis of hot spring waters
8) electric sounding: Schlumberger electric surveys
9) magneto-telluric: resistivity-frequency curves, etc
10) seismic: refraction seismic travel time curves
11) active faults: active faults published by the University of Tokyo
12) lineament: SAR lineaments
13) location of hot springs
14) geothermal survey index: type and area of geothermal surveys by the government
These data can be presented as color contour maps, color perspective maps of three dimen-
sions and four dimensions (space plus one dimension such as three dimensional geologic map),
numerical tables and many other ways. Overlays of several different types of data are also
available. A good example is subsurface resistivity contour overlaid on color contour of gravi-
ty anomalies.

CONCLUSION

It is generally agreed that the geothermal resources in Japan is huge. The full development
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of these resources will require tremendous efforts including improvement of exploration and
assessment technology; understanding the nature of the hydrothermal systems; application of
the above techonology and the understanding for accelerating the identification of geothemal
resources, particularly the deep-seated large resources; development of techonology for more
effective, economical, and environmentally safe utilization of resources; and alleviation of
many institutional constraints.

REFERENCES

GSJ and NEDO, (1981) Recent study on geothermal resources assessment in Japan. Progress
Report of Panel Discussion for the Assessment of Geothermal Resources of USA-JAPAN.
80 p.

0OGawa, K., and KiMBARA, K., (1984) Flow of hydrothermal water-Preliminary study of
the Hohi geothermal area, Kyushu, Japan. J. Geography, vol. 92, no. 7, p. 83-92.

OkuBo, Y., Tsu, H., OcawAa, K., et al., (1983) Nationwide Curie point depth analysis of
Japan. SESG Abstract 1983, p. 218-223.

Suvama, J., IsHU, Y., YAMAGUCHI, Y., KamATa, H., HAsge, H., 0Ocawa, K.,
(1982) Airborne SAR survey of Japanese Island - As a part of the Nation-wide geother-
mal survey. J. Remote Sensing Soc. Japan, vol. 3, no. 2, p. 57-74.






LI

III. Energy Resources—Fossil Fuels
Chairman K. Fuin

Non-Marine Petroleum Geology in China.

Petroleum Geological Features and Technical Problems related to Hydrocarbon Explora-
tion in Japan Geological Problems in Island Arc Systems——

Deep-Sea Basins in Indonesia.

Preliminary Report on Characteristics of Coal in Some Continental and Island Arc Region.







Geological Survey of Japan Report, No. 263, 1984, p. 123-126.

Non-Marine Petroleum geology in China
WANG Fuging

Ministry of Geology and Mineral Resources, Beijing, China

EXTENDED ABSTRACT

From an overall view of the geological history of China, it seems that the formation of
the petroliferous basins can be divided into two stages, namely, the stage of the development
of the marine basins with platforms as their main bodies from the end of early Proterozoic
to late Paleozoic, and that of the development of the non-marine petroliferous basins during
the Meso-Cenozoic. Over the past thirty years, the Chinese geologists have taken the non-
marine basins of Meso-Cenozoic as the focal point of their work. Non-marine Meso-Cenozoic
strata are widely distributed in China, spreading not only on land, but also on the offshore
shelf. Hundreds of oil and gas fields including some large oil fields have been found in the
non-marine strata, the Daqging Oil Field being one of them.

At the early stage of exploration for oil in the non-marine strata, there once prevailed
the view that there was no oil or only a little oil in the continental facies. There is a well-
known saying in China that goes: ‘“Genuine knowledge comes from practice’’. Great amount
of investigations and scientific researches by the Chinese petroleum geologists since 1949 have
shown that the previous viewpoint is untrue. Ever since 1959, a number of large oil fields
have been found successively in the non-marine basins, and a large amount of geological
data acquired, which enables us to put forward the new theory that tremendous amount of
hydrocarbon can be generated and accumulated to form giant oil and gas fields in the non-
marine basins. It is such new theory that has been an effective guide to the geological survey
of petroleum in China.

The Problem of Oil Generation

The study on oil generation of non-marine facies has revealed the fact that there is no
fundamental difference between the non-marine strata and the marine strata in the mechanism
of oil generation, such as the abundance of organic matter and the various factors impelling
the reformation and conversion of organic matter into hydrocarbon. Hence conditions do
exist for the generation of oil and gas in the non-marine strata. Of course, when comparing
the non-marine strata with that of marine facies, it is seen that there are some differences
between the two in the sedimentary environment, the nature of the organic matter and the
specific features of the oil generated, for example the crude oil generated in the non-marine
strata usually has a higher content of wax and a lower content of sulfur.

The relationship between the sedimentary environment and the nature of organic matter
can be exemplified by the study of inland lacustrine facies. The inland lacustrine basins can
be divided into the marsh-beach zone, the shallow water zone, the moderately deep water
zone and the deep water zone, ranging from their margin to the center. Organisms in the
marsh-beach zone are mainly of higher plant, the kerogen formed by them is of the humic
type, poor in oil potential. Consequently, this is basically a zone of coal and gas deposits.
The moderately deep and the deep water zones are suitable places for planktons to thrive.
A large amount of clay from terrigenous zones deposited to the bottom of the lakes associated
with the dead organisms, resulting in dark argillaceous sediments of sapropelic kerogen, which
have the greatest oil potential. The shallow water zone lies between the two as a transitional
zone, in which the organic matter is also of the transitional type. It is thus clear that various
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types of organic matter are controlled by different paleogeographic settings, thus yielding dif-
ferent products in the evolution. It is quite true in China that areas of best oil prospects
in the non-marine basins are mostly distributed in the zones of moderately deep and deep lakes.

The sedimentation rate and the geothermal gradient in the lacustrine basins are most favourable
for the generation of oil and gas. The lower Tertiary strata of large sedimentary basins in
China may reach the thickness of 5,000 m and the sedimentation rate up to 0.1-0.4
mm/year. The geothermal gradient is generally over 3°C/100 m.

The Characteristics of the Reservoir Rocks

As for the reservoir rocks, the clastic rocks are the overwhelming and most widespread
ones in the petroliferous basins of non-marine facies. Among them the medium- and fine-
grained sandstones have the best physical properties. The sandstone reservoir beds of continen-
tal facies are characterized by their diversity in form, which is rarely seen in a homogenous
bedded distribution, but rather take the shape of the tongue, the strip or other irregular forms
with great lateral variations in thickness, lithology and physical properties. Regarding the genetic
types, up-to-date results have been achieved one after another in the study of beach-deltaic
sediments which are closely related with the formation of large oil and gas fields, and tur-
bidites have also been found. It is expected that there will be bright prospects for the discovery
of various kinds of oil and gas-bearing sandstone bodies. All this has opened up a new domain
for the study of non-anticlinal traps.

Types of the Petroliferous Basins

The Meso-Cenozoic petroliferous basins in China vary greatly in size. The largest basin
can be up to 400,000 square kilometers while the smallest is only some tens of square kilometers.
These basins can be divided into two major categories according to their texture. One is called
the accumulated basin, which has a definite boundary and the deposits in it get thicker with
finer grains regularly from the margin to the center. Many of the non-marine basins are of
this type. The other is called the structural basin, which is a regional synclinal structure resulting
from tectonic movements. According to the principle that the tectonic setting is the essential
factor controlling the formation and development of the basins, the basins in China can be
grouped into the three major categories as follows:

1 Those related to the folded zones and controlled by orogeny in the formation and the
development. This type of basins are largely distributed in western China, which include:
depressions formed during the development of various geosynclines since the Caledonian move-
ment, namely the foredeep basins, such as Jiuquan basin in Gansu Province; the intermontane
basins formed after the fully uplifting and faulting of geosynclines, such as Turpan basin
in Xinjiang Province; and the intramassif basins cutting apart the geosynclinal systems, such
as the Tarim basin in Xinjiang. The petroliferous basins in the western part of China have
the following characteristics:

a Great thickness of the non-marine Meso-Cenozoic strata;

b The basins are composed of stable blocks and unstable foredeeps with different struc-
tural features;

¢ Oil is generated in a number of geological periods. Qil-bearing beds are found in
Permian, Triassic, Jurassic and Tertiary.

2 Those related with platforms and controlled by epeirogeny in the formation and the
development. One type of these basins are those developed on the background of the platform
syneclises, such as the Ordos basin. Another type is those developed on the background of
the platform anteclise or shields. Basins of great oil-bearing prospects fall in the former category,
which is characteristic of a unified Precambrian crystalline besement with an extensive and
stable distributin of covering stratum. There are not only Meso-Cenozoic sediments of con-
tinental facies, but also a complete sequence of marine sediments of Paleozoic and lower
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Fig. 1. Location of some petroliferous basins of China.

Mesozoic developed in the basins. Therefore, they have a wide span of geological age for
the oil-bearing strata. Commercial oil and gas flows have been struck in the strata of Precom-
brian, Ordovician, Permian, Triassic, Jurassic, Cretaceous and Tertiary. The Ordos basin which
is under joint investigation by China and Japan is one of the basins of this type.

3 The third type of basins are those sedimentary depressions which have developed on
the complicated basement of various ages and different structures under the effect of the
Alpine movement, for example the Songliao basin. In the Songliao basin, the besement of
the central and southern parts is of pre-Sinian, while that of the eastern and western parts
is of Hercynian. The Meso-Cenozoic deposits overlie the basement of different geological ages.
The development of such basins is not controlled by the tectonic element of earlier periods,
that is that part of basement formed by the folded zones is not characteristic of a foredeep
basin or an intermontane basin. The other part of basement formed by platforms is also
different from the depressions within a platform in essence, it is evoluted under an entirely
new tectonic regime.

Most of the basins of the latter two categories are distributed in the eastern part of China,
which have the following features:

a Most of them are superimposed basins, the lower part being the Paleozoic structural
basins and the upper part the Meso-Cenozoic accumulated basins.

b Their regional center of deposition has been shifted eastwards with a regular pattern
since Mesozoic. There are very thick layers of Triassic and Jurassic but very thin layers of
Tertiary (only some tens of meters thick) developed in Sichuan and Ordos in the western
part of eastern China. In north China and Jianghan (the Yangtze and Hanjiang Rivers) districts,
layers of Triassic are absent, and Jurassic-Cretaceous strata are not very thick, but sediments
of great thickness are developed in Tertiary. However, in the seaward areas Tertiary, especially
the upper Tertiary, is well developed. Such a regularity of deposition might be the result
of undulation and oscillation of the earth crust. It is because of this regularity that oil and
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gas is produced from Mesozoic in the west side of eastern China, while in the east side,
it is produced from Tertiary.

¢ The undulation and oscillation of the earth crust is shown mainly in the elevation and
subsidence of block faulting, resulting in upheavals and depressions of various sizes, which
plays an important role in controlling the formation and distribution of oil and gas accumulation.
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The Japanese Islands are well known as a good example of typical island arc together with
Indonesia. The islands have been studied in detail geologically since the middle of the 19th
century and now the distribution of rocks and geologic formation is practically all clarified.

Petroleum Geological Features and Technical Problems
related to Hydrocarbon Exploration in Japan
——Geological Problems in Island Arc Systems——

Akitoshi INnoMA

Japex Nanhai Ltd., Tokyo, Japan 107

ABSTRACT

The geology of the Japanese Islands is complicated because several island arcs meet there.
The geological features of those island arcs essentially resemble each other, but in detail, they
show various differences. Indeed, economic oil and/or gas production has been done only from
the inner arc of the Northeast Japan Arc, except for a very small production from the central
zone of Hokkaido and the outer arc of the Southwest Japan Arc. Recently, a gas field was
discovered at the outer arc of the Northeast Japan Arc, which will be developed soon.

The basins of the inner arc of the Northeast Japan Arc, which are the most productive,
began to develop at the Oligocene time and has grown where the Asian continent fractured
along its margin by the tensional stress resulting from the subduction of the Pacific plate.
The basin is characterized by strong volcanism and differential movement of the small blocks
within the basin. From the view point of petroleum geology, these characters cause the follow-
ing features: 1. distinct horizontal changes in thickness and lithology of the sediments, 2. discon-
tinuity of the reservoirs, 3. development of volcanic or tuffaceous sand reservoirs, 4. com-
plicated and steep traps, 5. abundance of highly pressured and caving formations, 6. relatively
high geothermal gradient, and so on. These features bring about various technical problems
in hydrocarbon exploration.

INTRODUCTION

Table 1. Numbers of exploratory wells and explored fields and cumulative production in the
areas of the Japanese island arc.
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A number of ambiguities remain, however, regarding the mutual relationship and the genetic
environment of some of these units and also regarding the history and the mechanism of
the structural development of the islands. These problems are presently subjects of lively discus-
sions. This situation is partly caused by the fact that the Japanese Islands do not form a
single arc as in the case of the Sunda Arc, but are positioned where several arcs meet and
thus is structually very complex. Each arc exerts influence on the others and the interaction
results in a complicated geological arrangement. The meridional zone running through Sakhalin
to central Hokkaido cuts into the island arc system as a structural unit and amplifies the
complexity, although it is not classified as an arc.

It is true that there are no remarkable oil and gas production in the island arc system,
except for the Sunda Arc, especially in its western part, which forms the most productive
province in southeastern Asia, and large even by world standard. However, I do not interpret
this as due to insufficient exploration efforts in areas other than the western Sunda Arc.
The Japan Sea side of northern Honshu (mainland of Japan) is indeed one of the most ex-
plored provinces in the world (Table 1)

The fact that some island arc areas produce large amount of hydrocarbons while others
do not, possibly indicates that there are different types of geologic setting within the island
arc system or that the generation and accumulation of hydrocarbon are essentially controlled
by local geologic factors rather than by large crustal divisions such as an island arc, a stable
continent or a collision zone.

Nevertheless, it is also without doubt that the stratigraphy, geologic structure and history
of the areas of the island arc system show a common feature between each other. Thus,
in considering the geologic history of a certain island arc area and for the exploration of
natural resources there, the knowledge and the experience in other island arcs are much more
important than those obtained in stable continents.

Although Japan is a very small country regarding hydrocabon production as is well known,
it is one of the most highly explored areas belonging to the island arc system. Therefore,
I consider the knowledge and experience obtained in Japan can contribute to the hydrocarbon
exploration in the Asian region where island arc systems are widely distributed in a complex
manner. In the light of the recent development of geological sciences, I believe that it is
worthwhile to review the petroleum geological features in Japan from the standpoint of an
island arc system with some comments on technical problems in hydrocabon exploration.

DISTRIBUTION OF ISLAND ARCS IN JAPAN

The distribution of island arcs around Japan is shown in Figure 1. They are the Kuril,
Northeast Japan, Southwest Japan, Ryukyu and Izu-Bonin Arcs.

The Kuril Arc extends from Kamchatka with a subduction zone at the Kuril Trench and
a volcanic front along the Kuril Islands which are arranged in echelon. The island arc encloses
the Kuril Basin under which an oceanic crust exists. The Cretaceous to Quaternary sediments
overlie granitic and metamorphic rocks of the late Paleozoic to Mesozoic age. The Oligocene
to Miocene volcanoclastic rocks, which are called Green Tuff in Japan, predominate. The
slope down to the Kuril Basin is steep and the shelf is extremely narrow. In the Kuril Basin,
sediments of 5 to 5.5 km in thickness and of probably younger than the upper Cretaceous
rest on the oceanic crust without severe deformation. Many geologists claim that the Kuril
Arc extends to western Hokkaido crossing the Hidaka Range, but I think that the arc ter-
minates at the eastern flank of the range.

Along the Northeast Japan Arc, the subduction zone is located at the Japan Trench and
the volcanic front runs along the backbone of northern Honshu. Thick sediments younger
than Jurassic exist below the wide shelf between the trench and the island. A basin with
thick sediments ranging from Tertiary to Quaternary lies between the island and the Japan
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Fig. 1. Distribution of island arcs around Japan.

Sea. The sediments are 7 km thick and their basal part consists of Green Tuff and is underlain
by oceanic crust. The northern end of this arc has been described to be located at the
southwestern part of Hokkaido in various papers. But actually, the geologic features of the
Pacific side of this arc (forearc) extend to Sakhalin passing through the western flank of
central Hokkaido. Two continental crusts appear to collide in Hokkaido. The southern end
of this arc is Fossa Magna which crosses the central part of Honshu.

As far as the Pre-Tertiary geology is concerned, the Southwest Japan Arc is essentially
continuous with the Northeast Japan Arc, although a distinct flexure is recognized at the
point of the two regions. However, the two regions clearly make up separate island arcs.
Compared with the other island arcs, the Southwest Japan Arc is very inactive seismically
and volcanically. It has a shallow trough for a subduction zone. A thick sedimentary basin
is developed below the wide shelf spread out under the Japan Sea side. The basin is filled
with Tertiary to Quaternary clastics with a maximum thickness of 7 km. The basal part of
the pediments is Green Tuff.

The Ryukyu Arc has typical island arc features with a subduction zone along the Ryukyu
Trench and with the East China Sea as the marginal sea. The East China Sea is enclosed
inside double arcs, namely the outer non-volcanic Okinawa and the inner volcanic Tokara
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Arcs. The Okinawa Trough with 2000 m water depth, which lies between the Tokara Islands
and the continental shelf of the East China Sea, is generally considered as a marginal sea
presently spreading. Sediments younger than the middle Miocene has accumulated in this trough.
The connection with the Southeast Japan Arc may be located in the vicinity of the Bungo Strait.

The Izu-Bonin Arc extends meridionally as if it stabs Honshu, and consists of a subduction
zone along the Mariana Trench and double arcs, namely the non-volcanic outer and the volcanic
inner arcs. The Shikoku Basin which consists of oceanic crust occupies the back arc side.
Though the continental crust thickens around the archipelago, sedimentary rocks occupy only
a small part of the crust. Green Tuff, which was formed by volcanism during Miocene, is
distributed at the Izu Peninsula, the northern end of this arc.

In addition, the Kyushu-Palau Arc, which is said to be the remnant of an old island arc,
is present. Detailed explanation about this arc is omitted here.

The central zone of Hokkaido runs meridionally near the area where the Kuril and the
Northeast Japan Arcs collide, and its geological features continue onto Sakhalin. The central
zone does not belong to the category of the island arc. At least until the Cretaceous, this
zone faced the open sea occupying the same position as the Pacific side of Northeast Japan.
It became a narrow embayment at the Paleogene time due to the approach of the Okhotsk
paleoland. Still later, this area was lifted up due to compression from the Kuril Arc around
middle Miocene and created the mountain range.

DISTRIBUTION OF OIL AND GAS FIELDS

Geographical Distribution

Almost all of the oil and gas fields are concentrated in the back arc of the Northeast Japan
Arc. The next productive province is the western part of the central zone of Hokkaido. This
zone, however, can hardly be considered from the view point of an island arc system as
mentioned above. Tracing this zone southward, it continues to the forearc of the Northeast
Japan Arc, where the Joban-Oki Gas Field was discovered and will be developed soon. Besides
this field, only the tiny Sagara Field (cumulative production is 4600 kl) at the outer zone
of the Southwest Japan Arc is established in the forearc regions around Japan. Even oil seapage
is scarcely known in those regions. The Sagara Field could be considered as the back arc
of the Izu-Bonin Arc.

In the forearc of the Kuril Arc, only small oil seapages have been known in the Pliocene
and very little gas was tested in the upper part of Miocene. Although gas fields are present
in Chiba, Miyazaki and Okinawa prefectures on the forearc, the gas is immature methane
dissolved in brine.

Oil seapages have been reported from the back arc of the Kuril Arc, but no oil and gas
field has been discovered, partly because of insufficient exploration.

Though eight exploratory wells have been drilled in the back arc of the Southwest Japan
Arc whose geological features resemble those of the back arc of the Northeast Japan Arc,
only weak gas shows have been detected so far.

Oil and gas flows and shows were reported from some wells drilled off northwestern Kyushu,
but economic production has not been realized yet. It may be preferable to treat this region
as an intracratonic basin rather than as the back arc of the Ryukyu Arc.

Stratigraphic Distribution

Oil is mainly produced from the upper Miocene and the lower Pliocene both in northern
Honshu and Hokkaido. Small production from younger horizons is considered to be from
secondary accumulation. In Hokkaido, waxy oil flowed on a test in a Paleogene interval.
Oil of the Sagara Field is from the upper Miocene, and that from a well drilled off Kyushu
was recovered from the middle Miocene.
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Fig. 2. Oil and gas fields in Japan and locations of offshore exploratory wells off northeast
Honshu.

Gas is mainly produced in the Niigata Prefecture, and the producing horizons range from
the Miocene to the Pliocene. The middle Miocene gas is derived from type I and II rich
overmatured sources, whereas the Pliocene gas comes from source abundant in type III despite
its marine origin. In Hokkaido, besides economic production from the Miocene, gas flowed
on tests in the Eocene section. The source of the Eocene gas is allied to coaly matter, and
that of the Miocene gas is derived from sources rich in type II and III. Gas of the Joban-Oki
Field is produced from the lower Miocene and the Oligocene, and is derived from type III
source materials closely related to terrigenous sediments.

Vertical Distribution

Economic production of black oil generally comes from depths shallower than 2000 m,
with the deepest being 3600 m below sea level which is in the Yoshida Field. In the case
of gas and condensate, the economic pool is known to be as deep as 4800 m below sea level.

Lithology of Reservoirs
Reflecting the active volcanism which characterizes the island arc, volcanic reservoirs are
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abundant in Japan. Reservoir-forming volcanic rocks are of the middle Miocene to the Pliocene
and are subaqueous lavas and tuff breccias of andesite, dacite and rhyolite. Those of the
middle Miocene are generally called Green Tuff because of the green color which is due to
various mineral alterations. Pore spaces of volcanic reservoirs are primary fractures and vugs
in autobrecciated lavas, intergranular pores in tuff breccias and tuffs, and secondary fracture
spaces of tectonic origin.

As mafic minerals are easily altered to clay, which decreases porosity, and the alteration
progresses with depth and time, rhyolitic reservoirs, which are poor in mafic minerals, are
predominant in the Green Tuff horizon. In other words, even andesitic or basaltic rocks can
form reservoirs in shallow or young cases. The other reason why acidic rocks are better than
basic rocks as reservoir is that they have higher viscosity, so that they can form piles with
larger vertical to horizontal ratio, and can have more primary fracture pores, which could
be favorable for migration and accumulation of hydrocarbons.

Besides volcanic reservoirs, sandstone reservoirs are also abundant. Those of the upper Miocene
to the Pliocene are considered to be turbidite. Most of them are tuffaceous reflecting strong
volcanic activities, and have low permeability relative to their porosity.

Carbonate rocks are very scarce because the climatic conditions at the time of deposition
was unfavorable and the tectonic movement was very severe. There is only one oil field with
carbonate reservoir in Japan.

Type of Traps

Due to active tectonic movement, most of the Japanese oil and gas fields have anticlinal
traps with steep wings. But the presence of hydrocarbon pools is strongly affected by stratigraphic
control, that is, distribution of reservoirs is irregular and local due to severe tectonism at
the time of deposition. Some fields are also controlled by faults.

ISLAND ARC HISTORY AND HYDROCARBON OCCURRENCE

At least, until the end of Cretaceous time, the region surrounding the present Northeast
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Fig. 3. Exploratory wells offshore Japan except those off northeast Honshu.
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Japan Arc was a part of the Asian continent together with Southwest Japan, and the Japan
Sea did not exist. The Cretaceous sediments accumulated from the shelf to the deep ocean
facing the Pacific from Sakhalin in the north to at least Kyushu in the south. Off Southwest
Japan, a considerably large land mass called the Kuroshio paleocontinent is inferred to have
existed.

At the end of the Cretaceous to the Eocene, swampy low lands were formed at the inner
side of the shelf edge of the Cretaceous sedimentary basins at least in the area of the present
Northeast Japan Arc, and coal beds were deposited there. Such coal bearing sequence is
distributed in southern Sakhalin, the western part of central Hokkaido and the Joban district.
The formation of the coal basins in Hokkaido and northward most probably resulted from
the formation of an embayment due to the westward movement of the Okhotsk paleoland.
Those in Northeast Japan Arc were formed by the development of a barrier caused by the
uplifting of the continental margin accompanied with subduction of the Pacific plate. The
barrier is often called the Oyashio paleoland. Hydrocarbon source materials deposited in those
coal basins are of type II and III, and possibly generated gas and waxy oil in the Paleogene
sections of northern Hokkaido, off southern Hokkaido and the Joban-Oki Field.

Open sea sedimentation continued off southwestern Japan even during Paleogene time, because
that region was not affected by subduction of the Pacific plate due to the presence of the
Kuroshio paleocontinent. The paleocontinent was continuously subducted under the Asian
plate, consistently supplying sediments into the sea between the Asian continent and itself.
A barrier was formed at the southern margin of the Okhotsk paleoland by the same mechanism
as in northeast Japan, and the Kushiro Coal Field was formed.

Subduction of the Pacific plate against the Kuroshio paleocontinent took place. The subduc-
tion zone became that which is along the Izu-Bonin Arc later.
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Coming into the Oligocene time, a regional rise of the sea level occurred, sea water invaded
the coal basins and holomarine sediments were deposited there. The phenomenon may be
interpreted as the barriers being pulled down because of the strengthening of subduction of
the Pacific plate. The pulling stress may have resulted in the fracturing of the Asian continent
along its margin and the fracturing of the basement. Strong volcanic activities took place
along the cracks and thick volcanic rocks accumulated in the depressions formed by the ten-
sion. This volcanic activity is called the Green Tuff activity. Green Tuff erupted also from
cracks formed on the Kuroshio paleocontinent by subduction of the Pacific plate. The Green
Tuff is now distributed on the Izu peninsula.

Such cracks widened and extended into the Japan Sea and the Shikoku Basin. As tensional
stress of east to west direction superposed on the old northward movement in the Shikoku
Basin, the latter movement was weakened, therefore, the Green Tuff activity and the fractur-
ing of the basement are less distinct in the back arc side of the Southwest Japan Arc than
in that of the Northeast Japan Arc.

The Okhotsk paleoland was also cracked by the subduction of the Pacific plate under the
Kuril Arc opening the Kuril Basin, where Green Tuff erupted.

Basement fracturing and Green Tuff activity continued until the early Miocene. The Pacific
water flowed onto the down thrown blocks and into the newly formed Japan Sea, so that
the region of the present Japanese Islands became an archipelago. The complexity of the
submarine topography increased due to subaqueous volcanci eruptions. Subsea volcanic knolls
thus formed would later become oil and gas fields with Green Tuff reservoir.

In the central zone of Hokkaido, a meridionally extended land with thrusts or overturned
structures appeared in an area where it had been covered by sea water during the Oligocene
due to the pushing force of the Okhotsk paleoland. Therefore, coal basins and shallow marine
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basins were formed in various places in front of the meridional land.

The Kuroshio paleocontinent was completely subducted below the Asian plate, so that the
Shikoku Basin was covered by an oceanic crust.

Towards the middle Miocene, the Japan Sea widened further, rapid and regional rise of
sea level took place again, and thick deep sea sediments were accumulated, burying the
topographic relief. As the depressional areas were stagnant, sediments of this time are general-
ly good source rock.

In the Pacific side, pull down by subduction resulted in diminishing barriers which in turn
caused an oxidizing environment and thus the sediments of this time are not good sources rockes.

In the central zone of Hokkaido, compressional stress from the Okhotsk together with the
westward advance of the Kuril Arc caused violent uplifting of the Hidaka Range. Thick sediments
with rubble and slumped structures were deposited in the fore deep of the Hidaka Range.
These sediments contain abundant argillaceous materials, because much of these sediments
had been derived from the Cretaceous and the Oligocene sediments which are rich in mudstone.
But it may be preferable to consider that they are essentially coarse clastics, because the distance
of transportation was quite short. Consequently, the argillaceous appearance does not necessarily
mean the environment being stagnant. In addition, the deposition rate was very high, therefore,
the concentration of organic matter is low in the sediments of this time.

Sediments of this stage often underwent abnormally high pressures in various areas in Japan,
which was caused by the argillaceous materials and their high deposition rate.

At the last stage of the Miocene, the persent backbone area of Japan rose up, and the
Pacific and the Japan Sea sides were almost completely separated from each other. This
phenomenon could be interpreted to be the result of buoyancy caused by thickening of sialic
crust along the island acr which had been brought about by the sialic materials being dragged
under due to the subduction.

The uplifting of the backbone resulted
in deposition of coarse sediments of tur-
bidite type, which form one of the main
hydrocarbon reservoirs in the inner zone
of the Northeast Japan Arc. In the central
zone of Hokkaido, compression from
Okhotsk decreased followed by fine sedi-
ments being deposited in rather quiet basins.
In southwestern Japan, compression from
the Philippine plate was so inactive that
uplifting of the backbone was slack, thus,
coarse sediments are scarce in the area.
Even though the sediments of this stage
constitute the main reservoirs in the inner
zone of the Northeast Japan Arc, the field
size is not so large, because the sands are
not uniformly distributed, but are locally
developed, owing to the complicated topog-
raphy of both the supply areas and the
basins due to differential movement of frac-
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parallel to the orientation of the island arc and reverse faults began to be formed due to
compressional stress occuring in places. In addition, the sea level throughout the Pan Pacific
started to rise. These phenomena caused an increase of complexity of the basinal feature.
Consequently, although argillaceous sediments are essential, sands also are often developed
locally, which also constitute hydrocarbon reservoirs.

Since the last stage of the Miocene, small scale andesitic volcanism often occurred, and
some of the volcanics form gas reservoirs.

Opening of the Japan Sea continually progressed, thus, the basin center succesively migrated
inward. In the central zone of Hokkaido and the Southwest Japan Arc, relatively calm condi-
tions continued since the previous stage, and deposition of fine clastics prevailed.

After entering the Quatenary, the sea level fell again. Coarsening-upward regressive sequence
rapidly filled up the relief of the sea floor and many places rose above the sea. Uplifting
of the backbone became even more active, possibly because the activity of the Pacific plate
increased, and marked folding and faulting took place. In Hokkaido, westward advance of
the Kuril Arc was conspicuous reflecting the motion of the Pacific plate. Accordingly, the
Hidaka Range violently uplifted, which in turn, generated steep folds accompanied with thrust
faults on the west flank as though sliding up on the easterly inclining basement.

GEOTHERMAL GRADIENT

It is well known that geothermal gradient and heat flow are smaller in the forearc than
in the back arc of an island arc system. The mechanism of this phenomenon is fairly well
explained. Such a tendency is also typically observed in Japan. Geothermal gradient is
3°-7°C/100 m in the oil province of Japan (=back arc of the Northeast Japan Arc),

PLIGCENE PRESENT

-

~ [» f
Subduction Motion of Marine Subduction Motion of Marine
zone Oceanic crust sediments zone Oceanic crust sediments
Plate o Motion of Continental Plate 3 Motion of Continental
boundary Continental crust sediments boundary Continental crust sediments
, L
,,l Shoreline Oceanic crust ,.I/Shore\'me Oceanic crust
W —_—

Fig. 9. Crustal distribution at the Pliocene time. Fig. 10. Crustal distribution at present.



Hydrocarbon Exploration in Japan (A. Inoma) 137

4°C/100 m in the back arc of the Southwest Japan Arc, 5°C/100 m in the back arc of the
Ryukyu Arc, whereas 2.5°-3°C/100 m in the central zone of Hokkaido, 1.5°C-2.5°C/100
m in the forearc of the Northeast Japan Arc and 2.5°C/100 m in the forearc of the Ryukyu Arc.

The fact that oil fields are concentrated in the Japan Sea side of the Northeast Japan Arc
can be referred mainly to the effect of the higher geothermal gradient. Even in the Pacific
side, the area corresponding to the back arc of the Izu-Bonin Arc shows high heat flow.
It is interesting that the Sagara Oil Field is located there, although it is a very small field.
The fact that an economic field has not yet been discovered in the back arcs, other than
in the Northeast Japan Arc, despite their high geothermal gradient, may depend not only
on the scarcity of exploration efforts but also on the insufficient development of reservoir
facies, and scarcity of anticlines, which are easily discoverable traps, resulting from the tec-
tonic movements being gentler than in the Northeast Japan Arc. In fact, the source rock
potential in the inner arc of the Southwest Japan Arc is known to be on the same level
as that in the oil provinces of Japan.

In the central zone of Hokkaido, oil and gas fields are scarce and small relative to the
thickness of the sediments and the abundance of anticlines. This may be caused by low source
concentration due to high deposition rate, scarcity of type I source, limited volume of coarse
sediments in potential productive horizons, time lag between oil generation and trap formation
due to the growth of anticlines being rapid and too late, and also by the low geothermal gradient.

TECHNICAL PROBLEMS IN HYDROCARBON EXPLORATION

Complexity of the geological history of Japan which is an island arc is the cause for various
difficulties in hydrocarbon exploration. Some of the important factors are mentioned below.
(1) Changes in thickness and facies of formations are conspicuous due to complexity of
paleoenvironment, especially of submarine topography.

(2) Large field was not formed, because the basins were separated into such small areas
and long distance migration of hydrocarbons did not take place.

(3) The extent of a reservoir is so limited that pools are not necessarily located at the top
of anticlines. Accordingly, multiple exploratory drilling on a structure must usually be con-
ducted, and possibility of excessive expenditure is great.

(4) In many cases, the configuration of a shallow structure differs from that of the deeper
ones because of the complicated structural development.

(5) Structures are small and often accompanied with faults or steep zones.

(6) In case of Japan, which is an active island arc system at present, anticlinal areas show
rugged and hilly topography as a result of the young tectonism.

The last three facts together with the prominent facies change make the quality of seismic
survey records poor.

(7) Rapid and thick sedimentation resulted in insufficient discharge of pore water from
argillaceous rocks, so that numerous high pressure formations are developed.

(8) On the other hand, caving formation are also frequently developed due to their being
subjected to strong tectonic stress.

(9) Swelling shales are developed in places caused by abundant tuffaceous materials.

These three facts sometimes bring about difficulties in casing programing, mud controlling
and cementing activities.

(10) As the geothermal gradient is high and the drilling depth increases, high temparature
is frequently encountered in wells. That often causes problems in cementing, logging and mud
control.

(11) Sandstone reservoirs are generally tuffaceous because of active valcanism. As tuffaceous
materials have various effects on reading values of logs according to the grade of alteration
(=clay mineralization), they make log interpretation difficult. Generally speaking, they make
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the Sw value pessimistic, so that water free hydrocarbons are often produced from an interval
with Sw from logs as high as 60 % . On the other hand, tuffaceous materials decrease permeabili-
ty resulting in low productivity even though the log interpretative values are good.

To cope with these problems, the following measures are taken:
(a) Detailed interpretaion of geological history and paleogeography is conducted by using
careful correlation, dating and paleoenvironmental analysis based on micropaleontological study
on various kind of fossils including foraminifera, diatom, radiolaria, pollen, spore and
nannoplankton.
(b) In the field of seismic survey, not only time migration but also depth migration process-
ing has become routine. Moreover, wavelet processing, true amplitude recovery and detailed
velocity analysis are performed for facies interpretation and direct hydrocarbon detection.
Sophisticated techniques for noise tests or filtering are performed at various stages from data
acquisition to processing. Surveys are repeatedly conducted both onshore and offshore whenever
a new technique is developed. Recently, 3D survey has become popular, especially in hilly
areas the Gus Bus type 3D survey is generally used.
(c) As the drilling mud to cope with highly pressured, caving or swelling formations, lignate
mud is commonly used.
(d) Special logging and perforation tools for high temperature are always close at hand.
(e) All kinds of logging including ISF, DLL, MPL (MLL), BHC, FDC, CNL and GR are
always run. Logs are basically interpreted by using the shaly sand method. Recently, CEC
measurement has become popular to remove the effect of tuffaceous materials on log inter-
pretative values. For log interpretation of volcanic reservoirs, no definite method has been
established.
(f) It has been confirmed that hydrofrac technique which has rarely been used is effective
for oil and gas reservoirs of Japan. But the effectiveness of acidizing volcanic reservoirs which
are abundant in Japan has not verified yet.
(g) To pick up prospective areas by connecting complicated basin history with hydrocarbon
accumulation, sophisticated computer programs based on the kerogen origin theory are widely
used.
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Deep-sea Basins in Indonesia
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Bureau D’études Industrielles et de Coopertion De L’institute Francais du
Petrole, Malmaison, France

ABSTRACT

Recent offshore sedimentary basins in Indonesia, located in water depths below 200 m,
are discussed on the basis of their tectonic origin and evolution. They are described in terms
of their shape, their sedimentary fill and petroleum potential.

Some of the basins discussed have sedimentary thickness up to 5 seconds two way seismic
time. In cases where the basins are underlain by continental crust, the sedimentary column
can be considerably thicker if the sedimentary rocks of the underlying continent are added.
Basins are delineated by the 1.0 second thickness isopach which is considered the minimum
sedimentary thickness for hydrocarbon prospecting.

Forty-one basins fulfill the definition of having a sedimentary fill of more than 1 second
of seismic data (TWT). These basins cover an area 1,252,250 km? and occupy 55% of the
total area of all basins in Indonesia.

The basins can be situated either marginal to emerged land or isolated from it. In the
first type, basins are narrow, parallel to the emerged land, often bounded by faults and are
filled with clastic erosional products. Shales are dominant but fill also includes coarser clastics.
Deltaic and littoral clastics are subordinate while turbidites predominate. Carbonates are developed
occasionally on basement highs or near shore. The second type of basin is often located in
deep water. Recent sediments are only deposited as veneer.

Structural deformations, which are visible on many seismic sections show a larger amplitude
at depth as compared to those in the Recent deposits. A large variety of possible traps including
compressional folds, dragfolds, block faulting and also shale diapirism, draping-over-highs and
reef-buildups are exhibited in recent sedimentary basins throughout Indonesia.

INTRODUCTION

Deep-sea basins in this paper refer to offshore sedimentary basins which are located in
water depths exceeding 200 meters. Extensive exploration surveys directed towards finding
hydrocarbons in these basins have not yet been seriously undertaken.

Data concerning these basins are now available to describe the general characteristics of
most of these basins. The importance of sediment filling and the type of tectonic deformation
is brought out by the results of recent seismic scientific surveys, from which a number of
selected profiles were reprocessed by PERTAMINA. Recent regional geologic surveys also
help to shed some light on the geologic history of basins and thereby improve the knowledge
of plate tectonic concepts in the general area, especially with regard to size, type and
characteristics of deep-sea basins. In some cases lithology of the rocks in basins can also
be inferred from the nature of the source of material.

Each of the individual basins has its own depocenter, sedimentary section, structural features,
although some common characteristics are recorded in neighbouring basins which have often
been partly connected. They are presently 41 in number but more can be individualized when
more data is produced (Table 1).

High risk, associated mostly with the need for high level of technology and huge capital
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investment was a limiting factor inhibiting active hydrocarbon exploration in deep-sea basins.
New exploration techniques, specially for deep offshore, are now available and 200 m water
depth is no longer a barrier for offshore drilling and production. The deepest water depth
where an exploration well has been drilled in the world is 1480 m (Canada offshore in 1979),
whereas a water depth of 312 m (Gulf of Mexico) is the deepest water where a production
platform has been installed.

Although onshore and shallow offshore areas in Indonesia have by no means been exhaustively
explored yet, it is not too early to begin the search for prospects in deep water. Recently
two Production Sharing Contracts have been signed this year pertaining to areas of deep
water and this activity can be considered the beginning of a new exploration era in Indonesia.

GEOTECTONIC FRAMEWORK

The distribution, nature and age of infilling sediments of the deep-sea basins are strongly
controlled by the tectonic history of the region. Plate tectonic concepts offer an insight of
the geological setting, past and present, helping to define, delineate and classify different
sedimentary basins and, particularly, the deep-sea basins (Fig. 1).

The continental lithospheric plates represented by the Asiatic plate in the northwest (Kaliman-
tan, Java Sea) and the Australian plate in the southeast are stable domains mainly comprising
onshore and shallow offshore areas. Most of the deep-sea basins are either present over oceanic
plates or distributed along the mobile arcs resulting from subduction processes. Deep-sea
sediments deposited directly on oceanic crust are represented on the Wharton plate in the
Indian Ocean, south of Sumatra and Java, on the Pacific plate north of Irian Jaya, and
presumably in the Banda Sea. The most prominent basins are the ones occurring all along
the collision zones at the plate margions, i.e. the Sunda Arc and the extremely dispersed
Australo-Melanesian arc. Thus, in Western Indonesia, the deep-sea basins show a continuous
elongated shape south of Sumatra and Java, while in Eastern Indonesia, east of the Makassar
Strait, they are scattered and very variable in size, shape and thickness of deposit.

In Western Indonesia, the process of subduction of an oceanic plate beneath the cratonic
Sundaland created the following fore-land basins:

—The back arc basins northeast of the Barisan Range in Sumatra and mainly onshore except

in the northwesternmost part (North Aceh).

—The forearc basins, filled with thick sediments and limited to the southwest by the outer-
arc ridge (emergent in the north) and called the Mentawai Islands Arc. The latter arc
results from the recent frontal uplift with tectonic imbrication and melange of the outer
depositional wedge of sediments laid down in the Tertiary Sumatra-Java Trench.

—The Sumatra-Java Trench, south of the outer non-volcanic arc, filled with thin turbiditic
deposits and generally interpreted as the superficial trace of a deep subduction zone.

In Eastern Indonesia the setting is more complex. After the start of the collision between
the continental Australian plate and the oceanic domain (proto-Pacific and future Banda Sea)
during the early Tertiary, a new phase of deformation began in the middle Miocene. During
this latter period, Gondwanaland broke up and its elements were dispersed. They are now
represented in Indonesia by Irian Jaya, Banggai and Sula Islands, and the Tukang Besi Ar-
chipelago, and the continental material also constitutes a large proportion of the imbricate
wedges on the Banda arc, eastern arms of Sulawesi and Halmahera, and northern Irian Jaya.
Several basins are located on the outer margin of the dispersed elements of the Australian
craton, most of them offshore in a foredeep, forearc or back arc position.

Finally, during late Neogene, some basins developed with the opening of subsiding depres-
sions bounded by faults. Their general pattern is rhomboidal, like Bone Basin or the South
and North Halmahera basins. The South and North Makassar basins are also assumed to
have originated as subsiding depressions created by tensional movements. In this latter case,
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the underlying crust is stretched to an ill-defined intermediate stage or even split and spread
into an oceanic domain.

DESCRIPTION OF THE DEEP-SEA BASINS

A good number of deep-sea basins are to be distinguished in Indonesian waters (Fig. 1
and Table I). There are 3 large basins in Western Indonesia distributed to the south of the

Table 1 List of Deep Sea Basins

Areal Extent Maximum Maximum
No Name of Basin (1000 km?) Sediment Water Depth
Thickness (sec) (m)
1 North Aceh 53.25 Appr. 4.0 1000
2 Southwest Sumatra 120.75 Appr. 4.0 1000
3 South Java 135.75 Appr. 5.0 3000
4 Lombok 67.75 3.5 4000
5 Bali 49.50 3.0 1000
6 South Makassar 42.25 4.0 2000
7 North Makassar 71.00 4.0 2500
8 Tarakan 44.25 4.0 4000
9 Spermonde 35.25 3.0 1500
10 Flores 33:75 2.5 5000
11 Bone 54.25 3.0 2500
12 Buton 1.25 3.0 2000
13 Manoui 2.75 1.5 <1000
14 Salabangka 11.25 2.0 3000
15 Banggai 5.50 2.0 2500
16 Gorontalo 54.50 3.0 3000
17 Minahasa 71.50 2.5 5000
18 Sawu 52.00 3.0 3000
19 South Timor 6.50 2.0 1000
20 Tukang Besi 67.50 2.0 4000
21 Tanimbar 4,75 1.5 4000
22 Weber 18.25 1.5 7000
23 West Weber 5.25 1.5 3000
24 North Seram 8.00 2.0 1000
25 South Seram 3.50 =5 3000
26 Buru 8.25 1.5 5000
27 West Buru 9.25 1.0 5000
28 South Sula 6.25 2.0 5000
29 Sula 7.50 1.0 2000
30 North Obi 10.00 15 2000
31 South Obi 8.50 1.5 1000
32 South Halmahera 26.00 2.0 2000
33 North Halmahera 5.00 2.0 2000
34 East Halmahera 15.25 >2.0 2500
35 Salawati Deep 5.50 4.0 1000
36 Kepala Burung Foredeep 15.50 >3.0 2000
37 Aru Trough 30.25 4.0 3000
38 Arafura Deep 58.75 >3.0 1000
39 Waipoga 11.00 4.5 2000
40 Waropen 12.00 2.5 3000
41 Jayapura 2.50 1.0 3000
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Asiatic craton. In eastern Indonesia, particularly mobile and complex zone, numerous deep
sea basins are scattered throughout the area, very variable in size and shape. Presently 38
of them have been recorded but more can be identified as more data is produced.

They are described from west to east in 6 sub-sections:

—Sumatra Java Region

—Makassar Strait Region

—Sulawesi Region

—Banda Arc Region

—Molucca Region

—Irian Jaya Region

DEEP-SEA BASINS OF THE SUMATRA-JAVA REGION

North Aceh Basin

The North Aceh Basin is an extension of the North Sumatra back arc basin. A discon-
tinuous submarine ridge, prolongation of the Barisan volcanic inner arc limits the basin to
the southwest. The northern part of the basin is possibly connected to the Andaman Basin.
The infilling of the basin reaches 4 secs (TWT) thickness of sediments and it is mostly lying
in water depth less than 1000 metres. From shallow offshore and onshore data of the North
Sumatra Basin and Mergui Terrace, the prospective series are likely to be constituted by tran-
sgressive sands and by reefs beneath lower Miocene shales.

Southwest Sumatra Basin

The SW Sumatra Basin extends along the offshore area on the southwest side of Sumatra.
Water depths in the range of 200-2000 m cover most of the area. Regionally there is a pro-
gressive deepening of the basement going southwestwards away from the Sumatra mainland,
while the opposite flank of the trough, near the outer-arc islands is much steeper and probably
frequently faulted (Fig. 2). Thick sediments infill most of the basin and lap onto the basement
on the mainland side. The sediment thickness gradually increases to 4 secs in some parts
of the depocenter. The Palaeogene strata penetrated by the wells in the shelf area or outcropp-
ing along the coast of several (offshore) islands in the northern part of the basin consist
of fluviatile to littoral conglomerates, sandstones and carbonaceous shales. The younger
sediments, of Neogene age, are mainly clays and carbonates rather than well-developed quartz
sands. Upper and lower Miocene carbonates were considered as potential objectives and several
wells found gas in both reservoirs. In the central and southern parts of the basin, tuffaceous
sandstones dominated the Eocene-Oligocene deposition, These sediments are overlain by tuf-
faceous clays, shales, carbonates and marls of Miocene-Pliocene age. A small amount of oil
was recovered from the Miocene carbonates in one well drilled in the offshore Bengkulu area.

Generally, the sediments are slightly deformed in the center and the mainland side of the
basin. Oceanward, the sediments are increasingly deformed with structures apparently over-
turned away from the ridge, near the outer island arc ridge. It is likely that the sediments
in the basin are largely sourced from the island of Sumatra. The smooth floor of the basin
and its slopes between saddles and lows indicate deposition is dominated by longitudinally
flowing turbidites in the deeper part of the basin. Low geothermal gradients, mostly
2-3°C/100 m, have been found in wells drilled in the SW Sumatra Basin (Kenyon and Bed-
does, 1977). Such low gradients are generally characteristic of outer-arc basins.

South Java Basin

The South Java Basin is the prolongation of the SW Sumatra outer-arc basin. The basin
is situated between the inner arc of Java in the north and the non-volcanic arc ridge in the
south (Fig. 3). In contrast to the SW Sumatra Basin, the non-volcanic arc in this area is
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a wholly submarine feature. Its crest lies mostly 1000-3000 m below sea level. To the east
the South Java Basin is connected to the Lombok Basin. The water depth deepens from west
to east and reaches 3000 m. Only the northern part of the basin, along the South Java shelf
area, is situated in water depths less than 1000 m.

Thick sediments were deposited in the basin, with a thickness exceeding 5 secs in the
depocenter. Similarly to the SW Sumatra Basin, the sediments are slightly deformed in the
northern part of the basin. South of Central Java the basin bends northward and even extends
onshore. The sediments in this northern extension are more than 3000 m thick in some sectors
of the shallow waters area. This area is separated from the deeper part of the basin by a
prominent ridge parallel to the axis of the basin.

The drilling of two wells in the shallow area encountered deep marine Pliocene clays, shallow
marine middle Miocene limestones and clays, upper Oligocene tuffs, clays and undated volcanic
agglomerates (Bolliger & de Ruiter, 1975). The main basin south of the ridge is presumably
filled with deep marine clastics of volcanic origin and deep marine clays or turbidites of Paleogene
to Quaternary age.

The geothermal gradient measured from the two wells is very low, less than 1.5°F/100 ft.

Lombok Basin

The Lombok Basin corresponds to the eastern prolongation of the South Java Basin. It
is expected to present similar characteristics. Some ridges are existing between the two basins
with a minimum of 1 sec (TWT) thickness of sediments. The basin is lying mostly in water
depth more than 2000 m. Generally the sediments thicken to the south up to 3.5 secs (TWT).

Bali Basin

In the northern part of the Bali Basin very thick sediments have been deposited. A max-
imum thickness of 4500 m of Tertiary sediment is reached in the highly faulted downblock.
Similarly to the Spermonde Basin the increase in thickness is due to the thickening of the
Eocene-Paleocene sediments. Their lithology is rather speculative, as only the platform of
Lombok Block has been explored. The basal sediments possibly consist of dominantly fine
grained clastics, clays and mudstones. They are overlain by clastic series of carbonate layers
of Neogene-Pleistocene age. The structural trend in the northern part of the basin is oriented
in the east northeast-west south-west direction. In the southern part, the dominant trend runs
east-west, parallel to the axis of the inner volcanic arc. Prominent diapiric structures are also
present.

DEEP-SEA BASINS OF THE MAKASSAR STRAIT REGION

Makassar Basins

Two individual basins are identified in the Makassar Strait: the North and South Makassar
Basins.

The North Makassar Basin lies between the stable Paternoster Platform to the south and
the offshore continuation of the Mangkalihat Peninsula, in Kalimantan, to the northwest.

Seismic information indicates that the basement descends regularly from the Mangkalihat
Peninsula towards the center of the basin, where the cumulative thickness of un-deformed
sediments could reach 4000 m. Around 20 km west of the coastal Karama-Lariang areas,
basement rises up and the sedimentary cover is reduced to 2000 m. Here the sediments show
signs of compressional deformation which could well be related to that of the onshore Karama-
Lariang basins, where complex compressional tectonics affects sediments of the same age.

In the neighbouring Kutei Basin of Kalimantan the pre-Tertiary basement can be as deep
as 6000 to 8000 m. It includes about 4000 m of mid-Miocene to Recent sediments overlying
2000 m of pre-Miocene sediments. The clastics of the Mahakam delta are restricted to the
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present shelf. They do not extend into the North Makassar Basin where the bathyal facies
of the Mid-Miocene are thought to have been deposited under 1000 m water depth. The fluiviatile
and deltaic sequence of the Karama-Lariang basins are not expected to extend far beyond
the present very narrow shelf. Even onshore, the sandstones are largely argillaceous and pro-
vide only poor to fair reservoirs. Mature source rocks exist in the Karama Basin (oil seeps).
Also, they are known to be prolific in the Kutei Basin but less rich in the prodelta facies.

The South Makassar Basin is a major depocentre (more than 4.0 secs of sediments) below
2000 m of water. The structures of the Makassar Basins, still poorly documented, probably
consist of draping-over basement highs. En echelon drag-folds also are likely, as those evidenced
in the Spermonde Basin.

Tarakan Basin

The shallow offshore part of the Tarakan Basin, substantially developed in areal extent
and thickness of sediments (5000 m in the southern Muaras part), has already been proven
hydrocarbon productive. The southern part of the basin (north of the Mangkalihat Peninsula)
is a thick depocenter devoid of structural deformation. Possible stratigraphic traps formed
by onlap of sediments were tested by drilling in a series found to be mainly carbonate facies.
The northern part shows several northwest trending anticlines transected by numerous nor-
theast trending growth-faults providing local roll-over structures, due to the poor seismic quality
the location of the potential traps is difficult to delineate and only two of the most prominent
features have been drilled successfully in the shallow portin of the basin. 130 km east of
Tarakan Island, where the water depth attains 3300 m, the cumulative thickness of sediments
is 4000 m. West of this area, the sedimentary cover is strongly deformed showing features
of argillokinesis related to compression; in this case, diffraction noise prevents observation
of the basement reflectors.

The deltaic type series contain excellent multi-layered reservoirs of clean sands interbedded
with source rocks which were found to be at their suitable stage of maturation between 1000
and 2500 m in depth.

Spermonde Basin

The Spermonde basin is lying beneath a water depth mostly between 200-1000 m. To the
southwest, a shallow area of about 200 m depth separates this basin from the Bali Basin.

This area roughly consists of a carbonate platform. A zone of flexures from the northeastern
rim of the basin, borders the Spermonde shelf. The total thickness of Tertiary sediments deposited
in the Spermonde Basin slightly exceeds 3000 m. Based on the drilling data in the Spermonde
shelf the thickening of sediments compared to the adjacent positive zone is mostly in basal
series. The Paleocene-Eocene basal clastics can be expected on and around paleo-reliefs. Overlying
clastics and reefal developments of Oligocene which were deposited together with clay and
mud could be another objective in this area. Several positive trends are striking from nor-
thwest to southeast, parallel to the axis of the basin.

DEEP-SEA BASINS OF THE SULAWESI REGION

Flores Basin

The Flores Basin, north of Flores and Sumbawa Islands is very deep and supposed to be
oceanic in crustal structure. The Flores Sea could have opened in Late Miocene time, so the
basin is likely to be filled with relatively recent deposits. Their thickness would not exceed
2.5 secs TWT, but the sedimentary sequence is abruptly truncated along an east-west south
dipping thrust fault which bounds the basin to the south. This fault is a regional feature
as it also exists further east, to the north of Alor Island. It might represent the prelude of
the subduction of the Banda Sea oceanic plate beneath the Australian lithospheric plate.
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Bone Basin

The general configuratin of the basin is that of a long rhomboid whose southern margin
is formed by two coalescing faults. The northern part is also terminated by a fault which
is connected to the onshore Palu rift feature. Due to the presence of marginal faults, the
slopes are abrupt and the sea bottom reaches nearly 3000 m in depth.

Geologically, the Bone Basin is a fore-arc basin situated between the volcanic arc of western
Sulawesi and the non-volcanic arc of eastern Sulawesi which is comprised of metamorphic
rocks and tectonic melange. Fault systems rim the eastern and western margins of the basin
forming a grabenlike feature. The subsidence relating to this opening is evidenced by the
successive onlapping of late Neogene to Recent series onto Miocene sediments.

The Sengkang Basin, as a western extension of the Bone Basin, is filled with 3000 metres
of clastics and reefal limestones. Most of the reefs drilled onshore by BP were found gas
bearing. Some others exist in shallow offshore, also along north-south trends.

In the deeper part of the basin, sedimentation can be expected as dominant clastics with
rare carbonates. Shales are probably plentiful in the Neogene-Pleistocene sequence of the Bone
Basin. The geothermal gradient in the offshore BBA-1X well is rather low, only 1.0°F/100
ft. The only well drilled in the northern part of the Bone Basin penetrated about 3000 metres
of Miocene-Pliocene clastic sediments without reaching the basement.

Buton Basins

Small basins, partly extending onshore are present in the vicinity of Buton and adjacent
islands. The one, located in shallow offshore between Muna and Buton Islands contains up
to 3.0 secs of sediments. The others do not exceed 2.0 secs in thickness.

Overlying a high disturbed Mesozoic and Paleogene series, the Late Miocene consists of
the clastic Tondo beds and of the Sampolakosa dolomitic limestones. These two formations
are also involved in the tectonic process and show prominent SSW-NNE folds.

According to the wells drilled on the onshore basin margins, reservoirs, are scarce, but
numerous oil shows were recorded. The oil likely originated in the Triassic sediments and
migrated vertically along fault planes.

Manoui-Salabangka and Banggai Basins

These basins, of moderately small size, are all located on the eastern front of the tectonic
melange of eastern Sulawesi.

From seismic data it can be said that the cumulative thickness of sediments tends to get
thinner towards the deep offshore. Correlation of the offshore seismic data with the surface
geology enable the following observations:

—the lowest horizon could correspond to a Mesozoic series.

—Paleogene carbonates are likely represented by the band of strong low frequency and

continuous horizons. They show features of compressional deformations.

—Miocene molasse series, about 1.5 secs thick, are characterized by progradational features,
somewhat transparent in character and having discontinuous reflections, where tectonic
deformation takes place; only non coherent noise is recorded.

—a Pliocene quaternary series, overlying an angular unconformity.

Two areas of provenance could have furnished complementary type deposits:

1. Potential reservoirs in the quartzose influx yielded by the core of the Sula Spur and

Banggai archipelago of continental origin.

2. Potential source and seal rocks resulting from the erosion of mafic and ultramafic rocks

in the eastern arm of Sulawesi.

Offshore extensions of the Celebes molasse and of carbonates of the Banggai Islands also
could have provided potential reservoirs.
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Gorontalo Basin

The Gorontalo Basin has a structural configuration and a type of infilling largely similar
to that of the Bone Basin. However, carbonates are barely developed onshore and sediments
in the basin are probably mostly clastics with both volcanic and quartzose derived elements.

The limits of the basin are not distinct and correspond only locally to some faults. In
places the basin extends onshore, as in the Poso Graben, a southern prolongation of the
Tomini Bay depocentre, filled by molasse type deposits. Elsewhere turbidites are likely to
be the predominant deposits with subordinate small size deltaic features (Fig. 4).

The northwest part of the section in Figure 4 shows a deep horizon exhibiting diffraction
patterns which can be correlated to the top of the metamorphic series. These series are overlain
by a thin Plio-Quaternary section which is mostly composed of clastic sediments, but locally
carbonates could have developed. Further southeast, rapid subsidence is evidenced by a thick
section, limited to the northwest by a set of normal faults. In the vicinity of these faults,
reflections show wedge shaped sequences, thinning towards the centre of the basin. In general
the interval velocities decrease towards the southeast.

Minahasa Basin

Largely in deep water, the Minahasa Basin is still poorly known. The deposits are up to
2.5 secs (TWT) thick, but they thin out drastically in the shallow water zone along the nor-
thern arm of Sulawesi.

DEEP-SEA BASINS OF THE BANDA ARC REGION

Sawu basin

The fore-arc Sawu Basin lies in 3000 m of water and a maximm 3.0 secs (TWT) to acoustic
basement is recorded. This reflector corresponds to the envelope of a severely tectonized series,
which locally exhibits short segments of reflectors. The only well drilled in this basin in a
marginal position intersected a non-clastic interval (globigerina marls and pelagic limestones).
The absence of potential reservoir can be explained by the lack of siliceous material in the
Sawu Island outcrops. The lithology to be expected in the basin is probably rich in volcaniclastics
whose material is originated from the volcanic arc. Quartzose components could also have
been supplied from Sumba and Timor. Argillaceous sediments are another important part
of the Tertiary sequence as known in similar basins.

Prominent tectonic features have been observed in the Sawu Basin. A regional NE-SW
fault limits the thick deposits to the south. The reverse thrusting movement of the principal
fault is confirmed by the presence of a narrow fold 5 kms away and parallel to it. This
fault and fold may be the trace of the Benioff subduction zone running betwen the non-
volcanic Banda Arc and the volcanic arc islands. Compressional stress could have resulted
in the formaiton of prospective structural traps.

South Timor and Seram Basins

Numerous small basins to the south of Timor Island and several others north-northeast
of Seram Islands should be considered. Although lying mainly in shallow waters or even on-
shore they also have deep offshore extensions. Valuable information is gained from the study
of extensive seismic surveys and wells in the shallower water and onshore areas.

In Timor, thick marine sediments were deposited in Late Tertiary times, just after or even
concomittant with the emplacement, by gravity sliding, of allochtonous units (Bobonaro clays).
They consist of bathyal deposits covered in turn by molasse-type sediments and attain 2000
m in thickness, which is quite appreciable compared to the equivalent deposits over the nor-
thwest shelf of Australia.

The occurrences of nappes and of thick deposits imply the presence of high topography
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located to the north. The lithologies encountered are, from base to top:

—Deep carbonate ooze made of planktonic foraminiferal tests, up to several hundreds of

metres thick.
—Globigerina marls which also reach several hundreds of metres in thickness.
—Clastic deposits of turbiditic origin, characterized by graded bedding and slump struc-
tures. Deposition ended with estuarine nearshore material.

The same type of deposits occur in the northern part of the island of Seram. In the Bula
oil field, coral reefs are associated with sand bars and both are hydrocarbon producers.

A number of medium size depocenters have been identified, generally bounded by a
synsedimentary fault (growth-fault), downthrown towards the sea (Fig. 6). The strata are dipp-
ing towards the faults where they reach the maximum thickness and could result in some
roll-over features. On the opposite flank of the basin there is progressive onlap onto the
basement with draping over paleohighs. The thinning of sequences in the direction could be
conducive to the formation up-dip of stratigraphic traps. Small suspended sedimentary basins
are found further down the slope on the imbricate wedge where a slight slope reversal allows
accumulation of the deposits. They generally consist of deep water Plio-Pleistocene oozes ac-
cumulatd over a limited thickness and then deformed by the progressive motion of the wedge.
Most of them are slumped, contorted and chaotic beds not considered to be valuable objectives.

In the trough itself, in front of the imbrication, strongly deformed sediments pass pro-
gressively to layered deposits of a similar deep-water carbonate nature, but the bedding of
which has been preserved from tectonic deformation on the continental shelf.

Tukang Besi Basin

Of a large areal extent, but with 2.0 secs of sediments utmost, The Tukang Besi Basin
lies south of the Tukang Besi Islands, in water depths attaining 3000 to 4000 m. The basin
is bounded on the south by a reverse south-dipping fault and extends eastwards to the Banda
Sea Basins. Clastics deposits, provided by erosion of igneous and metamorphic rocks on Tukang
Basi Islands, are likely in its northern flank while its southern part is probably filled with
oceanic-type sediments locally associated with volcanic rocks.

Tanimbar-Weber Basins

The same geological setting as that of the Sawu Basin, is encountered in the Tanimbar
and Weber depocentres. But in contrast to the Sawu Basin, they are not bordered by emerged
lands, particularly the deep-seca Weber Trough. There, the lithological column should consist
of oceanic-type ooze and radiolarian cherts and might lack clastic material, as suggested by
their absence on Jamdena Island.

The great water depth in the Tanimbar Basin and even deeper in the Weber Trough are
major deterents to exploration at this time.

Buru Island Basins

Two depocenters are evidenced west and south of Buru Island; they are closely related
to the location of the island indicating that the emerged land is the major source of erosin
products (silicatic and carbonatic material). The thickness of sediments is not more than 1.0
secs (TWT) for the western basin but in the southern basin the section is up to 1.5 secs
thick, and controlled by east-west striking faults on both the north and south flanks of the basin.

Late Tertiary transgression started with reef limestones south of the island but they pro-
bably do not extend far in the present offshore area. The infill of the southern basin is likely
to consist both of volcaniclastics as known on the island of Ambelan and of non volcaniclastics
and limestones also described onshore.
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DEEP-SEA BASINS OF THE MOLUCCA REGION

North and South Sula Basins

The North Sula Basin is abruptly terminated to the north by the thrust of the Molucca
Sea collision complex. This is small depocenter with only about 1.0 sec of sediments.

A strong reflection corresponding to the basement can be traced approaching deep waters
(Fig. 5). Correlating with the surface geology, the series above the basement could be Jurassic
overlain by Plio-Quaternary sediments. The block-faulting style can be compared with the
westernmost part of the Arafura Platform (Irian Jaya).

The South Sula Basin is markedly larger and reaches 2.0 secs in thickness of deposits. It
is separated from Sula Island by a regional east-west fault having more than 1.0 sec of throw,
creating a prominent escarpment on the sea floor.

Thus, most of the depocenter is lying in deep waters (1000-3000 m). The infilling
sediments are likely to be predominantly quartzose material as a large part of the island is
made of metamorphic and granitic rocks. The structural deformation, not known in detail,
can include fault blocks and drag-folds related to vertical and lateral movements of the main
fault.

South and North Obi Basins

They have, respectively, an east-west and a north-south orientation and show an elongated
shape in water depths usually greater than 1000 m. The southern basin is bordered to the
west by Obi Island which exhibits large exposures of metamorphic rocks, possible source of
siliceous material. The west margin of the northern basin is severely overthrusted by the Molucca
Sea collision complex. Thicknesses are up to 1.5 secs (TWT) and sediments consist mainly
of volcanics and volcaniclastic products with a possible limestones lateral equivalent.

North and South Halmahera Basins

Their geological situation as outer-arc basins is comparable to that of the Gorontalo or
Bone Basins and confirm the similarities between Sulawesi and Halmahera Islands. With a
2.0 secs (TWT) thickness of deposits below water up to 2000 m deep, the two basins are
mainly different in the areal extent, the southern one being about twice as large. Its rhom-
boidal shape suggests a possible stretching of the deep crust. The type of lithology will be
influenced both by the ophiolites and melange of the eastern arm and by the volcanics of
the western arm. However, most of the outcrops are consituted by the Mio-Pliocene Tingtong
and Weda formations of sedimentary origin.

Structural features exposed on land sometimes can be traced to the offshore.

The deepest strong reflector, corresponding to the top of Mio-Pliocene carbonates illustrates
the lateral variation of facies - a carbonate reefal shelf to the southeast with its corresponding
basinal area to the northwest. Above this reflector the whole section can be interpreted as
fine clastic sequences of Plio-Quaternary age.

East Halmahera Basin

Widespread ultrabasic rocks and Tertiary limestones, sands and shales constitute the source
for the infill of the East Halmahera Basin. With approximately 2.0 secs (TWT) thickness
of sediments this basin lies partly in moderate water depth. Seismic data suggests the presence
of Mio-Pliocene carbonates and of a Plio-Quaternary fine grained clastic series. All these
sediments are locally affected by compressional tectonics, exhibiting asymmetrical anticlines.
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DEEP-SEA BASINS IN IRIAN JAYA REGION

Salawati Deep

Elongated in a NE-SW direction, it lies south of the Sorong Fault Zone, from Misool
to Salawati Island, in water depths between 100 and 1000 m. The total sedimentary thickness
over the presumed Permian or older basement rocks reaches 4.5 secs (TWT). Lithology is
mainly represented by open marine influenced marls of the Klasafet formation of Upper Miocene
age, a lateral equivalent of the Kais carbonates present eastward on the Ajamaru Shelf of
Irian Jaya. Coarser detritus are present in the upper part of the section in the molasse-type
Klasaman Formation and basal sands are possible along the Sorong Fault, equivalent to the
Sirga Formation known to exist in the onshore extension of the basin.

Rich total organic carbon percentages are reported in the basinal shales whose degree of
maturity attains that of oil generation. They have provided the oil trapped in the onshore
Salawati fields and migration is still active (oil seeps). Numerous shale diapirs created domal-
shaped structures or, more commonly, elongated anticlines often bounded by faults parallel
to the Sorong Fault Zone. Turtle-back features with potential as traps are also present.

Kepala Burung Foredeep

In the Kepala Burung foredeep, plunging southwards to the Seram Trough, thick Mesozoic
and Tertiary series are potential objectives for exploration (Fig. 6). The existence of sands
and sealing rocks in a predominantly carbonate environment, is expected.

Strongly eroded on the onshore or shallow water Misool-Onin Kumawa ridge, the series
are thought to be complete in the prominent structures present on the slope in a foredeep
position. Water depths do not exceed 500 m south of Onin and about 1000 m between Misool
and Onin.

Aru Trough

The large Arafura Platform on the east plunges to the Aru Trough by successive step-faults
(Fig. 7). A very recent age is inferred for the formation of the Aru Trough as no thickness
of the Mesozoic and Tertiary series up to late Neogene is observed on seismic sections. During
Plio-Pleistocene times, very thick sediments, as much as 4.0 secs thick, accumulated in the trough.

Beyond the 200 m bathymetric contour, Mesozoic and Tertiary are still accessible and pro-
spective in the areas where block-faulting is developed and provides traps. The objectives
are mainly the clastics of the Kembelangan Formation and the Tertiary carbonates. Recent
Tertiary deposits should be considered as they can either generate hydrocarbons in the deepest
part of the trough or trap petroleum migrating from the underlying formations.

South Arafura Foredeep

To the south of Tanimbar Island a triangular shaped area lying in water depths between
200 and 1000 m can be considered as the prolongation of the Calder Graben in the Australian
waters. There, Cenozoic and Cretaceous sediments gradually thicken northwestward from a
shelf area to a more basinal region. Simultaneously, the older Mesozoic beds abruptly thicken
onto the so-called Calder Graben northwest of a SW-NE structural feature interpreted as
a hinge-zone. In this entirely marine section Jurassic and Cretaceous reservoirs are possible
objectives.

Offshore Waipoga-Cendrawashih Bay

From shallow offshore and onshore data the prospective series are represented by the Makats
and Mamberamo Formations of Middle Miocene to Recent age. They consist of a dominantly
shaly sequence with intercalations of coarser clastics better developed in the southern part
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of the bay where they were sourced partly from quartzose rocks. The total sediment thickness
above economic basement reaches 4.5 secs in the shallow water offshore Waipoga Plains area
but they are still 3.0 secs thick in the Cendrawasih Bay north of Nabire.

The water depth is less than 1000 m in the southern part of the bay where shale diapiric
structures are likely to exist together with other tectonic deformation in the area close to
the Central Range.

Deep Waropen-Jayapura Basins

Depocentres down to 2.5 secs below sea bottom exist in the deep offshore area where flat-
lying sediments overlying the oceanic crust are interpreted to be Oligocene to younger in age
(Hamilton, 1978). They are sharply bounded to the south by south-dipping reverse faults cor-
responding to a possible trace of a Benioff subduction plane where the Pacific crust plunges
beneath continental Irian Jaya.

GENERAL CHARACTERISTICS OF THE DEEO-SEA BASINS

The estimate of the thickness of sedimentary infilling of basins, the interpretation of tec-
tonic deformation can generally be determined with reasonably certainty from seismic record
sections.*

The lithology of the deposits and their depositional environment can be inferred from the
nature and distance of the emerged lands. But some parameters are still unpredictable without
direct information. These are, for example, the age of the deposits or their organic content,
the knowledge of which will be much improved when a few deep-sea (DSDP) wells are drilled
in the Banda Sea or the Makassar Strait.

Very distinct and different characteristics are predicted for basins located far from emerged
lands in contrast with characteristics of basins bounded to the presently positive areas with,
occasionally, an onshore extension.

Recent Basins, Marginal to Energed Lands
1. The collison process resulted in the creation of positive areas, generally partly or totally
emerged like the dual volcanic and nonvolcanic arcs of Indonesia. Consequently to the
major uplift in Late Neogene to Recent time, erosion and sedimentation were very ac-
tive and participate in the creation of numerous basinal areas in the fore-arc, trench
or occasionally back arc situation.

The characteistics of these basinal areas are as follows:

—They are depocenters with an axis parallel to the emerged land. Examples: Men-
tawai Basin, Timor Basin.

—They are relatively narrow depressions, whose lenghth corresponds strictly to the
extent of the emerged land. It is evident that the influx of erosional products into
the subsiding basins were directly supplied by emerged land. Examples: Buru Basin,
North Sula Basin.

—Margins of the bounding positive areas are abrupt, occasionally faulted flexures
on one side of the basin. Those faults have generally acted as synsedimentary
movements (e.g. Mentawai Basin bounded by faults on its southern flank). In this

*Remarks
Wherever seismic detection of acoustic basement is not evident, it is possible due to:

—lack of contrast in acoustic impedance between basement and overlying sediments.

—seismic survey field parameters and energy sources suitable only to oil exploration on continental
shelves. Therefore, in some areas of deeper waters and considerable thickness of sediments, the deepest
reflectors are neither sensitive to velocity variations nor have enough energy to be enhanced by stacking.

—deepest reflectors badly overtaken by coherent and/or non-coherent noise, in the case of single fold data.
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case the thickness distribution of the depositis will be strictly controlled by the

faults giving an asymmetrical cross section with the axis of the basin closer to

the faulted flank. Thus, the thicker sedimentary section is not necessarily located
on the flank closer to the source of material.

—Where they are rimmed by faults on two sides, the basins can be grabenlike depres-
sions. Example: South Buru Basin. The thicknesses of the deposits are moderate
to substantial in the case of basins bounded by relatively high emerged lands.
Example: Sawu Basin with more than 3.0 secs (TWT) of sediments. The thickness
is less when the basins are located close to land of small areal extent. Example:
Buru or Tanimbar Basins with only 1.5 secs of depositis.

—Lithology of the sediments can be expected as:

+ Dominantly clastics. However, deltaic formations would be restricted, sonsider-
ing the small size of rivers on narrow positive lands (except Kalimantan with
the Mahakam delta). Location of present rivers can, in certain cases give indica-
tions of slight build-up of fans or deltaic deposits in the late Neogene-Pleistocene.
But turbidites and molasse-type deposits are expected to be dominant, both
sediments are known to be common in furrows along orogenic belts.
Quartzose clastics and volcaniclastics constitute part of the erosional products
depending on the rocks in the onshore provenance; their relative proportion
can be predictable. Fine grained material, of volcanic origin, is obviously predomi-
nant on both sides of the volcanic arcs.

Rare carbonates
In addition to the lithospheric plate collision process, tensional features can contribute
to the creation of a subcategory known as the rhombochasm. Their characteristics are:
a distinct elongated geometric shape of broad basinal area bounded by land on two
sides, with thick deposits resulting from an intense subsidence related to the tensional
movements.

The thickness of deposits exceeds 3.0 secs in the Bone Basin and 4.0 secs in the South
Makassar Basin, where the distribution indicates mainly symmetrical basins. There basins are
interpreted by some authors as underlain by oceanic crust.

Basins Isolated from Positive Lands

These basins do not necessarily have a distinctive shape: in particular they lack an axial
depocentre parallel to an emerged land.

They can be divided in two subcategories:

1.

Above oceanic crust.

Their characteristics are as follows:

—These basins appear where clearly defined depocentres with axes parallel to emerg-
ed land, flatter out and lose their shape. Example: South of Seram, South of Sula,
Tukang Besi Basins.

—The thickness and lithology of the deposits are both related to the distance to the
land area but the thickness of sediments is reduced comparatively to those describ-
ed above.

—Deep-sea deposition includes ooze, pink to red calcilutites and radiolarian cherts,
frequently deposited only as a thin veneer above oceanic crust. This contrasts with
the sedimentation rich in clays and sands in depocentres near to emerged lands.
Example: this is the typical case in the Banda Sea Basins.

Above continental crust shelf.

Their main characteristic is that these basins normally correspond to a portion of

continental shelf that has been foundered (Bali Basin, Tarakan Basin) or is being sub-
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ducted (Arafura Fore deep of Kepala Burung Fore deep). Consequently, older sediments
are found without prominent angular unconformity below the recent deposits.

The complete Tertiary section can be found on the Asiatic continental shelf (Makassar Basins)
and further east, on the margins of the Australian continent. Mesozoic and occasionally some
Paleozoic also are present in the sedimentary section. Early sedimentation was in a shelf to
slope environment without any characteristics of oceanic deposits. In some cases, massive
deeply buried clay deposits could have originated or shale diapirism activated by lateral faulting.
Example: South Makassar Triangle area, Salawati Deep Basin. An alternative of this con-
figuration is the formation of a rift-like feature over a shelf. Beginning only in the Tertiary,
subsidence is contemporaneous with severe tensional faulting on the margins of the depression
and is accompanied by rapid sinking of the sea bottom. Example: Aru trough.

PETROLEUM POTENTIAL OF THE DEEP SEA BASINS

Documented only by essentially reconnaissance surveys and drilled only in a few marginal
locations, the deep-sea basins remain insufficiently known to assess, satisfactorily, their petroleum
potential; comments on hydrocarbon prospects, should generally be considered speculative.
In spite of their large size and substantial important thickness of sediments which is favourable
to their theoretical potential, only very recently have they been regarded as worth exploration.
The areas to be given priority consideration are, obviously, the basins, or parts of the basins,
lying in 200 m to 2000 m of water depth. They represent about one third of the total area.
Considering this large area, further selectivity can be exercised on the basis of the expected
presence of potential reservoirs, source rocks and traps in those moderately deep water areas.

Potential Reservoirs in Clastic Series

The potential of these basins in terms of reservoir is related to the sand percentage in sediments
frequently rich in claystones, as well as the proportion of quartzose material vs generally
argillaceous volcaniclastics. High sand percentages are to be expected close to emerged lands
in the molasse series or littoral type deposits (bar sand, channel fill, etc.). Less strictly related
to the proximity of land are transgressive sands, turbidites and deltaic series, the latter being
rather restricted due to the limited size of rivers on narrow islands.

Turbidites and molasse sediments are present and more frequent in deep furrows along
orogenic belts. Argillaceous martix or beds are unpredictable in amount, but outer-arc basins
are examples of largely claystone deposition. Clastic material is likely to by found more fine
grained towards the depocenter of the basins. The geometry of the sand bodies is complex.
They have appreciable thickness although of generally small lateral extent.

Potential Reservoirs in Carbonates

Basal carbonates, deposited on basement highs, are frequently observed on seismic sections
and locally could be interpreted as reefal in origin (example: South Halmahera Basin). Other
reefal facies occur frequently in the more recent series (Pliocene, Pleistocene) on the margins
of the basins, sometime in the presence of overlying and surrounding seal-rocks.

In deep-sea basins, carbonates are expected to be rare and subordinate to clastic series,
except in basins overlying oceanic crust, where deposition is in the form of carbonate ooze,
calcilutites and radiolarian cherts.

The two latter deposits are unlikely to present encouraging reservoir properties; some car-
bonate ooze intervals have been found porous in DSPD 262 in the Timor Trough.

Source Rock Potential
Organic carbon content and degree of maturation of this organic matter are the two main
parameters controlling the potential for generation of hydrocarbons. Both parameters should
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be measured on rock samples, but very few wells have been drilled in Indonesian waters deeper
than 200 m, and none for scientific purposes, therefore only speculative ideas can be presented.
The great volume of sediments deposited, the high proportion of argillaceous material, and
the predominant marine environment are favorable for the presence of an adequate type of
organic matter. In some ‘‘privileged’’ continental crust or along continental margins where
high rates of deposition are recorded.

Preservations of the organic matter is effective in restricted conditions such as shallow lagoonal
or littoral waters or in the basins characterized by sea floor spreading. Conservation condi-
tions are less favorable in depocentres where oxydizing environments prevail. From measurements
carried out in other basins in the world it seems that the maturation process begins almost
immediately even in very recent sediments. Apart from methane, frequently recorded but which
does not indicate maturation processes, heavier hydrocarbons were detected in DSDP cores
in the Indian Ocean in Neogene sediments and liquid hydrocarbons in older deposits.

Generations of hydrocarbons is likely in the deep-sea basins and obviously, it would be
more effective in the basins with a high rate of burial and high geothermal gradient. The
latter type are those located in a back-arc situation where the magmas are known to well-up.
The older sediments, of continental origin underlying the recent deep-sea basin can generate
and yield hydrocarbons as the evolution of the organic matter is known to be at the mature
to overmature stage.

Potential Traps (Fig. 8)

Most of the infill of deep-sea basins consists of recent to very recent sediments as the basins
are controlled by recent tectonics, often still active. The paroxymal tectonic event took place
late middle Miocene time and older sediments generally underwent strong tectonic deforma-
tion. In the case of the melange or of the imbricate wedge they are often lumped into the
economic basement. Principal structural features to be seen are thrust faults and even nappes
along the collision zone (Timor), lateral shear faults controlling the subsiding zones and boun-
ding the basins (South Sula Basin), and step faulting or block faulting in the foredeeps. They
are generally of large amplitude, but they are found in a not-too-intense fracture environment.

In the post-middle Miocene sediments, sometimes called post tectonic for convenience, struc-
tural deformation occurred, but to a much lesser degree. Some large and regional fault zones
have been rejuvenated up to the present and are even visible on the sea floor (Sula Basin).
Anticlines resulting from simple compression (Kepala Burung foredeep) or drag folds created
along wrench faults (Spermonde Basin) are known in the recent series in most of the basins.
Even some overthrusts are present (south border of Sawu Basin). Other traps are controlled
by the pre-middle Miocene structural configuration. They are basement highs with draping,
or roll-over along growth faults, often rooted in the underlying series. In these recent series,
traps related to deep-seated fault complexes and other structural traps can be considered as
favorable for large accumulations. Shale diapirs also constitute interesting potential traps where
they created domal structures or traps related to secondary features like turtle bakcs.

The presence of reefs, although localized on subtle highs, is mainly controlled by the water-
depth and restricted to the basin margins. Stratigraphic traps are likely as the turbiditic en-
vironment corresponds to a very complex arrangement of sand bodies, but delineation of
these would be difficult, particularly as the general tendency is for shalingout in the down-dip
direction.

CONCLUSION

Except in basins related to an extremely complex melange or in case of extensive volcaniclastic
deposits, objectives of exploration do exist in deep-sea basins. From the reconnaissance data
presently available, the deep-sea basins seem to provide the basic ingredients for generation,
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migration and accumulation of hydrocarbons.

In zones between 200 m and 1000 m of water depth, exploration has already started, and
much more effort needs to be devoted to this area. Technology is available, which overcomes
the logistic contraints of the moderate deep-sea basins. For the longer term period, in water
depths greater than 1000 m, the risks and hazards of exploration must be weighed against
the potentially favourable geological characteristics of the vast frontier deep-sea basins.

In the future, when intense exploration of the deep-sea basins is undertaken, the new infor-
mation will hopefully unlock many secrets and help to solve the geological puzzle of the numerous
islands and seas making up the Indonesian Archipelago.
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Preliminary Report on Characteristics of
Coal in Some Continental and Island Arc
Region

Keizo Fuiil
Geological Survey of Japan, Tsukuba, Japan
ABSTRACT

Interpretation of the coal petrographic results assists preliminary geological and economical
evaluation of coal deposits. An attempt is made to infer the coal-forming environment by utilization
of coal petrological analyses and to make comparison of coal petrographic analyses with ultimate
and proximate analyses throughout the island arc region including Japan, Indonesia and Philip-
pines and continental region including USA, Canada and Australia.

As a result, upper Permian Australian coal was formed under dry conditions or lower
water table, and characterized by lower calorific value, volatile matter content and H/C atomic
ratio. On the other hand, Pennsylvanian American and Canadian coals were formed under
comparatively dry conditions or high water table, and characterized by medium calorific value,
volatile matter content and H/C atomic ratio.

Tertiary coals of Australia were formed under little more wet conditions or somewhat higher
water table than the upper Permian ones. They show nearly the same properties as the Penn-
sylvanian North American type within same coal rank. However, Paleogene coals of North
America were formed under little more dry conditions than the Pennsylvanian ones. They show
nearly the same properties as the Pennsylvanian North American type within same coal rank.

On the other hand, Tertiary coals of the island arcs are quite different from those of
both Australia and North America. They were formed under more wet conditions or higher
water table, characterized by higher calorific value, volatile matter content and H/C atomic ratio.

INTRODUCTION

During the last few decades, coal petrology, coal science and coal technology developed
into independent branches of coal research with both scientific and practical significance. One
of the major discovery of coal petrology was that all coals were composed of three major
maceral groups. They are vitrinite, exinite and inertinite groups. These groups differ distinc-
tively in both physical properties and chemical composition.

Vitrinite group is the coalification products of humic substances. They are derived essential-
ly from the lignin and cellulose of cell wall. This group is characterized by relatively high
contents of aromatic and aliphatic compounds and oxygen. Consequently, vitrinite group is
relatively high in volatile matter content and calorific value.

Exinite group is derived from plant remains with relatively high hydrogen content such
as sporopollenin, resin, waxes and fats. They are distinguished by higher contents of aliphatic
fraction. Consequently, this group is higher in volatile matter content, calorific value and
hydrogen content.

Inertinite group is mostly derived from the same original plant substances as vitrinite, but
most of the macerals experience a different primary decomposition process. This group is
characterized by relatively high carbon, very low hydrogen contents and very high level of
aromatization. Consequently, inertinite group is characterized by lower volatile matter content
and calorific value.

Special attention should be paid to degradinite. Degradinite is not classified as independent
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Fig. 1. Relation between dominant maceral type and relative level of water table.

maceral, but it is considered to be a variety of the vitrinite group (STACH ef al., 1982).
Degradinite is finely dispersed and characterized by low reflectivity, colorful fluorescence,
higher H/C atomic ratio, higher alkane content, higher calorific value and volatile matter
content compared with other vitrinite macerals. It would be logical to classify degradinite
in the exinite group rather than to the vitrinite group (Fuiil ef al., 1978; Fulll et al., 1982).

In this paper the writer will treat degradinite as a variety of macerals of exinite group
such as liptodetrinite.

In addition to these chemical properties, it has been pointed out that certain macerals of
maceral groups are related to the depositional environment, particularly the water depth which
governs the condition for the preservation or existence of original plant substances (TASCH,
1960; TEICHMULLER, 1962; HAQUEBARD ef al., 1967; SMYTH, 1970; SHIBAOKA and SMYTH,
1975; SPACKMAN et al., 1976; STRAUS et al., 1976; MARCHIONI, 1980; SMYTH and CAMERON,
1982; STACH et al., 1982).

The relation between dominant maceral type and the relative level of water table can be
reconstructed as shown in Figure 1 on the basis of the depositional sites of various type of
maceral inferred by TEICHMULLER (1962) and STACH et al. (1982), and study of recent peat
deposits by STYAN and BUSTIN (1983).

During various geologic periods, it is expected that each region had unique coal-forming
environment. These differences of environment are reflected on the coal properties.

During the Carboniferous period, significant coking coal seams were formed in North America
and Eurasia, but not in Australia. During the Permian period, important coking bituminous
coal basins were formed throughout Gondowanaland. Mesozoic coals were deposited within
each continent in smaller and fewer basins than during the Paleozoic. Significant brown coal
and sub-bituminous coal seams of Tertiary period were formed in North America, Australia,
Europe and the island arc. Especially, throughout the island arc systems of the West Pacific
region such as Japan, Philippines and Indonesia, bituminous coal was mostly formed in
Paleogene and brown coal was formed in Neogene.

Based on these facts, this work is an attempt to reconstruct the coal-forming environment
and to clarify the relationship between maceral composition and coal properties. It is intended
that these results will provide the basis for comparing the characteristcs of island arc coals
including Japan, Philippines and Indonesia with those of continental coals including USA,
Canada and Australia,

RELATIONSHIP BETWEEN COAL PETROGRAPHY AND COAL PROPERTIES

The auther has studied the Tertiary coals of the island arc system including Japan,
Indonesia and Philippines. Also during the past few decades, research on Paleozoic and Ter-
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tiary materials was mainly carried out in USA, Canada and Australia (SWARTZMAN, 1953;
HACQUEBARD et al., 1967; SMYTH, 1970; SHIBAOKA and SMYTH, 1975; GIVEN ef al., 1975;
TRrRAVES and KING, 1975; GuyoT and CUDMORE, 1975; SPACKMAN et al., 1976; DAVIS et al.,
1976; MITCHELL et al., 1977; GIVEN ef al., 1980; MARCHIONI, 1980; FLEMING, 1982; SAPPAL,
1982 and CHAO et al., 1982).

MACERAL COMPOSITION AND COAL-FORMING ENVIRONMENT

The results of maceral analyses are plotted on ternary diagram, vitrinite, exinite and iner-
tinite, as shown in Figure 2.

There is a definite separation of areas for the continental and island arc coals. Also, concer-
ning continental coals, there is a reasonable degree of separation of the area between Penn-
sylvanian North American and upper Permian Australian coals with area of overlap at the
extremities as was partly pointed out by STRAUSS ef al. (1976).

But the area of maceral composition of Tertiary brown coals in North America and Australia
is included in the area of the Paleozoic coals in North America.

In the light of the maceral composition, the coal-forming environment can be reconstructed
as follows. Maceral composition of the upper Permian Australian coals which are rich in
inertinite and very poor in exinite indicates that these coals were formed under dry conditions
or low water table (SHIBAOKA and SMYTH, 1975; STRAUSS ef al., 1976; STACH ef al., 1982).

The Pennsylvanian coals in USA and Canada are characterized by lower content of iner-
tinite and higher content of virtinite with some amount of exinite (KULWEIN and HOFFMAN,
1952 in STACH et al., 1982). The coals were formed under higher water table or rather wet
conditions compared with the conditions of the upper Permian coals in Australia.

Tertiary brown coals in Australia have higher vitrinite content and lower inertinite content
than upper Permian coals. This indicates that the Tertiary coals were formed under wetter
conditions or higher water table than the upper Permian coals. Paleogene coals of North
America are characterized by the lower exinite content than the Pennsylvanian coals. This
indicates that the Paleogene coals were formed under drier conditions or lower water table
than the Pennsylvanian material.

On the other hand, Tertiary coals in island arc are characterized by the highest vitrinite

VITRINITE

Tertiary coals of
island arc

Q Tertiary coals of
N

Australia
U ~tssiccanase
AR
Ll

EXINITE INERTINITE

Fig. 2. Maceral composition of coal in island arc region and continental region.
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content with some degradinite or exinite and extremely small amount of inertinite. In terms
of coal-forming environment, such coals were formed under very wet conditions or high water
table.

MACERAL COMPOSITION AND CHEMICAL PROPERTIES

The relationship between maceral composition and two coal properties of practical impor-
tance, i.e., volatile matter content and calorific value, is given first because they are important
parameters for coal classification by dry-ash free basis. Thus, it is convenient to use volatile
matter content versus calorific value diagram for comparison of coal properties.

Usually the volatile matter content decreases with increasing coal rank, in other words,
increasing vitrinite reflectance. But the calorific value increases with increasing coal rank
(STACH et al., 1982).

In volatile matter content versus calorific value diagram as shown in Figure 3, the theoretical
path of change of both volatile matter content and calorific value of coals crosses virtinite
reflectance lines diagonally from the bottom of the left to the top of right during the advance
of coalification. Coals of the same coal rank are along or parallel to a constant vitrinite
reflectance line.
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Fig. 3. Coal properties of island arc region and continental region.
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First of all, there are five recognozable groups which are well separated from each other
with some areas of overlap (Fig. 3).

Among coals with the same rank, the upper Permian coals in Australia have the lowest
volatile matter content and calorific value because their maceral composition is characterized
by higher inertinite content. On the other hand, island arc coals have the highest volatile
matter content and calorific value which reflect the larger amount of degradinite or exinite.
Pennsylvanian American and Canadian coals have intermediate volatile matter content and
calorific value due to the higher vitrinite and lower inertinite contents.

Paleogene North American coals show the same tendency as the Pennsylvanian coals, but
the area of Tertiary coals in Figure 3 partly overlaps that of the Pennsylvanian coals. Also
the calorific value and volatile matter content of Pennsylvanian and the upper Permian Australian
coals partly overlap in the above diagram. This reflects the fact that maceral composition
of the Pennsylvanian coals partly overlaps the upper Permian Australian coals area.

RELATIONSHIP BETWEEN MACERAL ANALYSES AND CHEMICAL PROPERTIES

A very simple and rapid method for clarifying the chemical reaction during coalification
is to use H/C-O/C atomic ratio diagram. This plot was first used by van Krevelen (1961)
to characterize coals and their coalification paths.

In this diagram (Fig. 4), five groups are recognizable. The upper Permian Australian coals
are characterized by lower H/C atomic ratio due to the higher inertinite content. On the
hand, Pennsylvanian North American coals are characterized by intermediate H/C atomic
ratio due to the mixture of vitrinite and inertinite with smaller amount of exinite.

Island arc coals are characterized by the highest H/C atomic ratio due to the largest amount
of vitrinite and some degradinite or exinite. Brown coals of both North America and Australia
are chemically similar to the Pennsylvanian North American coals due to their similar maceral
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Fig. 4. Chemical properties of coal of various ages in island arc region and continental region.



168 Report of Geological Survey of Japan, No. 263

composition, but advanced coalification of the Pennsylvanian coals compared with the brown
coals results in a slight decrease of H/C and a marked decrease of O/C atomic ratios.

SUMMARY AND CONCLUSION

Maceral or maceral group is closely related to the coal-forming environment and has its
own specific chemical and physical properties.

The result of maceral analyses were examined to reconstruct the coal-forming environment
and to compare the maceral composition with coal properties throughout the island arc region
including Japan, Indonesia and Philippines, and the continental region including USA, Canada
and Australia,

The upper Permian Australian coals are rich in inertinite and very poor in exinite. This
indicates that they were formed under dry conditions or in areas of lower water table. This
accounts for the lower calorific value, volatile matter content and H/C atomic ratio.

The Pennsylvanian American and Canadian coals are lower in inertinite and higher in vitrinite
content with some exinite. This indicates that they were formed in areas with higher water
table or under rather wet conditions which accounts for intermediate calorific value, volatile
matter content and H/C atomic ratio.

Tertiary brown coals in USA, Canada and Australia are higher in vitrinite and lower in
inertinite content. This indicates that they were formed under slightly wetter conditions or
in areas of higher water table than the upper Permian Australian coals. This accounts for
nearly the same coal properties as the Pennsylvanian North American coals.

The Tertiary coals of island arcs have the highest vitrinite content and are extremely poor
in inertinite. This shows that they were formed under wet conditions or in areas of higher
water table and accounts for higher calorific value, volatile matter content and H/C atomic ratio.

As for areas of future research it will be very important to clarify the physical and chemical
properties, and genesis of degradinite. Degradinite has not been internationally classified as
an independent maceral. It has been considered to be peculiar to the Japanese coals, but
it was discovered in the Philippines and Indonesian coals.

As is evident from the preceding discussion, the Japanese coals shows higher calorific value
and volatile matter content due to the comparatively high content of degradinite which is
chemically and physically close to the exinite group (Fuill et al., 1978; Fuiu et al., 1982).
Whereas genesis of degradinite has not been clarified.

Thus, it is considered that the study of the relationship between maceral composition and
coal properties and the clarification of the properties and genesis of degradinite of the coals
of the island arc region will provide important basic data for the understanding and efficient
utilization of coal.
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in East Asia
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ABSTRACT

Classification and genesis of magnetite-series/ilmenite-series granitoids are reviewed
and applied to Mesozoic and Cenozoic granitic terranes of eastern China, southern
Korea, southern Sikhote Alin and Japanese Islands. Age of the granitic activities
becomes younger in this order from early Mesozoic to late Cenozoic.

In eastern China, the main granitoids of the Yanshanian cycle (190-70 Ma) are
different regionally and tectonically. Those in the south are mostly ilmenite-series
in the Caledonian folded zone but are largely magnetite-series in the coastal fracture
zone. Related magmatic-hydrothermal ore deposits contain characteristically tungsten
and tin in the ilmenite-series granitic terranes but lead-zinc and magnetite in the
magnetite-series terranes. In the Lower Yangtze area, mafic, K-rich magnetite-series
granitoids occur locally associated with deep lineaments of N-S and E-W directions.
Characteristic mineralizations are magnetite and copper. In the north, Yanshanian
granitoids occur widely. They seem to be largely magnetite-series including K-poor
granitoids. Molybdenum is diagonostic mineralization. The Climax-type porphyry
molybdenum may be expected with subalkaline granites along the Qiling Suture. In
southern Korea, the main granitic activities and related mineralizations are similar
to those of southern China, but tin is almost absent, and tungsten and molybdenum
coexist together in the ore deposits. Unilateral variation across the major granitic
terranes in these continental margin environments appears to be not as clear as that
observed in island arc environment.

In southern Sikhote Alin, the magmatism reveals narrow zoning of magnetite-
series/ilmenite-series granitoids and has similarity of island arc setting. Tungsten
disappears and subvolcanic tin deposits are present. In the Japanese Islands, magnetite-
series/ilmenite-series paired belts are clearly seen. The southwestern block has
continental but the northeastern block has intra-oceanic island arc characteritics
(ISHIHARA, 1978b). Some detailed reviewing is given to subvolcanic tin deposits of
the Akenobe-type in relation to plutonic W-Sn deposits.

Granitic magmatism of the studied region is divided into (i) Jurassic-Early
Cretaceous, (ii) Cretaceous-Paleogene, and (iii) Neogene cycles. Each set is constituted
by frontal ilmenite-series and back-arc magnetite-series granitic belts. The paired belts
are considered as characteristic products of granitic magmatism associated with
development of marginal basins. The frontal ilmenite-series granitoids are formed
under compressional tectonic setting due to oceanward migration of continental blocks.
The back-arc magnetite-series granitoids, on the other hand, are formed by deep-
seated magmas ascent through tensional fractures developed along the continental
margin of East Asia. Some of the fractured zones may be evolved to marginal basins
such as Japan Sea and East China Sea. Based on the analyses of the Mesozoic-
Cenozoic granitoids, several stages of opening can be assumed on the present marginal
basins, even on inland basins of Northeast China.

Throughout the whole region, tin-tungsten and molybdenum appear to be
heterogeneously distributed in the basement, hence the continental crust. The
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heterogeneity to meet with ilmenite-series granitic belt defines regionally Sn-W
metallogenic provinces. Molybdenum, on the other hand, seems to have diversity
of the source from the lower continental crust to the upper mantle, although a majority
are considered to be from the crust.

INTRODUCTION

Metallic ore deposits consisting of a wide range of the Archean BIF (banded iron formation)
to Quaternary sulfur and gold-silver deposits are known to occur in the vast region of East
Asia including eastern China, Korean Peninsula, Sikhote Alin and the Japanese Islands. This
region is characterized by extensive plutonism and volcanism of felsic composition of mid-
Mesozoic to Cenozoic ages, which generally become younger in age from the continent
oceanwards. Thus important mineralizations are related to the igenous activites, as shown
in Table 1.

Magmatic-hydrothermal ore deposits have shown characteristic metal variation in connection
with nearby granitoid series, as classified in terms of fO, of granitic magmas, namely magnetite-
series and ilmenite-series granitoids (ISHIHARA, 1977). In the Japanese Islands, mineral
commodities of the magnetite-series affiliation are S, Mn, Hg, Au, Cu, Pb, Zn, Mo and
magnetite, while those related to the ilmenite-series granitoids are W, Sn, Be, F, Li and pegmatite.

WANG et al. (1983) recognized two series of granitoids in the southern part of eastern China;
namely, Series I (Nanling series) consisting mainly of biotite granite accompanied by
mineralization sequence of REE—Nb, Ta (Li, Rb, Cs), Be, Sn, W, Mo, Bi, As—Cu, Zn,
Pb—Sb, Hg, U; Series II (Yangtze series) initiated with dioritic magma and ended with alkaline
granite, whereby strong concentration of porphyrite iron ores (magnetite and hematite) is followed
by Cu (Au)—»Mo (W)—Zn, Pb—Pb (Ag) mineralizations. The metals such as Mo, Cu, Pb
and Zn are described in both series. It is interesting to know of concentration factor of these
metals and also the total amout of the metals contained in given ore deposits. Besides the
quantative examination of the ore deposits, we also need to examine Fe;O3/FeO ratios and

Table 1 Type of metallic mineralizations in East Asia.

AGE E. CHINA (Gue et al. 1982) S. KOREA (Park 1987) JAPAN (Ishihara 1978b), Philippines
Au-Ag, Cu-Pb-Zn vein and porphyry
LATE types (m MT)
CENOZOIC Sn, W, Cu, Hg skarn and vein (IL)
EARLY Mo, Pb-Zn skarn and vein (f MT)

LATE  Fe-Cu skarn, porphyry (m MT) fi’M$§’ W breccia pipe W, Cu, (Sn) skarn and vein (IL)

Pb-Zn, Au skarn & vein (f MT} W, Mo, Pb-Zn skarn and Cu-Fe skarn, W-Au vein (m MT)

vein (f MT)
MESOZOIC[MIDDLE W, Sn, REE, Hg, Sb vein & Mo-(W) skarn & vein
skarn (IL) (f MT?)
Cu, Mo porphyry (f MT) Au vein (IL)
EARLY Minor Pb-Zn skarn (do.)
LATE V-Ti-Fe, Cu-Ni, Cr etec Basalt hosted Cu-Fes, (Besshi type)
{mafic rock related)
PALEOZOIC Minor porphyry Cu-Mo, Fe-Cu,

Pb-Zn skarn & Miss.Valley type

EARLY Basalt hosted(?) Cu-FeS$ Sedimentary U and V

2

Cu~-Ni (mafic rock related) BIF (hematite)
PROTEROZOIC Stratabound Cu, Pb~Zn Graphite, BIF (hematite)
ARCHEAN BIF, Algoma type

Notes: m MI', mafic magnetite series; f MT, felsic magnetite series; IL, ilmenite series
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opaque mineralogy of the granitoids in those terranes.

The study of the magnetite-series and ilmenite-series granitoids was initiated by finding of
a distinct Mo and W metal zonation parallel to the island arc in southwestern Japan. Since
these ore deposits occur mostly in granitoids, the host and surrounding granitoids were studied,
then distinct difference of Fe;O3/FeO ratio and modal opaque minerals were found (ISHIHARA,
1971b). In eastern China, molybdenum deposits occur mostly in the northern half of the
continental interior (ISHIHARA, 1978a), but tungsten deposits are strongly concentrated in the
southern part. The zonation appears to be unclear in southern Korean Peninsula.

With the above mineralization patterns in mind, Mesozoic-Cenozoic granitoids and related
ore deposits of proximal types such as Mo and W (-Sn) deposits are revisited regionally in
this communication. Let us review at first, the current thinking of the writer on the genesis
of the magnetite-series and ilmenite-series granitoids.

GENESIS OF MAGNETITE-SERIES AND ILMENITE-SERIES GRANITOIDS

The two series of granitoids are easily classified by the bulk Fe,Os;/FeO ratio (at about
0.5 at granodiorite composition) and the magnetic susceptibility (at about 100x 10~ ° emu/g
at granite composition). An intermediate series exists locally (ISHIHARA ef al., 1984b). The
two series of granitoids in terms of fO; of the solidifying magmas can be separated at 10~ *¢
at 800°C (CzZAMENSKE et al., 1981).

Oxygen fugacity of granitic magmas depend greatly upon their original Fe,O3/FeO value,
and then on its change during the emplacement. A deep origin magmas from unaltered upper
mantle should have a low Fe;O3/FeO ratio, but an oxidized upper mantle could exist if we

Table 2 Geneses of the magnetite-series and ilmenite-series granitoids (modified from
ISHIHARA, 1982a).

Source and materials Factors controlling f02 Examples

Magnetite-series

Originally high Fe'JFe? ratio
Absence of crustal carbon

(1) Intrincic oxidized magma Green Tuff, Sanin,

Altered oceanic slab, stack Chile, Philippine,

of altered volcanics in
continental crust

(2

—

Moderate f02 magma
Older magnetite-series
igneous rocks, C-poor
graywacke

Ilmenite-series

(3) Intrincic reduced magma
Upper mantie materials

(4) ditto, IImenite-series
igneous rocks and/or
mixture of igneous and C-
bearing sedimentary rocks
in continental crust

(5

—

ditto, Carbon-bearing
sedimentary rocks

(6

=

Drop-off of roof or wall
rocks at high level

Preferential loss of Hy at
high Tevel

Originally Tow Fe+3/Fe+2 ratio

Originally low Fe+3/Fe+2 ratio
and reduction by crustal
carbon

Reduction by crustal carbon

Local reduction by crustal
carbon

Gyeongsang basin

Kitakami, (Sanin}
Small high-level plutons
at many places

Gabbro in Sanin and
Hidaka (?)

Ryoke, Sanyo, Hidaka,
SW Outer zone (I-type),
southern China, Malay
peninsula

SW Outer zone (S-type),
Australian S-type

Many places at margin of
magnetite-series plutons
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assume the involvement of altered oceanic slab through subduction processes. Thus even the
deep origin magma could sometimes have various fO,, depending upon the tectonic setting
of given magmatic belts (Table 2).

Continental source magmas may have even more variety in the original Fe;O3/FeO ratio.
Altered volcanic pyroclastics are highly oxidized; andesite and dacite of Tanzawa Mountain,
for example, averages Fe>Oi/FeO ratio of 0.8, whereas black slates containing carbonaceous
materials are very much reduced everywhere and the carbon contents are not uniform in the
sedimentary rocks (TERASHIMA et al., 1981).

A given magma may change its Fe,O3;/FeO ratio during the ascent by interaction with
sedimentary wall rocks (ISHIHARA, 1977). The magmas emplaced during collision of two
continents that contain pelitic rocks or intruded into accretional prism under the compressional
tectonic setting appear to have better opportunity to react with the wall rocks; thus reduced,
whereas the magmas ascending along fracture zones developed under a tensional tectonic setting
may have less opportunity to interact with the wall rocks; thus providing magnetite-series
magmatic belts.

Oxygen fugacity of intruded magmas may also change at the final stage of the solidification
by drop-off of C-bearing pelitic rocks (10-20%) into the magma chamber (SATO and
ISHIHARA, 1983), or preferential loss of H after the liberation of water from the silicate
melts and dissociation of the water (CZAMENSKE and WONES, 1973). The former case of
reduction of magmas may be local except for katazonal granitoids. The latter case of oxidation
is not clearly observed on high-level plutons of the ilmenite series but is sometimes seen on
those of the magnetite series (e.g., mineralized stocks of the Green Tuff belt, Japan and
Ninwu Basin, China, and Masanite in southern Korea). This case may be also local oxidation
phenomenon at the top of small plutons. Individual examples are listed in Table 2.

TYPE EXAMPLES OF MINERALIZATION

Mineralization control of the magnetite-series/ilmenite-series granitoids is quite obvious world
wide, especially along the Circum-Pacific orogenic belts (Fig. 1). Porphyry copper deposits
with trace amount of Mo or Au are representative of the magnetite-series granitic terranes.
Magmatic-hydrothermal magnetite deposits such as porphyrite iron ores in the lower Yangtze
River area (Ninwu Research Group, 1978), manto-type iron deposits and E1 Laco magnetite
flow in northern Chile (OYARZUN and FRUTOS, 1984), magnetite skarn at Kamaishi, Japan,

Table 3 Environmental characteristics of the two representative, magmatic-hydrothermal ore
depsoits (after ISHIHARA, 1982a).

Selected items Cu-Mo deposits Sn-W deposits

Related granitoids Magnetite-series Ilmenite-series

Rock composition Tonalite-granite Granite
Breccia pipe Common Rare-none
Pegmatite cap None Common("Stockscheider")

Orebody

Vertical-lateral zoning

Phyllic alteration

Environment

Large vertical extent
(1-3 km)

Clear

F-Li poor
(sericite-quartz-pyrite)

Shallow and violent

Small vertical extent
(100-300 m)

Unclear

F-Li rich

(zinnwaldite-topaz-quartz)

Deep and quiet
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Fig. 2A. Distribution of the Yanshanian volcanic and plutonic rocks and major faults in the
eastern China and Korean Peninaula (simplified from HUANG edited 1979 and LEE,
1979).
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as a matter of fact, all occur associated with the magnetite-series plutonic and volcanic rocks.
Porphyry molybdenum deposit is also in this category but the Climax type has an intermediate
nature for the high contents of F, W and Sn.

Typical ore deposits related to the ilmenite-series granitoids are plutonic-type Sn-W deposits,
which are commonly associated with greisenization. Subvolcanic-type Sn deposits in Bolivia,
Akenobe, Japan and Sikhote Alin, USSR, occur in areas where the two series of granitoids
are present together. Tin-free tungsten deposits are found in both magnetite-series and ilmenite-
series granitic terranes (SATO, 1982; ISHIHARA, 1982b). As far as the past production and
remaining ore reserves are concerned, however, ilmenite-series wolframite and scheelite deposits
are the most important tungsten resources. Some large ore deposits also occur in the magnetite-
series granitic terranes (SATO, 1980, KWAK and WHITE, 1982).

Representative examples of the two series of mineralization are given in Table 3. This
characteristic difference between the two series is the result of different original chemistry
and different mode of emplacement of the magnetite-series and ilmenite-series granitic magmas.

EASTERN CHINA

Geotectonic units of China is largely controlled by E-W faulted-fold system parallel to the
Himalayan suture and NE-rift or fractures (GUO et al., 1982). Eastern China here is defined
as the eastern coastal area where the NE-lineaments prevail. Mesozoic granitoids and cogenetic
volcanic rocks are widely distributed in the area (Fig. 2), and its southern half is well studied
(Guiyang Institute of Geochemistry 1979, Mo, YE et al., 1980; Nanjing University, 1981).

The granitic activities of the southern part, south of the Yangtze River, are seen since
Precambrian but mainly from mid-Paleozoic onward, and are divided into several cycles as
Early and Late Caledonian, Hercynian, Indo-Sinian (Triassic), Early Yanshanian (Jurassic)
and Late Yanshanian (Cretaceous). Although the activities become younger oceanward very
generally, overlapping of granitic activities appear to be characteristic of the area, as compared
with that in the island arc setting such as Japan and Chile (ISHIHARA ef al., 1984c).

Precambrian, Sipu (1550-1695 Ma) and Xuefengian (830-990 Ma) granitoids are mainly
granodiorite (Hsu et al., 1980) and mineral separation study of Guiyang Institute of
Geochemistry (1980) indicates less than 110 ppm of magnetite, thus they appear to be all
ilmenite-series but generally I type of CHAPPELL and WHITE (1974). These granitoids are
distributed in the continental interior. Caledonian (350-170 Ma) granitoids are mainly granite
associated with migmatitic granite and are largely of the ilmenite series. Hercynian (230-280
Ma) and Indo-Sinian (200-230 Ma) granitoids are also composed mainly of ilmenite-series
granite. Several chemical parameters of the granitoids are given in Fig. 3. Typical S-type ilmenite-
series granite occurs in Darongshan area, while typical I-type magnetite-series granitoids may
be seen in the Lower Yangtze area.

Hercynian Darongshan granite

According to Mo, YE et al. (1980), the Darongshan granitic complex, located in the
southeastern part of the Guangxi Zhuang Autonomous Region, occurs as a large batholith
of 6450 km? in area, stretching in NE-SW direction. Four intrusive stages are recognized:
I, Cordierite-biotite granite; II, Fine-grained garnet-cordierite-biotite granite; III, Hypersthene
granite porphyry; IV, Hypersthene granophyre.

Common ferromagnesian minerals are biotite (2-20% by volume), cordierite (generally
1-5%, 5-10% close to the wall rocks or xenolith), garnet (up to 3%), hypersthene (up to
10%) and muscovite (up to 2%). Sillimanite and andalusite occur rarely. The biotite has Z=Y
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color of reddish brown with high refractive index and low Fe;0s3/(Fe;O;+FeO) and
MgO/(MaO + FeO) ratios. The bulk magnetite contents are less than 100 ppm.

These granites are typical S-type ilmenite series and are probably originated from upper
continental crust including the surrounding Paleozoic sedimentary and metamorphic rocks.
No mineralization is associated with the granites.

Yanshanian Granitoids in the South

Yanshanian (195-70 Ma) granitoids are most widely distributed in the southern part of
eastern China. Their tectonic setting can be briefly divided into two as follows. In and around
the famous Nanling Range, Early Yanshanian (Jurassic) granitoids occur mainly in the
Caledonian folded zone of lower Paleozoic sedimentary rocks. They seem to have intruded
into a compressional tectonic environment. These granitoids are classified as transformation
type (formed by anatexis) by HsSu ef al. (1980) or Nanling series by WANG et al. (1983),
and are associated with the famed W-veins at Xihuashan and other localities, and with huge
W-skarn at Shizhuyuan (see HEPWORTH and YU eds., 1982).

Late Yanshanian (Cretaceous) granitoids occur mainly in the coastal, Fujian volcanic belt,
where late Mesozoic volcanism and plutonism were preceded by the development of sedimentary
basins. Thus the magmatism occurred in a tensional environment. It is said that the granitoids
are more mafic than those of the Nanling series (Hsu ef al., 1980). They are of the syntexis
type (mixed magmas from the upper mantle and continental crust) of HsuU ef al. (1980) or
the Yangtze series of WANG et al. (1983). Some Pb-Zn and Fe (Makeng type) ore deposits
are distinct here but mineralization is rather weak associated with this magmatism (Guo et
al., 1982; Koupa, 1983).

Mo, YE et al. (1980) described the above-mentioned granitoids distributed in lat. 22-27°N
in detail. They divided the Yanshanian granitoids into 8 substages as listed in Table 4. Substage
1 granitoids are widely exposed including the huge batholith of the Zhuganshan South body
(more than 3000 km? in area). Main rock type of this substage is biotite granite but is partly
hornblende-bearing biotite granite. Average magnetite content as determined by weighing after
the mineral separation is 414 ppm (Table 4), which is much below the upper limit for ilmenite-
series granitoids of 1000 ppm. Major chemical data are available on 16 bodies. Using the
bulk Fe;O3/(Fe;Os+ FeO) criteria to classify magnetite-series/ilmenite-series granitoids, 13 bodies
fall in the ilmenite-series category. Thus the granitoids of this substage belong mostly to the
ilmenite series.

Substage 2 granitoids are usually small in size and occur as stock (less than 100 km? in
area). Xihuashan (20 km?) and many other W-mineralized stocks belong to this substage.
The main rock type is biotite granite but is partly muscovite (1-3%)-biotite (3-5%) granite.
Very small ones (1-5 km?) are often albitized and contain muscovite and Li-micas (3-30%)
and topaz (up to 5%). Granites of this substage appear to be all ilmenite series by the Fe,03/FeO
examination (Table 4).

Substage 3 granitoids range from quartz diorite to granite but generally granodiorite. They
contain biotite, hornblende and also magnetite (Table 4), and seem to belong to the magnetite
series. Substage 4 granitoids occur widely and are best represented by the largest, Fogang
batholith (5000 km? in area). This batholith is mainly composed of biotite granite and contains
hornblende in some parts. Some small plutons (50-200 km?) are composed of muscovite
(1-3%)-biotite (4-5%) granite. Xingluokeng W-veins (155 Ma) and disseminations are
products of this substage.

Cretaceous granitoids are small in the exposed area relative to the Jurassic granitoids, but
are variable in composition and texture. Besides, the Cretaceous granitoids are associated with
voluminous amounts of coeval volcanic rocks. Substage 5 granitoids are hornblende-biotite
granodiorite with local quartz diorite. Substage 6 granitoids consist of many small to intermediate
plutons (less than 420 km?) and are mostly biotite granite, which contains hornblende or
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Table 4 Yanshanian granitoids of southeastern China between lat. 21-27°N, compiled mostly
from Mo, YE et al. (1980).

Exposed Number  Hb-bt (Hb-)bt Biotite Two-mica K-feld. Avg., mt Mt/Ilm

Age St g8 area (km) of body 6d granite granite granite granite content ratio*7
Early stage| Substage 1 15277 19 0 0 19 0 0 414 8/13
EARLY (195-160Ma) 2 367 17 0 0 12 2 3l ng.  0/9
YANSHANIAN
. y|Late stage |Substage 3 2174 24 14 10 0 0 4264 8/3
(urassic) (165 3 3a0e)| 4 43400 62 0 0 59 32 ¢ 934 8/18
61218 122 14 10 90 5 19/43
Early stage|Substage 5 1615 9 9 0 0 0 0 14302 5/1
LATE (135 Ma- 6 4650 45 0 n 34 0 0%3 n.g. 19/7
YANSHANIAN 4
Late stage [Substage 7 915 9 0 0 0 0 g 2374 13/8
(Cretaceous)i™™™ ;N 8 41 10 0 0 70 W ng. 8/
7591 73 9 1 41 0 12 45/14

%1 Including albitized granite. *2 Including one body of granite porphyry. *3 Some albitized granite
%4 Including 6 bodies of drusy granite. *5 Porphyry. *6 Including one body of quartz syenite. *7 Ratio of
magnetite-series/ilmenite-series granitoids by number of granitic bodies, as identified by the bulk Fe203/

Fe0 ratio by the writer.
Abbreviation: Hb, hornblende; (Hb-), hornblende bearing; Bt, biotite; Gd, granodiorite; K-feld., K-feldspar;
Avg, average; Mt, magnetite; Ilm, ilmenite; n.g., not given.

muscovite in some parts. Muscovite (less than 3%)-biotite (1-5%) granite is present in the
apical part of the biotite granite. The granite may be albitized and contain topaz up to 1.5%.
Some W ore deposits (e.g., Dagishan) are associated with the albitized granite.

Substage 7 granitoids are characterized by drusy, alkaline granite. This granite is leucocratic
(biotite less than 2%) and may contain alkali amphiboles. Substage 8 granitoids are small
in exposure (less than 90 km?) and are alkaline granite porphyry. Thus the granites of the
last two stages are considered to have intruded at very high level.

The Cretaceous granitoids contain abundant magnetite in many cases. They are dominantly
high silica rocks similar to the Jurassic granitoids (Fig. 3), but are different because of the
general magnetite-series character (Table 4). Iron (Makeng type) and Pb-Zn ore deposits appear
to be related to the magnetite-series granite and porphyry.

Yanshanian Yangtze-series Granitoids

Yanshanian igneous activities are seen in limited places along the E-W trending Yangtze
folded belt. The plutonism is most severe in volcanic basins where the depression began since
Triassic time. The individual basins are controlled generally by NE-fracture system parallel
to the Tancheng-Lujian Deep Fault (Fig. 2). High-K andesite erupted in early Cretaceous
and, with increasing KO content or decreasing PEACOCKS’ alkali-lime index from 55 to 48,
the volcanism ended by eruption of phonolite and alkali trachyte (Ninwu Research Group,
1978). Thus the volcanic rocks are more potassic than those of the Fujian volcanic belt.

Plutonic rocks are associated with each phase of the volcanism. They are small stocks ranging
in composition from diorite to alkaline granite. The granitoids have a broad peak on the
SiO; content (Fig. 3), which is quite different from a sharp symmetrical peak of the Darongshan
S-type ilmenite-series granite and asymmetrical peaks of the Yanshanian granitoids of the Nanling
Range region and Fujian volcanic belt. The Yangtze-series granitoids are considered also as
the syntexis type by HSU ef al. (1980) and are type example of Series II granitoids of WANG
et al. (1983).

The Yangtze-series granitoids have high Fe;03/FeO ratios, which correspond to those of
the magnetite-series granitoids (Fig. 3). The magnetic susceptibility goes up to 500% 10~ ¢ emu/g
(IsHIHARA, 1982c). An oxidized type of the magmatism is obvious from these data and also
hematitized magnetite and sulfate occurring in the related ore deposits. These rocks belong
to typical I-type magnetite series.

The Yangtze-series magmatism provided fruitful mineralization. Porphyrite iron ore deposits
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(Ninwu Research Group, 1978) are large hematitized magnetite deposits occurring in and around
apical zone of very fine-grained diorite, which is called porphyrite iron ore deposit in Chinese
literature. Copper is another important mineral commodity occurring as bedded, skarn or
porphyry type (LI et al., 1980; L1, 1983). However, most of the copper may be recycled
through the plutonic and volcanic activities from sedimentary copper beds of Devonian Wutong
Group (ISHIHARA, 1982d).

In the southern margin of the Yangtze folded zone, small Jurassic intrusives are associated
with a large porphyry copper (-Mo) deposits at Dexing and Pb-Zn skarn orebodies at Suikuoshan.
The associated granitoids are magnetite-series granodiorite of calc-alkaline series and are different
from the alkaline-series rocks of the Lower Yangtze volcanic basins (ISHIHARA, 1980b). The
Yanchuling porphyry-type tungsten (-Mo) deposits and many small W-Cu deposits occur
associated with the same intrusive bodies in northern Jiangxi Province (LU and SHEN, 1982).

Type of Tungsten Deposits in Southern China

Tungsten ore deposits in southern China are classified into many ways by different authors.
XU et al. (1982) recognized five genetic groups as (1) high-tempe