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ABSTRACT

This thesis contains the first detailed petrological and geochemical study of
the ophiolitic rocks of the island of Halmahera in eastern Indonesia. Rocks of
ophiolitic affinity occur extensively across the eastern half of Halmahera, although
an intact ophiolite stratigraphy cannot be seen, presumably because of a combination
of poor exposure and structural dismemberment. However, samples representative of
each level of a "complete" ophiolite (with the exception of sheeted dykes) have been
collected. "Mantle sequence” rocks are represented predominantly by depleted
harzburgites, suggesting a mantle residue which has undergone a high degree of
partial melt extraction. Subordinate lherzolites of relatively enriched chemistry are
interpreted as local zones of "fertile" upper mantle material. Cumulate rocks are well
represented, particularly by olivine-free gabbronorites in which orthopyroxene and
clinopyroxene occur in approximately equal modal proportions and the clinopyroxene
has low TiO,. Ortho- and clinopyroxene occur before plagioclase in the
crystallisation sequence. The cumulus mineralogy is consistent with open-system
crystallisation from a high Si, Mg, low Ti magma derived from a high degree of
partial melting of a lherzolitic mantle source region. This correlates with the
evidence from the harzburgites and suggests that the ophiolitic rocks were formed in
a supra-subduction zone environment.

Although volcanic rocks are not abundant in eastern Halmahera, geochemical
analysis reveals the presence of at least four, distinct and non-cogenetic, groups; one
of boninitic affinity, two of island arc and one of oceanic island/seamount origin.
The first of these groups is correlated with the cumulate rocks on the basis of
strongly depleted rare earth and trace element chemistry. Similarly polygenetic
volcanics have been reported from the Mariana forearc region, which is proposed as
a modern analogue for the ophiolite terrain of eastern Halmahera. The plutonic rocks
are interpreted as resulting from the partial melting of depleted oceanic upper mantle
on the initiation of subduction; with development of the subduction zone, these
rocks were preserved in the forearc region and were subject to intrusion by a

number of later magmatic pulses.
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CHAPTER ONE
INTRODUCTION: BACKGROUND, AIMS AND METHODS

1.1: Geographical setting

The Republic of Indonesia contains over thirteen thousand islands, stretching
almost 5000km from the mainland of Asia into the southwest Pacific Ocean. One of
these islands is Halmahera, situated in the northeast of the archipelago immediately
south of the Philippines. In geological terms, eastern Indonesia is situated at the
convergent junction of three of the world’s major plates, the Pacific to the east, the
Indo-Australian to the south and the Eurasian to the north and west, and therefore
the local geology and tectonics are necessarily highly complex.

Halmahera is the largest island of the Moluccas, or Spice Islands, located to
the west and northwest of New Guinea (Fig.1.1). They are called thus as for many
centuries they formed the major source of the world spice trade, which dominated
the early commercial and political development of what is now Indonesia and
attracted the first European visitors. Portuguese traders reached Indonesia in the early
part of the sixteenth century and built a fort on Temate in 1522, close to the new
settlement on Tidore established by Magellan’s expedition. Ternate had been the
centre of the spice trade for at least a century prior to this and remains the local
administrative centre. The Portuguese held power over the Spice Islands until the
beginning of the seventeenth century and the coming of the Dutch, who were eager
to monopolise the lucrative spice trade. After the collapse of Portuguese dominion,
the Dutch drove out the English and the French and established a supremacy over
Indonesia which lasted more than three centuries until the country’s declaration of
independence from their colonial rulers in 1945,

Halmahera is made up of four long and narrow peninsulas ("arms"),
interconnected in the centre to form an irregular 'K’ shape and thus morphologically
resembling the larger island of Sulawesi to the west, from which Halmahera is
separated by the 250km width of the Molucca Sea (Fig.1.2). The arms of the island
are labelled northern, northeastern, southeastern and southern. Halmahera straddles
the equator around the 128°E meridian and measures approximately 170km from
north to south and 80km from east to west. The island is very sparsely populated
and covered extensively by a dense, primary rainforest. Roads are few and far
between and access to the interior is best accomplished by following narrow, but

sinuous river valleys. The northern arm of Halmahera is the site of active volcanism;
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the volcanoes curve diagonally across the peninsula and offshore through the islands
of Hiri, Ternate, Maitara, Tidore, Mare, Moti, Makian and finally Bacan. The
northern and southern peninsulas consist of a steep, fault-bounded, mountainous
terrain, fringed by coral reefs, whereas the non-volcanic northeastern and
southeastern arms are undulating uplands deeply dissected by river valleys, with
coastal reefs raised up above the present sea level indicating recent uplift. These
geomorphological contrasts between the eastern and western halves of Halmahera
reflect profound differences in the underlying geology.

1.2: History of previous research (i): geological

The geology of Halmahera and its surrounding islands has received relatively
little attention, mainly because of the problems of accessibility and lack of exposure
in the interior of the island. The (Dutch) Geological Survey of the Netherlands East
Indies commenced its work in 1850 and therefore much of the early work on
Halmahera was published by Dutch geologists. Martin described Tertiary brachiopod
fossils found in stream float on the west coast of the island in a report published in
1887, but the first major work was by Verbeek (1908), who compiled an extensive
report in Dutch (and also translated into French) on the geology of the Moluccas
(including Halmahera) based on reconnaissance work in the islands in 1899. Wanner
(1913) published the results (in German) of traverses undertaken in 1909 across
central and southern Halmahera. Gogarten (1918a) described (in Dutch) the geology
of the coast of northern Halmahera after visiting the island in 1911 and was
responsible for a lengthy German survey of the volcanoes of the north Moluccas
(1918b).

The most extensive early research was carried out by the Dutch geologist
H.A.Brouwer who, in 1915, undertook traverses across central Halmahera, the
northeastern and the southeastern arms. The results of these surveys were
summarised in a review article published in Dutch in 1923, whilst, in the same
volume, Douvillé described (in French) Eocene, Oligocene and Miocene forams
collected on the same traverses. In 1921, Brouwer left The Netherlands to take the
post of Professor of Geology at the University of Michigan for five months on an
exchange visit. There a resumé of his series of lectures on the geology of the
Netherlands East Indies (as was Indonesia known) was published (1925), much of
the material appearing in English for the first time. In the preface to this volume,
Brouwer stated with foresight that the area is "a field for geological research which

is full of promise".



The cruise of the Dutch survey ship Snellius in 1929-1930 in the eastern part
of the Indonesian archipelago greatly advanced knowledge of the submarine geology
of the Halmahera area. The report of the volcanological aspects of the expedition
(Kuenen, 1935) included descriptions of glassy olivine basalts, two-pyroxene basaltic
andesites and pyroxene and homblende andesites from Tidore, drawn by the author
in Fig.1.3. The limited whole-rock geochemical data reported from Tidore were said
to be contradictory with the petrographic data in showing the rocks to be more
acidic than their mineralogy suggested. The outbreak of war in the Pacific in 1941
led to a suspension of academic work in Indonesia, although the Japanese published
a study of the geology of the Halmahera islands based on mapping between 1942
and 1944 (Bessho, 1944) and a "terrain intelligence study” of Halmahera, including
a sketch geological map, prepared in 1944 by the Military Geology Unit of the
U.S.Geological Survey was mentioned by Verstappen (1964).

Figure 1.3: The island of Tidore in the Halmahera arc, drawn by Kuenen (1935).

The next major publication pertaining to the geology of Halmahera was van
Bemmelen’s three volume review of "The Geology of Indonesia" which appeared in
1949. Van Bemmelen had served as head of the Netherlands Indies Volcanological
Survey and, although his was a comprehensive synthesis of the work of the
Geological Survey of the Netherlands East Indies since its inception in 1850 with

the addition of previously unpublished oil company material, he stated in the



foreword that "...there are vast tracts of land...which are still insufficiently known
(especially in New Guinea and the Halmaheira group)...". The geology of Halmahera
~ was summarised in a single stratigraphical table (Fig.1.4), based mainly on the work
of Brouwer (1923). According to van Bemmelen, the oldest rocks of the Halmahera
islands were those of the metamorphic "crystalline basement complex" exposed in
the Sibela Mountains of Bacan (see Fig.1.5) and, although Brouwer (op.cit.) wrote
that the older andesitic and dacitic tuffs and lava flows of Halmahera were of
submarine origin and of corresponding age to the widespread basic and ultrabasic
rocks of the island, van Bemmelen was of the opinion that the "gabbros, norites and
peridotites (often serpentinised)" were "somewhat older" than the acid and

intermediate rocks and were overlain unconformably by "Young Tertiary" rocks.

Time Formation % Fossils
Quaternary Raised coral reefs. Volcanic deposits Ternate Zone
Young Neogene Limestones and tuffaceous sandstones. Volcanic deposits Smaller Foraminifera

Ternate Zone

Old Neogene (and Limestones, tuffaceous sandstones, conglomerates and Lepidocyclina, Miogypsina,

? Younger breccias, occasional lignites Cycloclypeus

Paleogene)

Eocene Tuff-sandstones and -marls, and limestone lenses, with Camerina, Discocyclina,
andesitic and dacitic tuffs and lava flows. Contemp- Borelis

oraneous intermediary, abyssal and hypabyssal intrusions

Cretaceous Tuffaceous, gray or reddish marls, limestones and cherts. Globotruncana canaliculata,
Contemporaneous basic and ultrabasic, abyssal and Pseudo-textularia globulosa,
hypabyssal intrusions and Radiolaria

Crystalline Crystalline “scHist§ and granites (only oftcfopping in the

basement complex extreme southwestern part)

Figure 1.4: Van Bemmelen’s stratigraphy

The first volume of the "Catalogue of the Active Volcanoes of the World"
published by the International Volcanological Association (Neumann van Padang,
1951) dealt with Indonesia, venue for the greatest volcanic eruption in history
(G.Tambora on the island of Sumbawa in the Sunda Arc in 1815). One hundred and
twenty-eight currently-active volcanoes were named in all, with eight of these in the
Halmahera islands, namely Dukono, Malupang Warirang, Ibu, Gamkonora, Ternate,
Motir, Makian and Todoko, with the last of these being the only fumarolic volcano,

the others having had eruptions in recorded history. Whole-rock geochemical



analyses, of two-pyroxene andesites and a single olivine-bearing basalt, were
published from Dukono on the east coast of the northern arm of Halmahera.

The next phase of geological investigation on Halmahera was carried by with
the exploitation of mineral resources in mind. Asbestos was discovered during the
Japanese occupation in World War II and, following Bessho’s survey, Watanabe
(1948) conducted "fundamental and enterprising studies on asbestos" in 1943-1944
on behalf of the Nippon Asbestos Co. and concluded that the area north of the
village of Lelilef on the south coast of the southeastern arm was suitable for the
economic exploitation of asbestos. The scientific institutes of the government of the
newly-independent Republic of Indonesia soon followed this example. Kraéff (1954)
compiled an optimistic report on the economic potential of chrysotile asbestos in
serpentinised peridotite of "cretacian" age in the Lelilef area and noted local
outcrops of diorite and tonalite. Hermann and Gunther (1960) reported on the
irregular occurrence of thin asbestos veinlets bearing chrysotile fibres up to Smm
long in the same peridotite, but concluded that the sporadic nature of the
mineralisation rendered evaluation of the economic potential of the area "dangerously
speculative”" and that a mining operation based on the knowledge of the time would
"be certainly an economic failure".

At around this time, the first extensive aerial photographic interpretations of
Halmahera were being made, concentrating on the geomorphological features of the
west Halmahera volcanic arc (Verstappen, 1960; 1964). The laboratory interpretation
of trimetrogon photos was backed up by fieldwork in 1956 and 1958. Verstappen
recognised the distinct landforms associated with the main features of the geology of
Halmahera; the deeply dissected undulating uplands of the eastern arms, the east-
tilted fault block of the southern arm and the complex volcanic graben of the
northern arm. He disagreed with van Bemmelen’s (1949) thesis that the northeastern,
southeastern and southern peninsulas form part of a former "Melanesian continent"
and instead correlated the northeastern and southeastern arms with the islands of
Gebe and Waigeo (Fig.1.2) in a non-volcanic province and linked Morotai, the
whole of western Halmahera and Bacan with the northernmost part of the Vogelkop
peninsula of northwestern New Guinea as a volcanic province.

An airborne magnetometer survey was flown over most of Halmahera in
1970 on behalf of The Metallic Minerals Exploration Agency of Japan. The report
(INDECO, 1972) combined these results with a photogeological survey to suggest
that the northeastern arm was distinctly different from the other arms in that it was

characterised by "structural and lithologic complexities” with faulting an important



factor, and that it offered the greatest potential for lateritic nickel ore exploration.
Further exploration for nickel reserves on Halmahera took place in the late seventies,
but more recent geochemical prospecting has concentrated on gold mineralisation in
the volcanic basement of the western arms.

The lack of detailed information on the geology of Halmahera was illustrated
in Hamilton’s 1979 review of Indonesian geology and tectonics. Hamilton’s work
was a major synthesis of "onshore and offshore geologic and geophysical data from
Indonesia and the surrounding region" resulting from an eight year study, including
that of 70,000km of unpublished marine seismic reflection data collected by the
Lamont-Doherty Geological Observatory. He labelled western Halmahera as a
magmatic arc and the eastern arms as consisting of "apparent subduction mélange"”
whilst admitting that, although mélange had not been actually observed on
Halmahera, personal communications and the published data of Wanner (1913) and
Brouwer (1923) led him to believe the appropriate rock types were imbricated.
Hamilton noted the pioneering work of the geologists of the Dutch survey in
recognising the systematic relationships between volcanoes, earthquakes and
submarine trenches, but also pointed out the meagre nature of available onshore
data, often consisting merely of "casual descriptions of stream cobbles".

Hamilton (1979) also summarised what was known of the geology of the
islands of Waigeo and Gag (Fig.1.2). Waigeo, which had been visited by Verbeek in
1899 and was investigated at a reconnaissance level for petroleum prospects by van
der Wegen (1963), was said to be linked to eastern Halmahera by a submarine
"mélange ridge" and to consist of a mélange of "chaotically intercalated, brecciated
and sheared" serpentinite, peridotite, gabbro, dolerite, schist, red and brown chert,
silicic ironstone, sandstone, marl and shallow-water limestones, overlain
unconformably by upper Neogene strata. Gag, S0km west of Waigeo, was said to
represent exposed oceanic crust and mantle, including peridotite (harzburgite) and
sheeted dolerite dykes.

The first systematic mapping of Halmahera and its neighbouring islands was
carried out in 1975-1976 by the Geological Survey of Indonesia. The results of this
mapping were presented at the SEATAR meeting on "The Geology and Tectonics of
Eastern Indonesia” in July 1979 and published in the conference volume in 1981
(Sukamto et al., 1981; Soeria Atmadja, 1981). In the same volume, Silitonga et al.
reported the results of a collaborative German-Indonesian mineral exploration study
on Bacan, which incorporated a photogeological survey. Meanwhile the geological
maps of the Halmahera islands were published at a scale of 1:250,000 (Apandi &



Sudana, 1980; Supriatna, 1980; Yasin, 1980). Like Verstappen, this work concluded
that western Halmahera formed part of a volcanic province, whereas the two eastern
peninsulas could be correlated with Gebe, Gag and Waigeo (Fig.1.2) in a non-
volcanic province. They described this eastern province as characterised by ophiolitic
(predominantly dunite and harzburgite) and Late Cretaceous deep-sea sedimentary
rocks (red shale, limestone, siltstone and tuffaceous sandstone), imbricated with
Palaeocene to Eocene trench and trench slope deposits and overlain by Neogene
marine clastic and carbonate rocks, with an overall compressional tectonic style. The
western province was said to have been a volcanic arc since the Oligocene, with
two generations of arc rocks underlain by a basement of regional metamorphic rocks
of continental affinity exposed only in the Sibela Mountains of Bacan (Silitonga et
al., 1981). In contrast, this province was said to have an extensional tectonic style,
with the junction between the provinces marked by a "Median Line" of intensely
folded and faulted rocks.

Soeria Atmadja (1981) described the two provinces of Halmahera as being a
"double arc", representing a paired metamorphic belt as seen on Sulawesi and in
various other regions around the western Pacific. Such a paired metamorphic belt
consists of a high-pressure terrain on the oceanic side (the eastern, non-volcanic,
province of Halmahera) formed in a subduction zone juxtaposed with a low-pressure
belt (the western Halmahera arc) formed in the associated island arc, but Soeria
Atmadja failed to describe any high-pressure metamorphic rocks from eastern
Halmahera, referring only to "unmappable" outcrops of mafic and pelitic schists of
the greenschist and amphibolite facies found in fault-bounded slices within the
ultramafic terrain in the central, southeastern and northeastern parts of the island.
However, mineral assemblages attributable to the blueschist metamorphic facies were
reported from a joint venture to investigate the economic mineral potential of the
east Halmahera ophiolitic rocks by the Directorate of Mineral Resources, Bandung,
Indonesia, and the Federal Institute for Geosciences and Natural Resources (BGR),
Hannover, West Germany (Burgath et al., 1983). This expedition conducted two
traverses across the northeastern arm in 1981 and 1982 and described,
petrographically and with photomicrographs but without accompanying analytical
data, the discovery of a fibrous "blue amphibole of the glaucophane-crossite group"
with quartz and plagioclase in a "blue quartzite", and tschermakitic amphibole with a
"bluish variety of the glaucophane group", euhedral garnet and white mica in a
matrix of quartz and plagioclase in a "crystalline schist". Although these rocks were
found only as float boulders only, they stated that they were derived undoubtedly



from the "Central Halmahera watershed" and that they proved the Halmahera
ophiolite represents subducted former ocean crust, with the central watershed of the
island correlating with the top of the subducting plate. In their conclusions, Burgath
et al. wrote that the rocks of eastern Halmahera "include all members of an
ophiolite...showing hints of subduction before final emplacement...".

Seismological surveys indicate the Benioff zone is present beneath Halmahera
to a maximum depth of about 230km, with the arc volcanoes situated between 90km
and 125km above the top of the subducting slab (see Fig.1.8). A reconnaissance
geochemical study of the arc volcanic rocks of the Halmahera islands (Morris et al.,
1983) separated the arc into three regions: a) the southern Bacan volcanic rocks are
largely dacitic, with high concentrations of Rb and Cs, steep alkali element
enrichment trends and high *’Sr/°Sr ratios, indicative of interaction with continental
crust; b) the biotite-bearing lavas from the extinct volcanoes along the Sorong fault
zone to the south of Halmahera are dominantly andesites, with some of the
characteristics of shoshonites, high AL O,, low TiO,, high total alkalis, no trend
towards Fe enrichment, but with strong enrichment in Ba and Sr, possibly the result
of mantle magmas brought to the surface along a transform plate boundary; and c)
the active arc north of Bacan consists of basalts, basaltic andesites and andesites, of
high Al O,, small to moderate Fe enrichment, depletion in high field strength
elements and overall typical calc-alkaline chemistry, with Pb isotope ratios indicating
contamination with oceanic sediment.

The next phase of geological exploration on Halmahera commenced with an
expedition in 1984 jointly managed between University College London and the
Geological Research and Development Centre (GRDC), Bandung. A number of
traverses were made along river sections in the northeastern arm and the central part
of the western arms of Halmahera and in the Sibela Mountains of Bacan, leading to
suggestions that the post-Pliocene volcanoes of western Halmahera were built upon
an eroded Late Cretaceous-early Tertiary island arc (Hall er al., 1988b) and that the
igneous and metamorphic "Basement Complex" of eastern Halmahera contains
dismembered ophiolitic rocks imbricated with slices of Mesozoic and Eocene
sedimentary rocks and overlain by middle Oligocene and younger volcanic and
sedimentary rocks (Hall et al., 1988a). The sedimentary rocks interlayered with the
igneous rocks of the eastern Halmahera Basement Complex were described as
containing volcanic ash and clasts of igneoﬁs debris and thus recording conditions
proximal to an island arc, suggestive of deposition within a basin developed upon a

non-accretionary forearc.
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The next phase of the continuing programme of fieldwork established in 1984
was an in 1987 concentrating on the southern half of the island, described in an
unpublished report (Hall et al., 1988c). These traverses led to important revisions of
the stratigraphy of the island and the establishment of the geological maps shown in
Figures 1.5 and 1.6 and the stratigraphical column listed in Figure 1.7. Ophiolitic
rocks were encountered and collected along the Sagea River traverse and an
extensive volcanic sequence (described in Chapter 6) along the Gowonli River at the
eastern end of the southeastern arm. Two forearc basinal sequences considered to
rest unconformably upon the ophiolitic rocks (the Sagea and Gowonli Formations)
were defined on the basis of the 1987 traverses and an Eocene shallow-water
sequence (the Paniti Formation) rests unconformably upon both of these units
(Fig.1.7).

1.3: History of previous research (ii): geophysical and plate tectonic
reconstructions

In parallel with the sharp increase in the collection of onshore geological
data, the late seventies saw an explosion of offshore geophysical research around
Halmahera, concentrated in particular on the Molucca Sea to the west of the island
(Fig.1.2). The first contour map of earthquake hypocentres in Indonesia was
published by Hatherton and Dickinson (1969) and the first detailed studies of eastern
Indonesia, relating earthquake focal mechanisms to the regional tectonics, were by
Fitch (1970; 1972) and Fitch and Molnar (1970). These works showed that the foci
beneath the Molucca sea define two Benioff zones, each dipping away from the
central axis of the Molucca Sea beneath the flanking active volcanic arcs; the
Sangihe arc to the west and the Halmahera arc to the east. These arcs are both
convex towards the Molucca Sea and are bordered by troughs up to 3km deep along
the sides facing each other. Bisecting these troughs is a broad topographic high that
locally rises above sea level at the Talaud islands (Fig.1.2) and which is a site of
shallow earthquake activity characterised by a predominance of thrust-type focal
mechanisms (Fitch, 1972).

Silver and Moore (1978) identified the Molucca Sea "Collision Zone" as the
world’s only example of an active arc-arc collision. Based mainly on seismic
reflection data collected on two cruises carried out in 1976 and 1977, they
interpreted the central high of the Molucca Sea as a mass of highly deformed rocks
representing the surficial remnants of a Molucca Sea plate, being overthrust laterally

("obducted") onto the two colliding forearcs along thrust faults cropping out in the
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troughs alongside the arcs. Because of this deformation, the trough to the west of
Halmahera does not form a deep, narrow bathymetric trench and thus is an
expression of a "fossil" subduction zone (e.g. Murphy, 1973). Gravity profiles
conducted on the 1976-1977 cruises revealed a large free-air anomaly interpreted as
due to low-density material up to 15km thick scraped from the top of the now
completely consumed Molucca Sea plate (McCaffrey et al., 1980a). Cardwell et al.
(1980) correlated local tectonic features with focal mechanism solutions for well-
located earthquake hypocentres in the region to plot the three-dimensional
configuration of the subducted lithosphere. They suggested the simplest model
explaining the seismological features of the Molucca Sea was one in which the
earthquakes occurred within a single plate deformed into an inverted *U’-shape
through the convergence of the Sangihe and Halmahera island arcs (Fig.1.8).
Microearthquake surveys in the central Molucca Sea show scattered normal and
strike-slip fault mechanisms predominating within the upper 20km of crust, with
reverse fault mechanisms characterising the earthquakes below this depth (McCaffrey
et al., 1980b); the collision complex is interpreted as an amalgamation of the
separate accretionary wedges that were formed seaward of the two arcs and
shortening across it is being accommodated largely at present by high-angle reverse
and strike-slip faulting within the basement of the central axis of the Molucca Sea
plate, rather than by displacement between the Molucca Sea lithosphere and the
colliding arcs (McCaffrey, 1982; 1983; 1987; McCaffrey et al., 1983).

Marine geophysical evidence for the location of plate boundaries to the east
and northeast of Halmahera is ambiguous. This is reflected in the variety of tectonic
models for the area that have been published in recent years. That the southern
Philippine Trench to the northeast of Halmahera (Fig.1.1) is young is suggested by
the fact that only about 150km of westward subducted lithosphere is shown at 5°N
by Cardwell et al. (1980). They proposed that the southern Philippine Trench is
terminated by a transform fault at about 2°N, explaining the lack of seismic activity
south of this latitude. Hamilton (1979) had ignored the apparent lack of seismicity
and projected the boundary of the Philippine Sea plate from 2°N to the southeast as
a thrust or strike-slip fault, meeting the Sorong fault system at the Vogelkop
peninsula and thus including Halmahera and Waigeo in a microplate to the
southwest of the Philippine Sea plate, but failing to define its northern margin.
Hamilton’s model was followed by Sukamto er al. (1981) who seemed to suggest
that the Halmahera-Waigeo microplate is bounded to the north by the oblique
intersection of the Halmahera trough and the Philippine Trench, as did Silver and
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the Molucca Sea region (after Cardwell et al., 1980)
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Moore (1978). These models therefore place Halmahera on a separate plate to the
Philippine Sea.

McCaffrey (1982) located Halmahera within the margins of the Philippine
Sea plate by proposing a transform fault connecting the subduction zone beneath
western Halmahera to the southern end of the Philippine Trench. Moore and Silver
(1983), on the basis of gravity data and extensive seismic reflection profiling
conducted between 1976 and 1980, proposed that the Philippine Trench is actively
propagating southward from its present termination at around 2°N in response to the
collision between the arc terrains of eastern and western Mindanao and subsequent
strike-slip motion. They traced the Halmahera trough northward to the latitude of
Talaud, described Talaud itself as being the northern limit of the present Halmahera
forearc and postulated the Snellius Ridge bathymetric high to be the submerged and
eroded northward extension of the Halmahera arc. This contradicted previous
publications by the same group of workers (e.g. Moore et al., 1981) and by
Cardwell et al. (1980) in which Talaud is interpreted as the southern portion of the
east Mindanao arc. Moore and Silver (op.cit.) postulated a strike-slip fault
connecting the east Mindanao arc to the Halmahera arc and bringing them into their
present sub-contiguity. They did not extend the east Mindanao arc terrain beyond the
present southeast corner of the island of Mindanao.

In contrast, Hall ez al. (1988a) pointed out the geological similarity between
the east Halmahera Basement Complex and the rocks of southeastern Mindanao,
which include serpentinites, peridotites, gabbros, diorites, basalts and andesites as
well as their metamorphic equivalents (Ranneft er al., 1960), and suggested a
continuation of this terrain further north as far as Luzon, after Hashimoto (1980).
Hall and co-workers tentatively postulated that an extensive system of remnant arcs
around the western margin of the Philippine Sea plate, including the Daito and Oki-
Daito ridges, the Benham Rise, the Mariana arc system, eastern Mindanao and
eastern Halmahera, can be correlated and that they formed a single arc-trench system
in the Eocene. Hall (1987) suggested that the east Mindanao-Halmahera remnant arc
terrain had been a continuous feature within a single Philippine Sea plate since the
Early Oligocene and had moved westward relative to west Mindanao through
subduction at its western margin until Late Miocene collision between the then-
active west Mindanao arc and the non-active east Mindanao remnant arc. This
precipitated eastward subduction to begin west of Halmahera, with the creation of
the Molucca Sea plate, and westward subduction at the Philippine Trench; volcanism

began in western Halmahera at 3Ma as the subducting Molucca Sea slab reached a
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depth of 100km. As the Molucca Sea closed, the Philippine Trench propagated
southward as did the strike-slip Philippine Fault, reaching Talaud at 0.5Ma. Hall
(op.cit.) suggested that the present effective closure of the Molucca Sea and related
cessation of subduction at the Halmahera trench has led to the development of a
dextral strike-slip zone in the northeastern arm of Halmahera as a response to the
continued westward motion of the Philippine Sea plate to the east of Halmahera.
Field observations on the 1984 expedition and recent earthquake fault-plane solutions
in northeast Halmahera were quoted in support of this hypothesis.

The ocean floor to the northeast of Halmahera was surveyed using GLORIA
long-range sidescan sonar as part of a cruise of the NERC research vessel RRS
Charles Darwin in early 1988, in order to define more precisely the position and
form of the southern termination of the Philippine Sea Trench and hence provide a
primary constraint upon local plate boundary models (Nichols ez al., in press).
Deformation within the trench caused by a seamount on the subducting plate was
noted at 3°30°N and the trench was traced as far south as 2°50°N, where it
apparently terminates against an area of thickened oceanic crust (an oceanic platcéu)
termed the "East Morotai Plateau”. Thus, further southward propagation of the
Philippine Trench is hampered by the presence of this thickened crust, and the
presence of a strong NE-SW structural trend on the ocean floor suggests
convergence at the trench is transferred across Halmahera to the Molucca Sea by
dextral offset along NE-SW faults, as predicted by the Hall (1987) model. The
southern limit of deformation associated with the Philippine Trench coincides with
the northernmost bathymetric expression of the shallow water area continuous with
the ophiolite province and termed the "East Halmahera-Waigeo Ophiolite Terrane",
the "submarine ultramafic complex” forming the northern margin of Weda Bay on
seismic lines conducted by the Institut Francais du Petrole in 1981 (reported by
Letouzey et al., 1983). This plate boundary configuration is considered unstable
(Hall & Nichols, in press); the predicted result is that a new subduction zone will
develop east of Halmahera and the ophiolite terrane will be amalgamated to the
margin of the evolving Philippine microcontinent.

1.4: Structure of the Basement Complex

The poor exposure of the ophiolitic rocks within the rainforest of eastern
Halmahera means that field relations are usually obscure. The Basement Complex
appears to consist of a series of tectonic slices of different rock types separated by

vertical to sub-vertical faults (Hall er al., 1988a), in contrast to the implication of
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the published GRDC maps (Apandi & Sudana, 1980; Supriatna, 1980; Yasin, 1980)
that the basement rocks form a series of sub-horizontal thrust sheets. No evidence
was found on the UCL/GRDC expeditions to support the notion of Hamilton (1979)
that eastern Halmahera has a mélange character; although there is a complex
assemblage of different rock types there is no evidence that these rocks occur as
blocks in a matrix. Narrow zones of sheared serpentinite, up to a few metres wide,
are seen along some of the faults, but in most cases the faults, where exposed, are
marked by intense shearing or shattering of the juxtaposed rock units. Where there
is evidence of the attitude of rocks within individual tectonic slices (for example,
from bedding or foliation), they are typically steeply dipping. In some regions it was
possible to trace these slices along rivers, across the mountains between rivers, or
match up sections in parallel rivers. These examples indicate that the orientation of
the tectonic slices and their bounding faults, is broadly north-south.

1.5: Aims and methodology of thesis

The work described in this thesis is essentially a microprobe survey of the
ophiolitic rocks of eastern Halmahera. A high proportion of the rock samples from
the first UCL/GRDC Halmahera expedition were collected from the ophiolitic terrain
of the northeastern arm, resulting in approximately 170 thin-sections of igneous and
metamorphic rocks from the Basement Complex. The sampling of the ophiolite on
the 1987 expedition, limited to the Sagea River at the western end of the
southeastern arm, resulted in approximately 80 thin-sections, together with 20 of
volcanic and hypabyssal rocks from the Gowonli River at the eastern extremity of
the southeastern arm. Sample locations are shown in Appendix 1. The thin-sections
were first described petrographically and then divided into groups depending on
where in an ideal ophiolite sequence they would be found. Representative examples
from each of the groups of rock samples were then selected for electron microprobe
and whole-rock geochemical analysis (major, trace and rare earth elements).
Complete microprobe analyses are tabulated in Appendix 2. Minerals were separated
from certain suitable samples for “Ar/**Ar radiometric dating and rare earth element
analysis by isotope dilution mass spectrometry. This approach was necessary as,
although the Basement Complex contains all the rocks typical of an ophiolite
sequence, with the possible exception of sheeted dykes (Hall er al., 1988a), the
structural dismemberment and the nature of the exposure are such that no coherent
ophiolite stratigraphy, as defined by the G.S.A. Penrose Conference (Anon., 1972),

can be observed. In this respect, the eastern Halmahera ophiolite terrain is not
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unusual; structural dismemberment of ophiolites is ubiquitous in eastern Indonesia.
All the mafic-ultramafic rock assemblages in the region are intimately related to
thrust or strike-slip faults such that igneous contacts with adjacent sedimentary rocks
are never observed (Wiryosujono & Tjokrosapoetro, 1978).

The ophiolitic rock types present in the Basement Complex include the
following; the figures in parentheses refer to the number of members of each group
that were analysed by microprobe:

(a) sedimentary rocks: rare examples of red, manganiferous cherts and calcareous
mudstones associated with basaltic volcanic rocks and volcanic breccias (0).

(b) volcanic rocks: usually pillowed and "spilitised", variably amygdaloidal and
porphyritic rocks with phenocrysts of plagioclase, clinopyroxene and orthopyroxene
(15).

(c) dolerites: equant crystals of clinopyroxene usually replaced by actinolitic
amphibole in a matrix of interlocking plagioclase laths, found in massive exposures
and as dykes intruding isotropic gabbros (18).

(d) trondhjemites: containing sodic pyroxene and actinolite, with quartz and
plagioclase in granophyric intergrowths (5).

(e) diorites: coarse-grained, hornblende-bearing rocks whose field relationship to the
dominant cumulate rocks is never clear (5).

(f) isotropic gabbros: gabbros with variably fine-grained, isotropic and granular
textures, containing clinopyroxene and plagioclase (6).

(g) cumulate gabbronorites: abundant layered rocks in which the modal proportion
of orthopyroxene approximately equals that of clinopyroxene and an igneous
lamination is defined by the subparallel orientation of the long axes of crystals of
plagioclase, which is the most abundant cumulus phase (21).

(h) cumulate troctolites: rare, very coarse-grained, olivine and plagioclase rocks (5).

(i) cumulate ultramafic rocks: occasional monomineralic dunites and more abundant
pyroxenites and wehrlites in which plagioclase is rare and postcumulus (5).

() non-cumulate peridotites: variably serpentinised, tectonised harzburgites and
lesser lherzolites (14).

The aim of the study was to investigate the igneous and metamorphic
petrology of the eastern Halmahera Basement Complex in order to constrain the
tectonic history and environment of formation of the ophiolitic rocks and thus help
elucidate the relation of Halmahera to similar terrains around the west Pacific
margin, such as eastern Mindanao and northern New Guinea. To this end, a total of

124 rocks from Halmahera were analysed by the electron microprobe, including 16
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from the Gowonli River province, and bulk analyses were made of 60 samples,
including 5 from the Gowonli River. This study is thus the first comprehensive
petrological survey of the ophiolitic rocks of the Halmahera region. Soeria Atmadja
(1981) presented some whole-rock major element chemical data from the ophiolitic
plutonic rocks and stated that they formed a tholeiitic iron enrichment trend marked
by very low K,O and as such were distinct from the calc-alkaline trend shown by
the volcanic rocks of the western arms, concluding that the Eastern Halmahera-
Waigeo Province "is a subduction zone ophiolite" formed in an island arc setting.

That conclusion is largely supported here.

1.6: Terminology and nomenclature

In the following chapters, the plutonic rock nomenclatural scheme of
Streckeisen (1974) is employed. Names are assigned to amphiboles using the
program AMPHTAB written by N.M.S.Rock (Rock & Leake, 1984; Rock, 1987) and
based on the standard I.M.A. nomenclatural scheme (Leake, 1978). Pyroxene names
follow the examples in Deer et al. (1978). Chlorites are named using the
classification of Foster (1962).

1.7: Analytical methods

Mineral analyses were made on a Cambridge Instruments Microscan V
electron microprobe at University College London, coupled with a Link Analytical
Systems model 860 energy dispersive system; correction procedures were carried out
using a full ZAF correction program supplied by Link. Microprobe determinations
were made largely under the supervision of Ian Young. Natural silicates and pure
metals were used as standards. Further data processing was achieved through the use
of a suite of programs developed by Dr.Robert Hall and Ian Young.

Rock crushing prior to whole-rock analysis was carried out using a tungsten
carbide Tema at Birkbeck College, University of London, under the supervision of
Dr.Hilary Downes. SiO, was determined according to the method of Shapiro and
Brannock (1962). The rest of the major elements plus Li and Co were analysed by
inductively coupled plasma emission spectrometry (ICPES) in the laboratory at Royal
Holloway and Bedford New College (RHBNC), University of London (Walsh, 1980).
Sample preparation involved dissolution in perchloric and hydrofluoric acids, except
for the spinel-bearing peridotites for which this method led to anomalous results
(viz. underestimation of Mg and overestimation of Si); these rocks were fused with

LiBO, and analysed for all major elements using the ICP "M AJORS" program.
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CHAPTER TWO
NON-CUMULATE ULTRABASIC ROCKS: THE "MANTLE SEQUENCE"

2.1: Introduction

At the base of a completely developed ophiolite there is a unit of ultramafic
rocks "consisting of variable proportions of harzburgite, lherzolite and dunite, usually
with a tectonite fabric" (Anon, 1972). This unit is usually termed the "mantle
sequence” (after Allen, 1975), as it is believed to represent upper mantle material,
and is separated by a "petrological Moho" from an overlying "crustal sequence"
consisting of cumulate peridotites and gabbroic rocks. As no petrological Moho can
be mapped on Halmahera, ultrabasic rocks are assigned to the Halmahera mantle
sequence by virtue of their not having cumulus textures, which are indicative of an
origin from the fractional crystallisation of a magma.

The mantle sequence is represented on Halmahera predominantly by
harzburgite, with rare occurrences of lherzolite. Serpentinisation of the harzburgite is
prevalent and can be so extensive that spinel is the only preserved primary phase.
Fresh harzburgite sampled on the Sagea River traverse in 1987 (HP72, HP73 and
HR317: Plates 2.2 & 2.3b) has a blocky, rectilinear, jointing pattern in outcrop and
is dominantly olive green in colour, with lesser dark pyroxenes and occasional,
shiny, blue-black chromite crystals. When serpentinised it is shiny dark green to
black with obvious "bastite" serpentine pseudomorphs after orthopyroxene.

Fresh Halmahera harzburgites consist of between 75 and 85% modal olivine
and are inequigranular, with olivine grains averaging 1 to 2mm in size, but rarely
reaching 10mm (e.g. in HR317: Plate 2.4b), spinels varying from less than 0.1 to
3mm and orthopyroxenes ranging up to 7mm. Both harzburgites and lherzolites
typically display a tectonite fabric defined by the preferred orientation of elongate
grains and strings of neoblasts and extensive, sub-parallel, veins and cracks.
Orthopyroxenes commonly occur as porphyroclasts (textural terminology after Harte,
1977), contain deformed cleavage planes and exsolution lamellae (Plate 2.4d) and
often show undulose extinction. Porphyroclastic olivines with undulose extinction are
common in rocks in which serpentinisation is sparing, such as HR317 (Plate 2.4b).
Harzburgites are often free of clinopyroxene, although some examples (e.g. H6 and
H7) contain up to 3-4 modal% in grains up to 0.5mm across.

The less common lherzolites appear to be restricted geographically to a

narrow region along the Onat River, but field relations are obscure. They contain
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between 10 (HA81) and 20% (HAS52) clinopyroxene. The lherzolites display mosaic-
porphyroclastic textures (Harte, 1977) consisting of deformed orthopyroxene up to
8mm, olivine with undulose extinction up to 6mm and clinopyroxene up to 4mm
across surrounded by a much finer grained hypidiomorphic granular mosaic of
unstrained grains (neoblasts) of all three phases (Plate 2.4c), plus accessory spinel.
They vary from completely fresh to 60% serpentinised.

2.2: Mineral chemistry of primary phases

2.2.1: Olivine. Selected aspects of the mineral chemistry of the primary mantle
sequence phases are summarised in Table 2.1. Olivines are unzoned and have a very
limited compositional range (Fig.2.1a & b) as is typical of ophiolitic mantle
sequence olivines. Harzburgite olivines are more magnesian than those from the
lherzolites, except those from H68 which are anomalously Fo-poor (Fog,.,)-
Including H68, harzburgite olivines have an mean Fo content of 91.4 (n = 29),
which becomes 91.6 without H68, compared to 90.4 in the lherzolites (n = 9). The
NiO content of olivine is also higher in harzburgites (Table 2.1) and shows a weak
positive correlation with Fo (neglecting H68, coefficient of correlation r = 0.26); this
relationship can barely be detected in the lherzolites (r = 0.12). The mean NiO
contents of the harzburgites and the lherzolites (0.42 and 0.38 wt.% respectively) are
in agreement with the data compilation of Sato (1977) that gives a mean NiO
content in olivines from mantle peridotites of 0.402 wt.%.

MnO contents of olivine reach 0.22 wt.% in the harzburgites (mean = 0.13)
and 0.19 wt.% in the lherzolites (mean = 0.11). Across all the mantle sequence
peridotites, MnO shows weak negative correlations with Fo and NiO (r = -0.26
and -0.21 respectively). This is thought to reflect the parallel substitutions of Mn for
Fe and Ni for Mg in the olivine lattice, with analytical uncertainty at these low
abundances, particularly for MnO, partly responsible for the low coefficients of
correlation. CaO is invariably below 0.05 wt.% and never above the microprobe 20

error level in the mantle sequence olivines.

2.2.2: Orthopyroxene. Halmahera mantle sequence pyroxenes are unzoned in terms
of their major elements constituents and, like the olivines, show limited
compositional variation. Harzburgite and lherzolite pyroxenes are plotted on the
standard pyroxene quadrilateral in Figure 2.1. Orthopyroxenes are all enstatites and
are very pale brown in thin section. Harzburgite orthopyroxenes often contain small
exsolution "blebs" and thin lamellae of Ca-rich pyroxene along the (100)
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Figure 2.1: Compositional variation of olivines and pyroxenes in Halmahera
harzburgites (a) and lherzolites (b).
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crystallographic planes (Plate 2.5c). Such exsolution appears rare in lherzolite
orthopyroxenes which contain significantly higher CaO (mean = 1.24 wt.% against
0.95 wt.% in the harzburgites; Table 2.1). CaO contents are very variable in all
orthopyroxenes, especially in those from lherzolites. This variation is seen even
within individual rocks; for example, the lherzolite HAS52 shows a range in
orthopyroxene CaO of 1.6 wt.%. This could be in part due to sub-microscopic
clinopyroxene exsolution lamellae; according to Coleman (1977), "nearly all" the
CaO reported in ophiolitic mantle sequence orthopyroxenes derives from exsolution
lamellae of clinopyroxene.

A large variation in Wo content (0.8-3.2 mol.% in harzburgites and 1.1-4.4
mol.% in lherzolites) occurs as a consequence of the observed range in
orthopyroxene CaQ. Correspondingly, En components vary from 87.9 to 91.3 in
harzburgites and 85.7 to 89.4 in lherzolites, but the range in orthopyroxene
magnesium number [mg# = (Mg/Mg+Fe*) x 100] is much more limited (Table 2.1).
Harzburgite orthopyroxenes are the most magnesian, with a mean mg# of 91.9 (n =
32) compared to 90.5 (n = 14) in the lherzolites, whereas AL O, and, to lesser
extents, Cr,0, and MnO (correlating with FeO) are higher in lherzolitic
orthopyroxenes (Table 2.1). AL,O, can vary in orthopyroxenes within individual
lherzolites up to 2 wt.%; this variation is not seen to such an extent in the
harzburgites, although they do display a significant variation in orthopyroxene Al,O,
between rocks (discussed in section 2.6 below). There is scant evidence of
decreasing Al,O, and Cr,0, from core to rim in orthopyroxene porphyroclasts in the
lherzolite HAS81. TiO, reaches a maximum of 0.13 wt.% in lherzolite
orthopyroxenes, but is always below 0.05 wt.% in those from the harzburgites.

A moderate correlation is shown between Cr,0, and AL,O, across all
Halmahera harzburgite orthopyroxenes (r = 0.53), which suggests Cr substitution in
octahedral sites balancing the presence of Al in tetrahedral pyroxene sites (Deer et
al., 1978). However, if the data from HA68B, in which Al O, is anomalously high
and Cr,0, also relatively high, is discarded, the correlation becomes low (r = 0.22).
Similarly, a strong negative correlation (r = -0.67) is seen between mg# and Al,O,
with all the data which diminishes to -0.33 without HA68B. A weak negative
correlation (r = -0.21) occurs between Cr,0, and MnO in the harzburgite
orthopyroxenes. Na,O never occurs at a microprobe-detectable level in lherzolite
orthopyroxenes, which display negative correlations between mg# and Cr,0, (r =
-0.56) and mg# and ALO, (r = -0.45), and a corresponding moderate positive
correlation between Cr,0; and AL O, (r = 0.44), again indicating that charge balance
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is maintained by a CaCrAlSiO,-type substitution, rather than by one such as
NaAlSi,O, (Deer et al., op.cit.).

2.2.3: Clinopyroxene. Clinopyroxene is rare as discrete grains in Halmahera
harzburgites, but occurs commonly as narrow exsolution lamellae within
orthopyroxene crystals. Individual clinopyroxene grains are usually clustered around
the boundaries of larger orthopyroxene grains (Plate 2.5d); this is thought to be
largely a result of a sub-solidus "granule exsolution" process (Hodges & Papike,
1976; Bohlen & Essene, 1978; Lindsley & Anderson, 1983). It is noticeable that
such grains do not contain exsolution lamellae of Ca-poor pyroxene, narrow
examples of which can be observed in clinopyroxenes situated away from
orthopyroxene grain boundaries. Harzburgite clinopyroxenes are chromian diopsides
of mean composition En, JFs,,Wo,,, (Fig.2.1a); they are slightly richer in Cr,O, than
their co-existing orthopyroxenes, have higher mg# and approximately equal Al,O,.
TiO, is always below 0.10 wt.%.

Clinopyroxenes in the lherzolites are pale green chromian diopsides of mean
composition, En,, Fs,Wo,, (Fig.2.1b), hence they are less magnesian than those
from the harzburgites. Narrow exsolution lamellac of Ca-poor pyroxene occur in
porphyroclastic examples. They are more aluminous than their co-existing
orthopyroxenes (mean AlL,O, = 5.61 and 4.07 wt.% respectively), have higher Cr,0,
and TiO, ranging from 0.16 to 0.32 wt.% (mean = 0.23 wt.%) (Table 2.1). Cr,0O,
shows a moderate negative correlation with mg# (r = -0.45), but no such
relationship to AL, O, Na,O contents vary between 0.56 and 0.84 wt.% in HA52 and
HAS54 clinopyroxenes, whilst in HA81 Na,O reaches a maximum level of 0.17 wt.%.
Na,O does not vary systematically with either Al,O, or Cr,0,, unlike in the mantle
sequence clinopyroxenes studied by Johan and Augé (1986). The presence of an
unquantifiable concentration of V was detected during microprobe analysis of large
clinopyroxenes in the lherzolite HA54.

2.24: Spinel. Accessory, disseminated Cr-bearing spinel is ubiquitous in the
Halmahera non-cumulate peridotites. Monomineralic chromitites, as often described
from the ultramafic and lowermost cumulate sections of ophiolites, were not
observed on the U.C.L.-G.R.D.C. Halmahera expeditions of 1984 and 1987, although
Burgath et al. (1983) reported finding "several boulders of massive chromitite" in
the central region of the northeastern arm and schlieren chromitite of "metallurgical
grade" Cr/Fe (3.6) within dunite on the small island of Pakal off the south coast of
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the northeastern arm. This Cr/Fe value is comparable with those reported by
Greenbaum (1977) from the chromite mining areas in the Troodos ophiolite, Cyprus.

Spinels from the mantle sequence samples in the present study vary from
orange-brown through deep red-brown to black in colour. They usually show a
bimodal grain size distribution in individual rocks, occurring as small crystals in
clusters or strings parallel, or slightly oblique (10°-20°), to the tectonite foliation
(Plates 2.6b & d) and as large (up to 3mm), "holly leaf", disrupted grains (Harte,
1977), often with tension gashes ("pull-apart” fractures) (Plate 2.4a). Smaller crystals
range in shape from vermicular anhedral to equant euhedral.

Exsolution of vermicular spinels from host crystals of orthopyroxene has been
recognised in the lherzolites HA52 and HAS54 (Plate 2.5b). Spinel of such distinctive
form also occurs at olivine-orthopyroxene grain boundaries through a granule
exsolution process (Plate 2.5a), observed also in the harzburgite HR317.
Orthopyroxene grains adjacent to exsolved vermicular spinels are lower in ALO,
than those elsewhere in the rock and appear to be richer in mg#, as do olivine
grains next to such spinels. Concomitantly, the vermicular spinels are lower in
chrome number [cr# = (Cr/Cr+Al) x 100] (i.e. richer in AL,O,) than others in the
rock. Such a chemical pattern suggests a reaction involving aluminous
orthopyroxene, such as:

Mg,SiO, + MgAIlAIlSiO, = MgALO, + Mg,Si,0,
as proposed by Menzies (1975) to account for the chemistry of aluminous exsolved
spinels in harzburgites from the Othris ophiolite in central Greece.

Spinels display a wide compositional variation relative to their associated
silicate minerals. They fall into two groups: paler, orange-brown spinels are Al-rich
(mean cr# = 17.2) and restricted to lherzolites (Plates 2.5a, 2.5b & 2.6a), whereas
darker brown, red-brown and black spinels are Cr-rich (mean cr# = 61.6) and found
in harzburgites (Table 2.1) (Plates 2.4a, 2.6b, 2.6c & 2.6d). Thus, the majority of
harzburgite spinels are magnesiochromites by the scheme of Sigurdsson and Schilling
(1976) and those from lherzolites are all "chromian spinels". Excepting the data
from H68 (see above) and HA68B (in which the spinels are anomalously
aluminous), spinel cr# shows a strong positive correlation (r = 0.91) with the Fo
content of co-existing olivine; the data are illustrated in Figure 2.2a. A strong
negative correlation (r = -0.96) describes the relationship between spinel cr# and the
number of Cr and Al atoms in the octahedral sites (AlY' = Al_-Al"Y, where AIY =
2 - Si) of their co-existing orthopyroxenes (Fig.2.2b). Such a relationship, with r =
-0.94, was reported by Johan and Augé (1986) in mantle sequence peridotites from
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the Tiebaghi ophiolitic massif in New Caledonia.

Evidence that the spinel cr# is affected by serpentinisation of the host rock is
found only in harzburgite H6 where "ferritchromit" spinel of very high cr# and Fe**
is associated with calcic amphiboles formed during Ca-metasomatism (see section
2.5 below). These grains (n = 2) plot close to the Cr-Fe* join on Figure 2.3b. In
serpentinised harzburgites such as HA25C, HR243 and HR244, small altered spinels
are black and "ragged" in appearance and contain significant Fe**. In the same rocks
other spinels are deep red in colour, contain little or no Fe* and have similar cr# to
the altered examples. Ozawa (1986; 1988) stated that spinel cr# was not susceptible
to re-equilibration at sub-solidus temperatures, but the larger spinels in some
harzburgites with bimodal spinel grain size (e.g. HA68B, HA70 and HR317) have
higher cr# and mg# than those of smaller size, which are assumed to be neoblasts.
This pattern of spinel cr# varying with grain size occurs in HA68B to an extent of
4-5 mol.%.

The Halmahera spinels exhibit the strong reciprocal variation between cr# and
mg# commonly described from ophiolite mantle sequence spinels. The compositions
of unaltered spinels (no apparent post-magmatic oxidation of Fe?*) are plotted in
Figure 2.3a on a face of the Mg-Fe*-Fe*-Cr-Al spinel compositional prism, with the
ordinate twice the scale of the abscissa to reflect the presence of two tervalent
cations for each divalent cation in the model spinel formula (Irvine, 1965). The
Halmahera examples plot mostly within the "alpine-type peridotite”" spinel
compositional field (Dick & Bullen, 1984) with a slight tendency towards lower
mg#, possibly due to the effect of sub-solidus re-equilibration of some grains
(including neoblasts and exsolved grains) with the Mg-rich silicate phases at lower
temperatures (e.g. Ozawa, 1983; see section 2.4 below). This would cause an
appreciable decrease in the spinel mg# with the mg# of the silicate minerals
remaining relatively constant (Irvine, 1967), due to the high silicate:spinel modal
ratio in these rocks. Unaltered Halmahera spinels have low Fe*, calculated assuming
perfect spinel stoichiometry on the basis of twelve cations, and hence plot close to
the Al-Cr side of the Al-Cr-Fe* face of the prism (Fig.2.3b). Fe* ranges up to 2.25
wt.%, but is usually below 0.5 wt.%, in all unaltered spinels bar those from H6 in
which the spinels are black and vary in Fe* from 6.08 to 6.14 wt.% (Fig.2.3b). This
recalculation method does not give rise to major inaccuracies in the determination of
spinel Fe** when compared to Mdssbauer spectroscopic analysis (Dyar et al., 1989)
and suggests that the Halmahera spinels, except those from H6, formed under
conditions of low fO, (Irvine, op.cit.).
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Both harzburgite and lherzolite spinels are characterised by low TiO,
contents, reaching a maximum of 0.30 wt.% although usually below 0.10 wt.%.
Limited evidence suggests a chemical zoning in large spinels of the Cr-rich type
(e.g. in HA25C, HA70 and HR317), with Cr,0, and FeO decreasing from core to
rim and AL,O, and MgO increasing. This pattern in Cr/Al zoning was described in
detail by Ozawa (1986) in a 2mm spinel from the "tectonite member" of the
Miyamori ultramafic complex in northeastern Japan and attributed to a primary
chemical feature, whereas Mg/Fe zonation in the same grain was described as due to

lower temperature cation diffusion.

2.3: Whole-rock geochemistry

Bulk chemical analyses of four harzburgites and three lherzolites are
presented in Table 2.2 along with certain analyses (nos.1-8 in the Table) selected
from the literature for comparison. The Halmahera rocks have undergone varying
degrees of serpentinisation, but analyses are available of both fresh (<5%
serpentinisation) and altered rocks. Whereas abundances of "magmaphilic" major
elements such as Al, Ca, Ti, Na and K, and incompatible trace elements, such as Zr
and Nb, are very low, elements held in the mineral phases observed petrographically
in the peridotites are correspondingly high. Thus, Cr, held in spinel and pyroxene,
and Ni, held in olivine, are very high, up to maxima of 3360 and 2680 ppm
respectively. Zn is moderately high, also being accommodated in the spinel lattice
(detected during microprobe analyses of small spinels in the harzburgites HA70 and
HP72), and thus correlates with Cr (r = 0.51).

Comparing the chemistry of the harzburgites and lherzolites reveals a clear
distinction. The lherzolites are appreciably enriched in CaO and ALQO,, in accordance
with their clinopyroxene and aluminous spinel contents, and have lower bulk mg#,
corresponding to the less magnesian nature of their constituent silicate phases (see
Table 2.1). Certain minor elements are also relatively enriched in the lherzolites, e.g.
Sc, V, Cu and Ga (Table 2.2). Diopsides from a group of ultramafic massifs in the
Urals were analysed by Borisenko (1967) for minor elements; mean Sc and V
concentrations of 94 and 142 ppm respectively suggest that these elements in
peridotites are likely to be held in the clinopyroxene lattice. Similarly, the dunitic
chromian diopside analyses reported by Ross et al. (1954) contain V between 80 and
200 ppm. Cu and Ga are probably held within the spinel phase; according to McKay
and Mitchell (1988), spinel is the main Ga host in spinel peridotites and their

estimated upper mantle Ga content (1.9 ppm) approximates that in the Halmahera
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Table 2.2: Whole-rock geochemistry of Halmahera mantle sequence
peridotites with analyses (nos.1-8) selected from the literature for
comparison. Halmahera data: major elements by ICP "MAJORS" program
after LiBO, fusion (all Fe expressed as Fe,0,), traces by XRF (reported
volatile-free). K,O below 0.01 wt.% in all analyses; Rb, Th, La, Ce and
Nd all below XRF detection limits. mg# = 100 x Mg/(Mg+Fe), where Mg
= MgO/40 and Fe = (Fe,O, x 0.9)/72. ALO, + CaO parameter
recalculated to 100% volatile-free. %serp is the volume of rock
serpentinised. Hyphens in the Halmahera analyses refer to concentrations
below the XRF detection limits; in the comparative data they refer to an
analysis either not undertaken or not reported. Comparative data from the
following sources:

1: "Composition...likely to represent original or undepleted (upper)
mantle" (Harris et al., 1967). Total includes Cr,0, = 0.30, NiO = 0.20.

2: Liguria, average of 9 plagioclase-free, variably serpentinised lherzolites,
recalculated LOI-free (Ernst & Piccardo, 1979). Total includes Cr,0O, =
0.36, NiO = 0.25.

3: Oman, "fresh, unserpentinised harzburgite" (Lippard ez al., 1986). All
iron expressed as FeO. Total includes Cr,0, = 0.32, NiO = 0.35, LOI =
-0.12.

4: Troodos, average of 8 harzburgites (Menzies & Allen, 1974).
Recalculated H,O and CO, free and normalised to 100%. Total includes
Cr,0, = 0.39, NiO = 0.27, S = 0.019.

5: Papua harzburgite (Davies, 1971).

6: Papua, average of 4 harzburgites (Jaques & Chappell, 1980).

7: Tonga Trench dredged "peridotite” (Fisher & Engel, 1969). Wet
chemical analysis: CaO & Al,O, questionable, "may well be in error".

8: Mariana Trench, serpentinised harzburgite 27-1 (Bloomer & Hawkins,
1983). Cr & Ni recalculated to 100% volatile-free.



harzburgites lherzolites

HP72 HA70 HR317 H6 HA81 HAS52 HAS4
wt.% oxide
$i02 45.77 42.86 44.42 40.64 38.54 44 .56 42.62
Ti02 0.01 0.02 <0.01 0.06 0.03 0.06 0.04
Al203 0.30 0.52 0.50 0.90 1.61 2.42 2.05
Fe203 7.33 7.00 8.26 8.78 7.47 8.43 8.27
MnO 0.11 0.12 0.12 0.11 0.10 0.12 0.11
MgO 45.41 41.93 45.03 42.29 36.37 40.47 39.87
Ca0 0.28 0.42 0.42 1.08 1.45 2.20 1.99
Na20 0.01 0.01 <0.01 0.05 <0.01 0.03 0.05
P205 0.05 0.05 0.05 0.06 0.05 0.06 0.04
H20- 0.39 0.68 0.22 0.21 1.76 0.22 0.35
H20+ 0.90 5.84 0.93 5.19 11.07 1.05 4.05
co2 0.03 0.42 0.13 0.76 1.04 0.35 0.50
Total 100.58 99.87 100.08 100.03 99.49 99.97 99.94
mg# 92.5 92.3 91.6 90.6 90.7 90.6 90.6
Al203+Ca0 0.58 1.01 0.94 2.11 3.57 4.70 4.25
$serp <5 37 <5 28 58 <5 17
trace elements (ppm)
Ccl - 430 - 250 600 50 340
Sc 5.6 6.5 8.0 12.1 12.8 14.6 12.9
v 15.7 27.6 19.3 48.0 55.8 61.2 61.2
Cr 2802 2763 2919 3384 2929 2770 2784
Ni 2689 2343 2642 2533 2324 2328 2319
Cu - - 4.4 2.5 13.8 23.2 21.4
Zn 47.0 42.1 46.3 55.9 50.1 52.7 50.1
Ga 0.6 0.1 - 1.4 2.0 1.7 2.2
Sr 2.1 1.1 2.6 11.5 1.2 1.1 1.3
Zr 0.1 0.2 0.2 1.6 0.1 0.4 -
Nb 0.2 - 0.3 - 0.2 - 0.1
Y 0.3 0.4 - 1.4 0.6 2.3 2.1
Ba - - - 3.3 - 4.1 0.7

1 2 3 4 5 6 7 8
Wwt.% oxide
sio2 44.2 44.5 45.0 43.5 42.8 43.2 44.6 42.6
Tio2 0.1 0.15 0.03 0.01 0.02 <0.002 - 0.08
Al1203 2.7 2.97 0.93 0.47 0.23 0.045 0.16 2.78
Fe203 1.1 8.64 - 5.44 0.99 1.71 0.51 3.86
FeO 7.3 - 8.25 3.24 6.45 5.24 7.31 4.29
MnO 0.15 0.13 0.15 0.15 0.10 0.115 - 0.13
MgO 41.3 40.3 43.51 45.7 48.0 48.1 46.35 36.84
Ca0 2.4 2.23 1.12 0.77 0.55 0.035 0.09 2.87
Na20 0.25 0.10 - <0.01 0.07 0.01 0.10 0.10
K20 0.015 <0.01 - <0.01 0.01 <0.005 <0.02 0.01
H20- - - - - 0.19 0.12 - -
H20+ - - - - 0.24 0.95 0.10 5.63
co2 - - - - 0.05 0.15 - 0.45
Total 100.015 99.64 99.70 100 99.70 99.57 99.24 100.64
Cr 2053 2487 2193 2668 - 2315 3700 2070
Ni 1573 1959 2766 2124 - 2770 3000 2010
Al203+Ca0 5.1 5.22 2.05 1.24 0.79 0.08 20.25 5.98
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lherzolites. Higher concentrations of CaO, Al,0O,, Sc, V and Ga in the harzburgite
H6 (Table 2.2) correlate with the presence of the approximately 4% clinopyroxene;
increased concentrations of Sr and Ba in H6 are probably due to metasomatic
enrichment, which could also explain the high CaO + AlO, relative to the other
harzburgites, although the lower mg# is probably a primary feature.

Concentrations of La, Ce and Nd were below the detection limit of the XRF
method in all the rocks analysed, suggesting that these peridotites contain very low
levels of the light rare earth elements. Y, for which the XRF precision is much
better (see section 1.7), occurs at approximately chondritic levels in the lherzolites
HAS52 and HAS54, but is much lower in the harzburgites, suggesting lower heavy

rare earth element concentrations in these latter rocks compared to the former.

2.4: Geobarometry and thermometry

The occurrence of spinel in equilibrium with the silicate phases indicates that
the physical conditions of formation of the Halmahera mantle sequence rocks were
between the higher pressure garnet lherzolite and the lower pressure plagioclase
lherzolite stability fields. The approximate ranges in pressure of the spinel peridotite
stability field are 5-12 kbar at 800°C and 8-16 kbar at 1200°C (Obata, 1976); thus
the absence of either garnet or plagioclase in the Halmahera peridotites places a
primary constraint on their pressures of formation.

Schemes for the estimation of the temperature of formation of a rock,
geothermometers, are available for a number of individual or co-existing mineral
phases applicable to peridotites. In residual mantle sequence rocks, geothermometry
can be used to estimate the temperature of mantle partial melting, or at least the
temperature at which the residual material was last in equilibrium with the melt,
although the effects of lower temperature re-equilibration and/or recrystallisation can
be important. Three particular geothermometers are applied to the Halmahera
peridotites: (i) based on Ca partitioning between co-existing high-Ca and low-Ca
pyroxenes (Lindsley & Andersen, 1983; Lindsley, 1983), (ii) based on the Al content
of orthopyroxene co-existing with olivine and spinel (Obata, 1976; Gasparik &
Newton, 1984; Gasparik, 1987) and (iii) based on the partitioning of Mg and Fe*
between co-existing spinel and olivine (Irvine, 1965; Fabri¢s, 1979; Engi, 1983).

The two-pyroxene geothermometer is based on the premise that as the Ca
content of the high-Ca phase (clinopyroxene) decreases with increasing temperature,
that of the low-Ca phase (orthopyroxene) increases. It is described in detail in

section 5.4 with reference to the northeastern Halmahera volcanic rocks. Application
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of this system to plutonic rocks is problematical due to the widespread effects of
exsolution. Another problem arises in the fact that the available geothermometers are
only calibrated for pyroxene compositions that plot on the Di-En-Fs-Hd quadrilateral
and, although Lindsley and Andersen (1983) proposed a scheme for projecting
pyroxene compositions onto the Wo-En-Fs diagram to facilitate accurate estimation
of their activities, it was emphasised by Lindsley (1983) that two-pyroxene
geothermometry should be restricted to pyroxenes in which Wo+En+Fs > 90%.
Although all of the lherzolitic pyroxenes of the present study contain less than 90%
quadrilateral components, the Lindsley geothermometer was nevertheless applied to
the Halmahera peridotites with two-pyroxene assemblages (three lherzolites and two
harzburgites) at both 10 and 15 kbar pressure. The results, presented in Table 2.3,
are reasonably self-consistent in indicating approximate temperatures of 1200°C for
the lherzolites and 1020°C for the harzburgites, although the uncertainties attached
due to the presence of non-quadrilateral components within the grains analysed
(listed in Table 2.3) are large.

The Al content of orthopyroxene co-existing with olivine and spinel was
shown by Obata (1976) to be sensitive to temperature, but almost pressure
independent and hence of use as a geothermometer. The temperature variation of
this quantity was calibrated in the CaO-FeO-MgO-ALQ,-SiO, system by Gasparik
(1987) to provide a geothermometer suited principally to the study of spinel
lherzolites, using the procedure described by Gasparik and Newton (1984) for
calculating the Al occupancy of the M1 octahedral pyroxene site. The Gasparik
geothermometer was applied to the orthopyroxene members of the orthopyroxene-
clinopyroxene pairs studied with the Lindsley geothermometer and the results are
included in Table 2.3. Although the Gasparik method also indicates lower
temperatures for the harzburgitic relative to the lherzolitic grains, the results are
drastically lower (between 400 and 600°C lower) than those calculated using Ca
partitioning.

The theoretical foundation for the study of the distribution of Mg and Fe**
between spinel and co-existing olivine was provided by Irvine (1965). Fabrie¢s (1979)
calibrated the exchange equilibrium empirically and provided a scheme for
normalising the distribution coefficient to a Fe*-free basis. The temperature of the
equilibrium is then calculated from the resulting normalised distribution coefficient
and the proportion of Cr atoms in the octahedral sites of the spinel structure. Engi
(1983) used a comprehensive experimental calibration of the system to formulate a

series of graphical isotherms specifically for alpine-type peridotites. Both approaches
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lherzolites harzburgites

rock HAS52 HAS54 HA81 HA68B HR244

analysis Q K T M R K L F G B

Wo 4.0 38.0 3.7 39.1 3.5 36.0 3.1 43.5 2.1 43.9

En 86.6 56.8 87.5 56.4 87.1 58.0 89.2 53.1 90.0 53.6

Fs 9.4 5.2 8.8 4.5 9.4 6.0 7.7 3.4 7.9 2.5

$Quad 89.2 82.8 87.6 84.0 89.7 83.8 94.9 94.5 95.3 96.5

Tl (1O0kbar) 1250 1175 1200 1150 1200 1225 1150 950 1025 950

Tl (15kbar) 1225 1200 1200 1175 1200 1225 1100 975 1025 1000

Tl uncertainty 95 125 100 120 90 120 65 70 60 65
T2 830 820 740 570 490

Table 2.3: Peridotite geothermometry: T1 based on the two-pyroxene
geothermometer of Lindsley (1983); T2 based on the orthopyroxene Al,O,
geothermometer of Gasparik (1987). T1, T2 and T1 uncertainty expressed in °C.
%Quad is the proportion of pyroxene quadrilateral components in the analysis.

were tested with (i) adjacent grains of olivine and a small, equant spinel in the
lherzolite HAS52 and (ii) an olivine and neighbouring large spinel porphyroclast in
the harzburgite HA68B. The Fabriés method gave a result of 730 £ 50°C for the
lherzolite and 800 % 50°C for the harzburgite; the Engi graphical approach gave 670
and 820 * 25°C respectively. The results are self-consistent, but again seriously
underestimate temperatures obtained by the Lindsley (1983) two-pyroxene
geothermometer and also differ in that they estimate a higher temperature for the
harzburgite.

Lower temperatures are often yielded by olivine-spinel geothermometry in
peridotites (e.g. Henry & Medaris, 1980; Ahmed, 1982; Ozawa, 1983; Bloomer &
Fisher, 1987) and are due to continuous Mg-Fe re-equilibration (diffusional exchange
between olivine and spinel) with cooling in rocks with high olivine:spinel modal
ratios. The lower temperature obtained from the lherzolite is explained by a
combination of two factors: (i) Mg-Fe diffusion is likely to have been faster in the
smaller spinel grain used in the calculation for the lherzolite and (ii) a Cr-rich spinel
such as that from the harzburgite would have a slower Mg-Fe diffusion rate and so
be more likely to preserve a high temperature composition (Ozawa, 1986). Ca
partitioning between co-existing pyroxenes is blocked at much higher temperatures
than Mg-Fe diffusion in spinels and hence is less susceptible to sub-solidus change.
Thus, geothermometry indicates disequilibrium between spinel and pyroxene in the
Halmahera peridotites and the Lindsley (1983) two-pyroxene approach presumably
provides the best estimates of the temperature of upper mantle equilibrium partial
melting, although the possible effects of sub-solidus exsolution (e.g. granule

exsolution in the harzburgite giving rise to an orthopyroxene-clinopyroxene pair at
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equilibrium at a lower, sub-solidus temperature) are not quantified. Assuming the
results do reflect the temperatures pertaining when the rocks passed from the solidus
into the sub-solidus fields and applying them to the boundary between the
plagioclase and spinel peridotite stability fields determined by Obata (1976) leads to
minimum pressure estimates of approximately 7 and 8 kbar for the harzburgites and
the lherzolites respectively.

As shown above, use of the Gasparik (1987) orthopyroxene Al,O,
geothermometer results in low equilibrium temperatures comparable with those
obtained by olivine-spinel geothermometry. Similarly, equilibrium temperatures
excessively low in comparison to those derived from pyroxene Ca partitioning were
obtained by Johan and Augé (1986) from the Al content of orthopyroxene. They
suggested that Al,O, was leached preferentially from upper mantle orthopyroxenes
during hydrous partial melting and Mercier e al. (1984) stated that Al in ophiolitic
peridotites can only be a sensitive geothermometer after appropriate corrections are
made for compositional variations with degree of partial melting. Thus
orthopyroxene Al,O, contents do not accurately reflect upper mantle temperatures,
but are a measure of the degree of melt depletion from their host peridotites. This
point is enlarged upon in section 2.6 below.

2.5: Alteration

Ophiolitic peridotites with olivine, orthopyroxene and clinopyroxene
completely unaltered are rare (Coleman, 1977). Some degree of serpentinisation is
usually in evidence in such rocks. The Halmahera non-cumulate ultrabasic rocks
show a variable degree of serpentinisation, with olivine and, to a lesser extent,
orthopyroxene often replaced partially or completely by fine-grained, pale green,
hydrated magnesian silicates of the serpentine group. Locally, very high degrees of
serpentinisation occur along the imbricate, high-angle fault zones common in eastern
Halmahera. Where alteration of orthopyroxene is complete, the pseudomorphing
serpentine shows the characteristic bronze lustre of "bastite" (e.g. H7, HA25C).
Replacement occurred initially along cracks and fractures in olivine (H6) and, when
serpentinisation is extensive, a "mesh texture" of fine-grained serpentine is developed
in which tiny grains of black Fe oxides provide the only evidence of the former Fe
content of the olivine or orthopyroxene. These oxide grains trace polygonal patterns
in highly serpentinised rocks (e.g. H7) which preserve the former positions of the
boundaries of olivine crystals.

The amount of H,0+ listed in the peridotite analyses is proportional to the
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degree of serpentinisation of the rocks ("% serp" in Table 2.2). The positive
correlation of H,0 and CO, in Table 2.2 is evidence that the serpentinising fluid had
a CO, component. The amount of serpentinisation and H,0+ are proportional to the
Cl concentration, from which it is inferred that serpentinisation occurred through the
input of Cl-bearing, marine-derived water into the peridotites. Cl was detected during
microprobe analyses of the serpentine in the harzburgites HA68B, HA81, HR243 and
HR244. Although heat flow models do not predict the penetration of water to the
oceanic mantle (Moody, 1979), the detailed oxygen isotope study of the Oman
ophiolite by Gregory and Taylor (1981) demonstrated the local penetration of marine
H,0 into the mantle sequence peridotite and similar data summarised by Coleman
(1977) indicate that sea water modified by hydrothermal heating is responsible for
the serpentinisation of "oceanic" peridotites. Although Magaritz and Taylor (1981)
reported evidence for three stages of serpentinisation in the Troodos ophiolite,
including one involving meteoric ground waters, there is no evidence that the
serpentinisation of the Halmahera peridotites did not take place in an oceanic
environment.

The clinopyroxene-bearing harzburgite H6 displays a patchy alteration
associated with the presence of fibrous, variably aluminous, Ca-rich and Ca-poor
amphiboles. The calcic amphiboles span a compositional spectrum from tremolite
(ALO, = 1.6 wt.%) to magnesio-hornblende (ALO, = 8.4 wt.%) suggesting
crystallisation under a range of conditions; this chemical variation is illustrated in
Figures 2.4a and b. Orthorhombic, Ca-poor anthophyllite formed in H6 through the
alteration of orthopyroxene. Rare tremolite is found in the harzburgite H68,
associated with the edges of large, serpentinised orthopyroxenes. It is interpreted as
being derived from the alteration of clinopyroxene, isochemical on the scale of the
thin section, as tiny grains of such occur adjacent to large orthopyroxenes in this
rock.

The H6 amphiboles are interpreted as having formed through the local
invasion of a Ca and Al-rich, hydrous, metasomatic fluid into the rock, forming
highly serpentinised zones containing the observed calcic amphiboles, with
anthophyllite replacing orthopyroxene. The calcic amphibole compositions probably
reflect the local influence of the chemical potentials of species, especially Al, in the
fluid phase, rather than pressure-temperature conditions (see section 7.2.4). Thus,
chemical equilibration is not evident and neither amphibole compositions nor the
apparent lack of a miscibility gap between tremolite and magnesio-hornblende (e.g.
Arai & Hirai, 1985; Oba & Yagi, 1987) provide constraints upon the physical
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Figure 2.4:
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conditions of alteration.

The altered zones in H6 also contain "ferritchromit” of very high cr# (88-93:
see Figure 2.3b). The alteration of Cr-bearing spinel giving an Fe*-rich secondary
product (ferritchromit) strongly depleted in Mg and Al and relatively enriched in Cr
has been described by a number of workers (e.g. Miller, 1953; Tex, 1955; Engin &
Aucott, 1971; Onyeagocha, 1974; Ahmed & Hall, 1984). In these five occurrences,
the ferritchromit is associated with chlorite formed above the upper stability limit of
serpentine, i.e. above 570°C at 10 kbar water pressure (Kitahara et al., 1966). In a
study of the alteration in chromitite lenses within the Twin Sisters dunite,
Onyeagocha (op.cit.) described spinels of mean cr# = 65 altering to ferritchromit
with cr# up to 95.4, interpreted as a response to the input of H,O under conditions
of increased fO,. Cr and Fe become relatively concentrated in the spinel phase
through their slower diffusion rates compared to Mg and Al. The availability of
ALO,; and MgO after hydrothermal release from the primary spinel results in the
alteration of serpentine to tremolitic amphibole according to Engin and Aucott
(op.cit.), the formation of interleaved chlorite and serpentine, according to Shen et
al. (1988) and the alteration of serpentine to bluish-grey chlorite (Ahmed & Hall,
op.cit.). As the calcic amphiboles in H6 have grown adjacent to grains of
ferritchromit, the Engin and Aucott mechanism could explain their formation.

A different style of spinel alteration is observed in the serpentinised
harzburgites collected as float near the mouth of the Sagea River (HR243 and
HR244). All the silicate phases in HR243 have been replaced by serpentine minerals
and the spinels are black, have high Fe and cr# (69.1-75.8: approximately correlating
with grain size) and sum to low totals around 96% using the standard recalculation
procedure (dividing the total Fe recorded by the microprobe analysis into Fe* and
Fe* so as to sum the cations to 12). However, recalculation assuming all the Fe is
in the ferric oxidation state results in reasonable totals around 100%, but a cation
sum less than 12. This implies that the spinels have been oxidised to cation-deficient
maghemite-type structures and that the alteration is restricted to the Fe** to Fe**
reaction, thus they do not show the extreme depletion in Mg and Al noted in the
altered spinels in H6. A similar very Fe**-rich (43.4 wt.%) cation-deficient phase is

observed in HR244 forming a mantle around a primary, unoxidised spinel core of

- very similar cr# (core cr# = 61.2, oxidised rim = 61.7). The oxidation of magnetite

to maghemite can take place at very low pressures and temperatures (e.g. on the sea
floor; Alt et al., 1986) and is presumably associated in HR243 and HR244 with
highly oxidising conditions during serpentinisation.
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2.6: Implications

Porphyroclastic textures in the mantle sequence rocks indicate high
temperature upper mantle plastic deformation; a flow process in which the transport
of material is driven by stress, leading to recrystallisation and the formation of
strain-hardened neoblasts (Lippard et al., 1986). Partial melting of a lherzolite results
firstly in the disappearance of diopside, therefore a harzburgitic peridotite is the
expected residue of the partial melting of a lherzolitic upper mantle (O’Hara, 1968;
Mercier et al., 1984), that is, the material remaining after a partial melt has been
completely extracted. The chemistry of the Halmahera harzburgites, demonstrating
their depletion in magmaphilic and incompatible elements, is consistent with this
interpretation.

The bulk compositions of harzburgites from the Oman ophiolite (no.3:
Lippard ez al., 1986), the Troodos ophiolite, Cyprus, (no.4: Menzies & Allen, 1974)
and the Papuan ophiolite (no.5: Davies, 1971; no.6: Jaques & Chappell, 1980) are
listed in Table 2.2 for comparison with the Halmahera data. The relative degree of
depletion of mantle sequence peridotites is indicated by the sum of their CaO and
ALO, contents, which gives a measure of the amount of magmaphilic material
remaining within the residual mantle. This parameter is normalised to 100% on a
H,0 and CO, free basis for the data in Table 2.2 and shows that the Halmahera
harzburgite HP72 is more depleted than all but the Papuan example analysed by
Jaques and Chappell (op.cit.), that the other Halmahera rocks are less depleted than
those from Papua and that HP72, HA70 and HR317 are considerably more depleted
the Troodos and Oman harzburgites. The CaO + AlLQ, value for the clinopyroxene-
bearing harzburgite H6 should be treated with scepticism as it is likely to be
increased as a consequence of the amphibole- and ferritchromit-forming
Ca-metasomatism discussed in section 2.5 above; the resultant value of 2.11 is
comparable to that of the Oman harzburgite. However, some caution should be
applied to the interpretation of these data overall as serpentinisation has been said to
cause the relative loss of both CaO and ALO, (Moody, 1979), which cannot be
corrected for by the normalisation procedure, although some authorities (e.g.
Coleman, 1977) describe the process of serpentinisation as isochemical.

The mean bulk chemistry of plagioclase-free lherzolites from Liguria in
northern Italy (Emst & Piccardo, 1979) and the calculated undepleted upper mantle
composition of Harris et al. (1967) are also listed in Table 2.2 (nos. 2 and 1
respectively). In comparison, the Halmahera rocks are relatively depleted in TiO,,

Al,0, and CaO and enriched in Cr and Ni, indicating that they do not represent
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pristine upper mantle material. The chemistry is therefore consistent with the
Halmahera lherzolites having undergone a slight degree of partial fusion and
subsequent melt extraction. Two analyses of peridotites recovered from oceanic
forearc environments are also presented in Table 2.2; from the Tonga (no.7: Fisher
& Engel, 1969) and the Mariana (no.8: Bloomer & Hawkins, 1983) Trenches.
Unfortunately, in both cases it is questionable whether the CaO + AL, O, contents
represent primary values; in the former through probable analytical error and in the
latter because of probable metasomatic enrichment, as suggested by a very high Sr
content (82 ppm; ¢f. 11.3 ppm in H6) in the published analysis (Bloomer &
Hawkins, op.cit.).

The systematic distinction in mineral chemistry between the Halmahera
harzburgite and lherzolite is consistent with the whole-rock chemistry and with the
conclusion that the two rock types reflect differing degrees of upper mantle partial
melting. The more aluminous spinels and pyroxenes, less magnesian olivines and
pyroxenes and less nickeliferous olivines (Sato, 1977) observed in the lherzolite all
correspond to the less refractory nature of their host rock. The degree of partial melt
extraction recorded by a peridotite, as reflected by the co-variation between whole-
rock CaO + AlLQ,, orthopyroxene AlLO,, olivine Fo and spinel cr#, has been
discussed for spinel peridotites from a range of ophiolitic complexes (Ishiwatari,
1985) and various oceanic tectonic settings (Bonatti & Michael, 1989). These
parameters are listed in Table 2.4 for the Halmahera harzburgites and compared to
data from other ophiolite mantle sequences and the peridotite samples dredged from
the Tonga and Mariana Trenches. The data show that the Halmahera harzburgites
represent a particularly depleted mantle sequence, i.e. one that has undergone a
particularly high degree of partial melting. The implications of this for the
geotectonic provenance of the Halmahera rocks and their melting history are
discussed in Chapter 9.

Geothermometry shows consistently that the harzburgites last equilibrated at
lower temperatures than the lherzolites. The Lindsley (1983) two-pyroxene
geothermometer provides estimates of these temperatures of around 1200°C for the
lherzolites and 1000°C for the harzburgites. These are interpreted as the temperatures
at which the residual material represented by these peridotites was last in
equilibrium with the melt derived from the partial fusion of their precursor rocks,
i.e. the temperatures prevailing when the final melt left the system and the rocks
re-entered the sub-solidus field. Similarly, Bonatti and Michael (1989) reported lower
two-pyroxene temperatures were yielded by depleted Tonga Trench, subduction-
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related harzburgites compared to spreading ridge peridotites, interpreted as reflecting
H,0-induced melting at lower temperature for the subduction-related examples.

Jaques and Green (1980) noted the positive correlation between co-existing
spinel and orthopyroxene ALQ, content and Johan and Augé (1986) expressed the
partitioning of Al between the two phases in terms of an exponential curve, with the
position of a data point along the curve being proportional to the degree of partial
melting undergone by the host mantle sequence. This curve and the data for the
Halmahera peridotites (n = 11) are plotted on Figure 2.5. Johan and Augé (op.cit.)
pointed out that orthopyroxene exsolution processes cause a spread of data to fall
below the equilibrium curve; this could explain the cluster of harzburgitic Halmahera
data points beneath the curve. The scatter of the Halmahera peridotites along the
curve indicates a range in the degree of partial melt extraction that they represent,
from the most strongly depleted nearest the origin (harzburgite HA70) to the most
fertile farthest away (lherzolite HAS2).

The chemistry of mantle sequence spinels is particularly interesting for three
reasons. Firstly, notwithstanding the exceptions described in section 2.5 above,
spinels normally retain their primary chemistry despite the serpentinisation of their
co-existing silicate minerals in peridotites. Secondly, spinel chemistry shows a wide
major element variation, such as in Cr-Al substitution, not seen in the
compositionally homogeneous silicates and, thirdly, this chemical variation is of
direct petrogenetic significance. During partial melting, the less magmaphilic cation
Cr is strongly partitioned into the solid and Al into the melt (Jaques & Green, 1980;
Mercier et al., 1984; Dick & Bullen, 1984) and therefore the chemical composition
of a spinel provides a sensitive indication of the degree of partial melting recorded
by the host mantle sequence peridotite. This is not related to the mg# of the spinel,
as it is in the upper mantle silicate phases wherein higher residual mg# imply
greater partial melting, due to the crystal-chemical association of Mg with Al and Cr
with Fe** in the complex solid solutions within spinels.

The Cr-rich, harzburgitic Halmahera spinels are Type III in the classification
of Dick and Bullen (1984) and hence they cluster mostly outside the range for
spinels from abyssal peridotites, as illustrated by Figure 2.6. However, the high-
alumina lherzolitic spinels plot within the abyssal peridotite field and thus are Type
I. Type I spinels occur in the most depleted peridotites which are believed to have
undergone the highest degree of partial melting, promoted by the presence of water
lowering the liquidus temperature (Dick & Bullen, op.cit.). Peridotites bearing Type

I spinels are considered by Dick and Bullen (op.cit.) to be "permissive” of formation

50



Figure 2.5: ALO, contents in co-existing orthopyroxenes and spinels in Halmahera
peridotites with Johan and Augé equilibrium curve.
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Figure 2.6: Unaltered Halmahera spinels compared with spinels from abyssal
peridotites (Dick & Bullen, 1984).
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at a mid-oceanic ridge. For the Halmahera ophiolite, the association of the two types
of peridotite suggests a multi-stage melting history. This is interpreted as resulting
from the the initial stages of the construction of a young arc upon older oceanic
crust in the discussion of the implications of the partial melting evidence from the
peridotites in Chapter 9.

Irregularly-shaped, kilometre-scale, isolated bodies of predominantly lherzolitic
tectonite peridotite (spinel cr# = 10-37) occur within depleted harzburgitic peridotite
(spinel cr# = 40-78) in the Miyamori ophiolite complex in northeastern Japan
(Ozawa, 1987; 1988). Their association is explained by the following process.
Melting in the mantle wedge above a subducting slab, promoted by the addition of a
H,O-rich fluid derived from the slab, left a residue of harzburgitic peridotite. The
melt ascended diapirically through the above-lying lherzolitic mantle and a process
analogous to magmatic stoping resulted in the incorporation of lherzolitic blocks into
the main mass of harzburgite (Ozawa, 1988). Such a mechanism could explain the
occurrence of small lherzolitic bodies within the Halmahera harzburgite and a
consequence of this model is that the lherzolite is the source material for the
harzburgite, an interpretation applied to the Halmahera rocks in Chapter 9.

Alternatively, Lippard et al. (1986) described lherzolite at the base of the
Oman ophiolite mantle sequence (the Basal Lherzolite unit) which contains spinels
which are paler in colour and more magnesian (mg# > 70) and aluminous (cr# <
40) than those elsewhere in the sequence; similarly, "irregular” lherzolite masses are
found near the base of the Zambales ophiolite in the Philippines. Comparison with
these occurrences suggests that the Halmahera lherzolites could have formed at
deeper structural levels, which have suffered less melt extraction, than the
harzburgites; the temperature estimates obtained from the two rock types are
consistent with the lherzolites equilibrating at a deeper (and therefore hotter) level.
Alternatively, the harzburgite temperature estimates could reflect lower temperature
second-stage melting under hydrous conditions (e.g. Bonatti & Michael, 1989), as
would be predicted by the Ozawa model. The two interpretations appear equally

plausible in the absence of conclusive evidence from field relations.
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CHAPTER THREE
CRUSTAL SEQUENCE PLUTONIC ROCKS I: CUMULATE ROCKS

3.1: Introduction

The Penrose ophiolite definition (Anon., 1972) describes the crustal sequence
of a complete ophiolite as a "gabbroic complex, ordinarily with cumulus textures
commonly containing cumulus peridotites and pyroxenites...". Rocks with cumulate
textures are particularly well represented in the material collected from Halmahera,
although no contacts with overlying doleritic or underlying mantle sequence rocks
are exposed. The term "cumulate" and those associated (such as "adcumulate”, etc.)
are used herein according to the predominantly textural definitions proposed by
Irvine (1982), i.e. without any implication that the rocks formed by crystal settling.
Thus, a cumulate rock is one characterised by a cumulus framework of touching
mineral crystals or grains that were evidently formed and concentrated primarily
through fractional crystallisation from a melt. Varying proportions of the cumulus
minerals give rise to the following cumulate rock types: olivine clinopyroxenite,
dunite, (plagioclase-bearing) wehrlite, olivine gabbronorite, troctolite and gabbronorite
(Table 3.1). The rocks commonly exhibit a layered structure (stratification), although
the rhythmic grain-size and modal lamination (Irvine, op.cit.; Plates 3.2a & 3.2b)
often reported from this level in intact ophiolites is not abundant. The cumulate
rocks usually show a uniform layering (Wager & Brown, 1968) with igneous
lamination defined by the sub-parallel orientation of tabular cumulus plagioclase and,
to a lesser extent, subhedral, prismatic pyroxene, but the cumulate origin of the rock
is often not readily visible in hand specimen.

One Halmahera rock which immediately betrays its cumulate origin is the
troctolite H159. H159 exhibits a remarkable crescumulate texture (Plates 3.1 and
3.3c), in which a dendritic arrangement of olivine crystals up to 15mm long is
surrounded by postcumulus plagioclase and lesser pyroxenes. Such a morphology of
olivine crystals has been observed in the Skaergaard and Rhum layered intrusions
(Wager & Brown, 1968) and in cumulate xenoliths in andesites from the northern
Mariana island arc (Stern, 1979) and is interpreted as resulting from the upward
growth of the mineral from the floor of the magma chamber into the overlying
liquid in the absence of vigorous current in the magmatic reservoir.

Cumulus and postcumulus assemblages in the Halmahera rocks are listed in

Table 3.1. Olivine + plagioclase occurs only rarely (i.e. H59, HP65, HP66) as a
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ol sp opx cpx pl hb ox opx c¢px pl
HAS55 dunite *
H215 ol cpxite
HA89 wehrlite
H59 troct
HP65 troct
HP66 troct
H60 ol gn
H62 ol gn
H63 ol gn
H157 troct
H159 troct
HA50 troct
HP59 ol gn
H154 ol gn
H150 gn
H158 gn
H160 gn
HA93C gn
HR223 gn
H14 gn
H64 gn
H65 gn
H66 gn
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Table 3.1: Summary of mineral assemblages in Halmahera cumulate rocks; rock
nomenclature after Streckeisen (1974). Abbreviations: ol - olivine; sp - spinel; opx -
orthopyroxene; cpx - clinopyroxene; pl - plagioclase; hb - hornblende; ox - Fe-Ti
oxide; troct - troctolite; gn - gabbronorite.

cumulus assemblage. The assemblages listed illustrate the importance of
orthopyroxene as an early crystallising cumulate phase. Peridotites are not abundant,
because the modal proportion of postcumulus plagioclase in rocks with olivine/
pyroxene cumulus phases is usually greater than 10%. Olivine is notable for its
relative scarcity in the gabbroic cumulate rocks, which always contain two pyroxenes

and hence are classified as gabbronorites. Plagioclase is an important cumulus phase
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in these rocks, usually comprising approximately 5U% OI INE MIVUC. AuLuLLUIARS s
the commonest type of gabbroic cumulate rock on Halmahera, i.e. they contain only
minor discrete postcumulus material; all intercumulus liquid has been completely
expelled from the rock. Adcumulate textures are usually taken to imply extensive
postcumulus crystal growth (e.g. Bloomer & Hawkins, 1983).

The cumulate dunites, wehrlites and troctolites (Plates 3.3a, 3.3c & 3.3d) are
coarse-grained and inequigranular orthocumulates, with grain sizes reaching up to 5-
7mm. These rocks contain either olivine + spinel or olivine + plagioclase as their
cumulus phases (Table 3.1). In the wehrlites, orthopyroxene occurs as a minor
constituent, usually as occasional large grains with included, equant chadacrysts of
clinopyroxene; plagioclase is a ubiquitous, anhedral, postcumulus phase. Olivine
forms up to 70% of the troctolites, with only minor, apparently postcumulus,
pyroxene phases in which clinopyroxene predominates. The rare cumulate dunites are
invariably highly serpentinised (e.g. HAS55), but can be recognised by the polygonal
arrangement of trails of small iron oxide grains with 120° triple junctions, preserving
the boundaries of former olivine crystals (Plate 3.3a).

Olivine gabbronorites (e.g. Plate 3.3b) are found with up to 70% olivine,
with the early-formed olivine often sub-rounded and enclosed poikilitically by
postcumulus orthopyroxene and clinopyroxene grains up to 10mm across. These
pyroxenes can show signs of deformation (e.g. in H63, undulose extinction and bent
cleavage planes). When the modal proportion of olivine exceeds 10% it co-exists
with cumulus spinel. Plagioclase occurs as a cumulus phase when olivine forms less
than 10% of the rock and therefore never with spinel. Clinopyroxene is always
markedly more abundant than orthopyroxene in olivine-bearing rocks, whereas in
olivine-free cumulate gabbronorites the modal abundance of orthopyroxene is
virtually equal to that of clinopyroxene, indicating that the crystallisation of
orthopyroxene is promoted when the precipitation of olivine ceases. v

Olivine-free gabbronorites (Plates 3.4a-d) are the most abundant cumulate
rock type in Halmahera (Table 3.1). Similarly, layered, adcumulate plagioclase +
clinopyroxene + orthopyroxene rocks "comprise the bulk” of the Papuan ophiolite
cumulate sequence (Jaques & Chappell, 1980). Like those described from Papua, the
Halmahera gabbronorites invariably display a prominent igneous lamination (e.g Plate
3.4d) and are hypidiomorphic to allotriomorphic granular in texture, with grain sizes
varying from 0.5 to approximately 3mm. They usually appear completely unaltered.
The almost granoblastic, laminar texture characteristic of the gabbronorites is

probably caused by annealing of the rocks under conditions of differential stress
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