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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 T i02. 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 modem 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. Temate 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;

1



Figure 1.1: Location of Halmahera with respect to southeast Asia, New Guinea, the 
Philippine Sea and the Pacific Ocean (modified after Hall & Nichols, in press).
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the volcanoes curve diagonally across the peninsula and offshore through the islands 

of Hiri, Temate, 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, Douville 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 resume 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 promise1'.
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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 hornblende 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
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foreword that "...there are vast tracts of land...which are still insufficiendy 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 Form ation Fossils

Quaternary Raised coral reefs. Volcanic deposits Ternate Zone j

Young Neogene Limestones and tuffaceous sandstones. Volcanic deposits 
Ternate Zone

Smaller Foraminifera

Old Neogene (and 
? Younger 
Paleogene)

Limestones, tuffaceous sandstones, conglomerates and 
breccias, occasional lignites

Lepidocvclina, Miogypsina, 
Cycloclypeus

Eocene Tuff-sandstones and -marls, and limestone lenses, with 
andesitic and dacitic tuffs and lava flows. Contemp
oraneous intermediary, abyssal and hypabyssal intrusions

Camerina, Discocyclina, 
Borelis

Cretaceous Tuffaceous, gray or reddish marls, limestones and cherts. 
Contemporaneous basic and ultrabasic, abyssal and 
hypabyssal intrusions

Globotruncana canaliculata, 
Pseudo-textularia globulosa, 
and Radiolaria

Crystalline 
basement com plex

Crystalline'schist^ ahd granites (only olttcfopping in the 
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, Temate, 

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
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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. Kraeff (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 5mm 

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
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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 melange" 

whilst admitting that, although melange 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 

"melange ridge" and to consist of a melange 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, 50km 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 &
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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
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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 87Sr/86Sr 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 A120 3, low T i02, 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 A120 3, 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 et 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 igneous 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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"Ŷ ‘ - '%■ ' ' v - - r; i - o <

psi /̂TjL "U'17 ' s ' '
f f •t  p ^NT/ty^V.-1 -̂ 7v'"V̂ 'ic L'i'''lx= 
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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 et 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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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 comer of the island of Mindanao.

In contrast, Hall et 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 et 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 et 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 plateau) 
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 et 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 melange 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 et 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).

(j) 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 K20  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. S i02 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 

LiB02 and analysed for all major elements using the ICP "MAJORS" 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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Plate 2.2: Fresh harzburgite exposed in Ake Picah, a small tributary of the Sagea River 
(samples HP72, HP73). Note contact with above-lying M iocene limestone 
(irregularly pitted surface), interpreted to be unconformable.
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Plate 2.3: H arzburgites in s i tu : a) W asile R iver, H6;
b) Sagea R iver (Ake Picah), HR317.
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between 10 (HA81) and 20% (HA52) 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 (F o^ .^ ). 

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 2a  

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 HA52 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 CaO. 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+Fe2+) 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 A120 3 and, to lesser 

extents, Cr20 3 and MnO (correlating with FeO) are higher in lherzolitic 

orthopyroxenes (Table 2.1). A120 3 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 A120 3 

between rocks (discussed in section 2.6 below). There is scant evidence of 

decreasing A120 3 and Cr20 3 from core to rim in orthopyroxene poiphyroclasts in the 

lherzolite HA81. Ti02 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 Cr20 3 and A120 3 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 A120 3 is anomalously high 

and Cr20 3 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 A120 3 

with all the data which diminishes to -0.33 without HA68B. A weak negative 

correlation (r = -0.21) occurs between Cr20 3 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 Cr20 3 (r = 

-0.56) and mg# and A120 3 (r = -0.45), and a corresponding moderate positive 

correlation between Cr20 3 and A120 3 (r = 0.44), again indicating that charge balance
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is maintained by a CaCrAlSi06-type substitution, rather than by one such as 

NaAlSi2Ofi (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 En4g5Fs28Wo4g7 (Fig.2.1a); they are slightly richer in Cr20 3 than 

their co-existing orthopyroxenes, have higher mg# and approximately equal A120 3. 

Ti02 is always below 0.10 wt.%.

Clinopyroxenes in the lherzolites are pale green chromian diopsides of mean 

composition, En^ jFs^Wo^o (Fig.2.1b), hence they are less magnesian than those 

from the harzburgites. Narrow exsolution lamellae of Ca-poor pyroxene occur in 

porphyroclastic examples. They are more aluminous than their co-existing 

orthopyroxenes (mean A120 3 = 5.61 and 4.07 wt.% respectively), have higher Cr20 3 
and Ti02 ranging from 0.16 to 0.32 wt.% (mean = 0.23 wt.%) (Table 2.1). Cr20 3 

shows a moderate negative correlation with mg# (r = -0.45), but no such 

relationship to A120 3. NajO contents vary between 0.56 and 0.84 wt.% in HA52 and 

HA54 clinopyroxenes, whilst in HA81 reaches a maximum level of 0.17 wt.%. 

NajO does not vary systematically with either A120 3 or Cr20 3, unlike in the mantle 

sequence clinopyroxenes studied by Johan and Auge (1986). The presence of an 

unquantifiable concentration of V was detected during microprobe analysis of large 

clinopyroxenes in the lherzolite HA54.

2.2.4: 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 HA54 (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 A120 3 

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 A120 3) than others in the 

rock. Such a chemical pattern suggests a reaction involving aluminous 

orthopyroxene, such as:

Mg2Si04 + MgAlAlSiOfi = MgAl20 4 + Mg2Si20 6 

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 (Al^ = A ^-A P , where A1IV =

2 - Si) of their co-existing orthopyroxenes (Fig.2.2b). Such a relationship, with r = 

-0.94, was reported by Johan and Aug6 (1986) in mantle sequence peridotites from
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Figure 2.2: (a) Co-variation of spinel cr# with Fo content of co-existing olivine. 
Individual mineral analyses averaged for each rock.

(b) Co-variation of spinel cr# with proportion of octahedral Cr + A1 in 
co-existing orthopyroxene.
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the Tiebaghi ophiolitic massif in New Caledonia.

Evidence that the spinel ci# is affected by serpentinisation of the host rock is 

found only in harzburgite H6 where "ferritchromit" spinel of very high cr# and Fe3+ 

is associated with calcic amphiboles formed during Ca-metasomatism (see section 

2.5 below). These grains (n = 2) plot close to the Cr-Fe3+ 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 Fe3+. In the same rocks 

other spinels are deep red in colour, contain little or no Fe3* 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 Fe2+) are plotted in 

Figure 2.3a on a face of the Mg-Fe2+-Fe3+-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 Fe3*, calculated assuming 

perfect spinel stoichiometry on the basis of twelve cations, and hence plot close to 

the Al-Cr side of the Al-Cr-Fe3* face of the prism (Fig.2.3b). Fe3* 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 Fe3+ 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 Fe3+ when compared to Mossbauer spectroscopic analysis (Dyar et al., 1989) 

and suggests that the Halmahera spinels, except those from H6, formed under 

conditions of low f 0 2 (Irvine, op.cit.).
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Figure 2.3: (a) Chemical variation in Halmahera mantle sequence spinels: field for 
spinels from "alpine-type peridotites" from Dick and Bullen (1984).

(b) Cr-Al-Fe3+ spinel compositional triangle. Unaltered spinels plot to 
the left of the line (low Fe3+), those from H6 are shaded. Altered spinels plot to the 
right of the line (high Fe3+), H6 "ferritchromit" shaded.
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Both harzburgite and lherzolite spinels are characterised by low Ti02 

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 Cr20 3 and FeO decreasing from core to 

rim and A120 3 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 petrographieally 

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 A120 3, 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 LiB02 fusion (all Fe expressed as Fe20 3), traces by XRF (reported 
volatile-free). K20  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 = ( F e ^  x 0.9)/72. A120 3 + 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 Cr20 3 = 0.30, NiO = 0.20.

2: Liguria, average of 9 plagioclase-free, variably serpentinised lherzolites, 
recalculated LOI-free (Ernst & Piccardo, 1979). Total includes Cr20 3 = 
0.36, NiO = 0.25.

3: Oman, "fresh, unserpentinised harzburgite" (Lippard et al., 1986). All 
iron expressed as FeO. Total includes Cr20 3 = 0.32, NiO = 0.35, LOI = 
- 0 . 12.

4: Troodos, average of 8 harzburgites (Menzies & Allen, 1974). 
Recalculated H20  and C 02 free and normalised to 100%. Total includes 
Cr20 3 = 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 & A120 3 questionable, "may well be in error".

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



harzburgites
HP72 HA70 HR317

wt.% o x i d e

S i 0 2 4 5 . 7 7 4 2 . 8 6 4 4 . 4 2
T i0 2 0 . 0 1 0 . 0 2 < 0 . 0 1
A1203 0 . 3 0 0 . 5 2 0 . 5 0
Fe203 7 . 3 3 7 . 0 0 8 . 2 6
MnO 0 . 1 1 0 . 1 2 0 . 1 2
MgO 4 5 . 4 1 4 1 . 9 3 4 5 . 0 3
CaO 0 . 2 8 0 . 4 2 0 . 4 2
Na20 0 . 0 1 0 . 0 1 < 0 . 0 1
P205 0 . 0 5 0 . 0 5 0 . 0 5
H20- 0 . 3 9 0.  68 0 . 2 2
H20+ 0 . 9 0 5 . 8 4 0 . 9 3
CO 2 0 . 0 3 0 . 4 2 0 .13

T o t a l 1 0 0 . 5 8 9 9 . 8 7 1 0 0 . 0 8

mg# 9 2 . 5 9 2 . 3 9 1 . 6
A1203+Ca0 0 . 5 8 1 . 0 1 0 . 9 4
%serp <5 37 <5

t r a c e  e l e m e n t s  (ppm)

Cl - 430 —
Sc 5 . 6 6 . 5 8 . 0
V 1 5 . 7 2 7 . 6 1 9 . 3
Cr 2802 2763 2919
Ni 2689 2343 2642
Cu - - 4 . 4
Zn 4 7 . 0 4 2 . 1 4 6 . 3
Ga 0 . 6 0 . 1 -

S r 2 . 1 1 . 1 2 . 6
Zr 0 . 1 0 . 2 0 . 2
Nb 0 . 2 - 0 . 3
Y 0 . 3 0 . 4 -

Ba - - -

lherzolites
H6 HA81 HA52 HA54

4 0 . 6 4 3 8 . 5 4 44 .5 6 4 2 . 6 2
0 . 0 6 0 . 0 3 0 . 0 6 0 . 0 4
0 . 9 0 1 . 6 1 2 . 4 2 2 . 0 5
8 . 7 8 7 . 4 7 8 . 4 3 8 . 2 7
0 . 1 1 0 . 1 0 0 . 1 2 0 . 1 1

4 2 . 2 9 3 6 . 3 7 4 0 . 4 7 3 9 . 8 7
1 . 0 8 1 . 4 5 2 . 2 0 1 . 9 9
0 . 0 5 < 0 . 0 1 0 . 0 3 0 . 0 5
0 . 0 6 0 . 0 5 0 . 0 6 0 . 0 4
0 . 2 1 1 . 7 6 0 . 2 2 0 . 3 5
5 . 1 9 1 1 . 0 7 1 . 0 5 4 . 0 5
0 . 7 6 1 . 0 4 0 . 3 5 0 . 5 0

1 0 0 . 0 3 9 9 . 4 9 9 9 . 9 7 9 9 . 9 4

9 0 . 6 9 0 . 7 9 0 . 6 9 0 . 6
2 . 1 1 3 . 5 7 4 .70 4 . 2 5

28 58 <5 17

250 600 50 340
1 2 . 1 1 2 . 8 14 .6 1 2 . 9
4 8 . 0 5 5 . 8 6 1 . 2 6 1 . 2
3384 2929 2770 2784
2533 2324 2328 2319

2 . 5 1 3 . 8 2 3 . 2 2 1 . 4
5 5 . 9 5 0 . 1 5 2 . 7 5 0 . 1

1 . 4 2 . 0 1 . 7 2 . 2
1 1 . 5 1 . 2 1 . 1 1 . 3

1 . 6 0 . 1 0 . 4 -

- 0 . 2 - 0 . 1
1 . 4 0 . 6 2 . 3 2 . 1
3 . 3 - 4 . 1 0 . 7

wt.% o x i d e  

S i0 2 4 4 . 2 44 .5 4 5 . 0 4 3 . 5 4 2 . 8 4 3 . 2 4 4 . 6 4 2 . 6
Ti0 2 0 . 1 0 . 1 5 0 . 0 3 0 . 0 1 0 . 0 2 < 0 . 0 0 2 - 0 . 0 8
A1203 2 . 7 2 . 9 7 0 . 9 3 0 . 4 7 0 . 2 3 0 . 0 4 5 0 . 1 6 2 . 7 8
Fe203 1 . 1 8 . 6 4 - 5 . 4 4 0 . 9 9 1 . 7 1 0 . 5 1 3 . 8 6
FeO 7 . 3 - 8 . 2 5 3 .24 6 . 4 5 5 . 2 4 7 . 3 1 4 .29
MnO 0 . 1 5 0 . 1 3 0 . 1 5 0 . 1 5 0 . 1 0 0 . 1 1 5 - 0 . 1 3
MgO 4 1 . 3 4 0 . 3 4 3 . 5 1 4 5 . 7 4 8 . 0 4 8 . 1 4 6 . 3 5 3 6 . 8 4
CaO 2 . 4 2 . 2 3 1 . 1 2 0 .77 0 . 5 5 0 . 0 3 5 0 . 0 9 2 . 8 7
Na20 0 . 2 5 0 . 1 0 - < 0 .0 1 0 . 0 7 0 . 0 1 0 . 1 0 0 . 1 0
K20 0 . 0 1 5 < 0 .0 1 - < 0 .0 1 0 . 0 1 < 0 . 0 0 5 < 0 . 0 2 0 . 0 1
H20- - - - - 0 . 1 9 0 . 1 2 - -

H20+ - - - - 0 . 2 4 0 . 9 5 0 . 1 0 5 . 6 3
C02 - - - - 0 . 0 5 0 . 1 5 - 0 . 4 5

T o t a l 1 0 0 . 0 1 5 9 9 . 6 4 9 9 . 7 0 100 9 9 . 7 0 9 9 . 5 7 9 9 . 2 4 10 0 . 6 4

Cr 2053 2487 2193 2668 _ 2315 3700 2070
Ni 1573 1959 2766 2124 - 2770 3000 2010

A1203+Ca0 5 . 1 5 . 2 2 2 . 0 5 1 . 24 0 .79 0 . 0 8 ?0 .25 5 . 9 8
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lherzolites. Higher concentrations of CaO, A120 3, 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 + A120 3 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 

HA52 and HA54, 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 Fe2+ 

between co-existing spinel and olivine (Irvine, 1965; Fabries, 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

40



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 Ca0-Fe0-Mg0-Al20 3-Si02 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 Ml 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 Fe2+ 

between spinel and co-existing olivine was provided by Irvine (1965). Fabries (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

r o c k  HA52 HA54 HA81 HA68B HR244
a n a l y s i s Q K T M R K L F G B

Wo 4 .0 3 8 . 0 3 . 7 3 9 . 1 3 . 5 3 6 . 0 3 . 1 4 3 . 5 2 . 1 4 3 . 9
En 8 6 . 6 5 6 . 8 8 7 . 5 5 6 .4 8 7 . 1 5 8 . 0 8 9 . 2 5 3 . 1 9 0 . 0 5 3 . 6
Fs 9 . 4 5 . 2 8 . 8 4 . 5 9 .4 6 . 0 7 . 7 3 . 4 7 . 9 2 . 5

%Quad 8 9 . 2 8 2 . 8 8 7 . 6 8 4 . 0 8 9 . 7 83 .8 9 4 . 9 94 .5 9 5 . 3 9 6 . 5
T l  ( l O k b a r ) 1250 1175 1200 1150 1200 1225 1150 950 1025 950
T l  ( 1 5 k b a r ) 1225 1200 1200 1175 1200 1225 1 1 0 0 975 1025 1000
u n c e r t a i n t y 95 125 100 120 90 120 65 70 60 65

T2 830 820 740 57 0 490

Table 2.3: Peridotite geothermometry: T1 based on the two-pyroxene 
geothermometer of Lindsley (1983); T2 based on the orthopyroxene A120 3 
geothermometer of Gasparik (1987). Tl, 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 HA52 and (ii) an olivine and neighbouring large spinel porphyroclast in 

the harzburgite HA68B. The Fabries 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 A120 3 

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 Augd (1986) from the Al content of orthopyroxene. They 

suggested that A120 3 was leached preferentially from upper mantle orthopyroxenes 

during hydrous partial melting and Mercier et 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 A120 3 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 H20+  listed in the peridotite analyses is proportional to the

43



degree of serpentinisation of the rocks ("% serp" in Table 2.2). The positive 

correlation of H20  and C02 in Table 2.2 is evidence that the serpentinising fluid had 

a C02 component. The amount of serpentinisation and H20 +  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 

H20  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 

(A120 3 = 1.6 wt.%) to magnesio-homblende (A120 3 = 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-homblende (e.g. 

Arai & Hirai, 1985; Oba & Yagi, 1987) provide constraints upon the physical
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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 H20  under conditions 

of increased f 0 2. Cr and Fe become relatively concentrated in the spinel phase 

through their slower diffusion rates compared to Mg and Al. The availability of 

A120 3 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 Fe2+ and 

Fe3* 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 Fe2+ to Fe3+ 

reaction, thus they do not show the extreme depletion in Mg and Al noted in the 

altered spinels in H6. A similar very Fe3+-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; 

Merrier 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 et 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 

A120 3 contents, which gives a measure of the amount of magmaphilic material 

remaining within the residual mantle. This parameter is normalised to 100% on a 

H20  and C 02 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 + A120 3 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 A120 3 (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 (Ernst & 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 TiOz, 

A120 3 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 + A120 3 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; cf. 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 + A120 3, orthopyroxene A120 3, olivine Fo and spinel ci#, 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 

H20-induced melting at lower temperature for the subduction-related examples.

Jaques and Green (1980) noted the positive correlation between co-existing 

spinel and orthopyroxene A120 3 content and Johan and Aug6 (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 Auge (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 HA52).

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 Fe2+ 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 HI 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
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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 

H20-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 HI59. HI59 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 (Stem, 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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Plate 3.2: Olivine-bearing cumulate rocks with modal layering, Dodaga River. 
A: troctolite H I57; B: olivine gabbronorite H I54.
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cumulus postcumulus
ol sp opx cpx pi hb ox opx cpx pi

HA55 dimite * *
H215 ol cpxite * *
HA8 9 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 * * * * *
HI50 gn * * * *
H158 gn * * * *
HI60 gn * * * *
HA93C gn * * * *
HR223 gn * * * *
HI4 gn * * *
H64 gn * * *
H65 gn * * *
H 66 gn * * *
H67 gn * * *
H107 micro-gn * * *
H140 gn * * * *
HA7 gn * * * *
HR242 gn * * * *
HA71 gn * * * * *
HA90 gn * * * * *
HA8 7 gn * * * *
HA110 gn * * * *

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; pi - 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 Dir/o oi tne m uuc. n u tu iu u m ^ o  « v  

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. HA55), 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.

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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during slow cooling of the cumulate pile. The grain size of the orthopyroxene phase 

is usually larger than that of clinopyroxene in the olivine-free gabbronorites, which 

contain up to 60% cumulus plagioclase. Hornblende occurs only rarely as a cumulus 

phase of low modal abundance (in HA71, HA87, HA90 and HA 110).
Grain size lamination on thin-section scale in the olivine-free gabbronorites is 

not common, but does exist (e.g. in H67). Some gabbronorites of much finer grain 

size occur, e.g. H107, which has an average grain size of around 0.2mm, but which 

retains a granular texture and an igneous lamination indicative of a cumulate 

genesis. On the basis of grain size, this rock ought to be described as a dolerite, but 

its textural similarity to the coarser-grained gabbronorites and dissimilarity to the 

dolerites has led to its classification as a gabbronorite herein. Similar rocks of fine 

grain size, found occasionally interleaved in cumulate sequences (as noted by 

Wadsworth, 1988), have been interpreted as forming in conditions favouring a high 

rate of nucleation that result from local fluctuations in volatile pressure (Thy & 

Esbensen, 1982).

3.2: Mineralogy and petrography of primary phases

3.2.1: Olivine. There is no overlap in the composition of olivine in the cumulate 

rocks and that in the mantle sequence (Table 2.1); olivines from the layered rocks 

are less magnesian than any of those from the non-cumulate peridotites. Such a 

haitus in olivine compositions was noted by England and Davies (1973) for the 

Papuan ophiolite, but Jaques (1981) described a compositional overlap in olivines in 

the Marum ophiolite complex in northern Papua New Guinea, as did Pallister and 

Hopson (1981) in those in the mantle harzburgites and cumulate dunites and 

wehrlites in the Oman ophiolite. However, the dunitic and chromititic Ethologies that 

bear the most magnesian olivine analysed by Jaques (op.cit.) are not represented in 

the material collected from Halmahera.

The deformation features noted in the mantle sequence olivines are not seen 

in those from the cumulate rocks, neither is any chemical zoning observed. Cumulus 

olivines show much greater compositional variation than those from the mantle 

sequence rocks; Fo contents range from 89.8 (HP59, an olivine gabbronorite) down 

to 76.0 (gabbronorite HA93C). Olivine more iron-rich than Fo85 is not found in 

rocks with more than 10% of the mineral. MnO reaches a maximum of 0.37 wt.%; 

its concentration is variable, ranging from 0.05 to 0.31 wt.% in olivines more 

magnesian than Fo85, but consistently above 0.20 wt.% in more iron-rich grains. NiO 

shows a similar pattern, correlating positively with Fo up to 0.29 wt.% below Fo85
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and then scattering between 0.06 and 0.43 wt.% in more magnesian grains. The 

overall trend of decreasing NiO with decreasing Fo is compatible with the early- 

stage fractional crystallisation of Ni-bearing olivine (Sato, 1977). NiO contents of 

the most magnesian cumulus olivines are, on the whole, slightly lower than those 

from the mantle sequence rocks. CaO never exceeds 0.10 wt.% in any cumulus 

olivine.

3.2.2: Spinel. Spinel usually occurs as black, sub-equant grains as an accessory 

phase of low modal abundance, always associated in a cumulus assemblage with 

olivine (e.g. Plate 3.3b). The two phases appear to have formed simultaneously. 

Cessation of spinel crystallisation occurs by a peritectic relation leading to the 

appearance of pyroxene as a liquidus phase (Irvine, 1967), hence cumulus spinel 

should not co-exist in chemical equilibrium with pyroxene. This could explain the 

absence of spinel in the olivine clinopyroxenite H215, but there is at least one 

Halmahera cumulus assemblage in which olivine + spinel + clinopyroxene + 

orthopyroxene do appear to have co-precipitated (an olivine gabbronorite, HI54). 

Spinel never co-exists in the Halmahera cumulate rocks with cumulus plagioclase, 

which concurs with the statement of Irvine (op.cit.) that spinel cannot crystallise 

from a liquid after the precipitation of both olivine and plagioclase. Spinel is not 

present in rocks with "significant” cumulus plagioclase or clinopyroxene in the 

southeastern part of the Oman ophiolite (Pallister & Hopson, 1981), but does occur 

as a liquidus phase with plagioclase in gabbros from the Mid-Cayman Rise 

spreading ridge in the Caribbean Sea (Elthon, 1987) and in clusters within cumulus 

plagioclase in gabbros in the Othris ophiolite in central Greece (Menzies, 1975). In 

the latter example, the spinels are enriched in Al, interpreted as due to secondary 

reaction with the plagioclase (Menzies, op.cit.), but, conversely, Fisk and Bence 

(1980) noted that spinel co-crystallising with plagioclase is Cr-enriched because the 

latter phase "successfully competes" for Al.

Spinel grains reach a maximum size of around 0.3mm and occur at olivine 

grain boundaries or, rarely, enclosed within postcumulus clinopyroxene. There is no 

apparent compositional difference between spinels in these two modes of occurrence, 

indicating that sub-solidus Cr-Al exchange between spinel and the host pyroxene did 

not occur. Spinels can be euhedral, but often appear sub-rounded in form. Excluding 

the low ci# spinels from HA50 (see discussion below), the cumulus spinels exhibit 

only a limited range in cr#, from 48.6 to 64.1, with a mean value of 56.7 (n = 31) 

(Fig.3.la). They therefore correlate chemically with the Cr-rich group defined in
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Halmahera mantle sequence harzburgites for comparison.

(b) All cumulus spinels (n = 44) plotted on Cr-Al-Fe3* compositional 
triangle. Altered spinels from H 60 are shaded and plot at high Fe3*.
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Chapter 2 and show similar (slightly lower on average) cr# values to those of the 

harzburgite spinels. However, cumulus spinels are markedly lower in mg# than the 

mantle sequence examples, as is depicted in Figure 3.1a, which could be due to 

lower temperatures of formation (Fisk & Bence, 1980) or to sub-solidus re

equilibration. Spinels of a very similar range in cr# (50-63) occur in troctolites with 

cumulus olivine and spinel dredged from the Garret Transform Fault on the East 

Pacific Rise (Hebert et al., 1983); tectonite harzburgites recovered from the same 

location contain spinel of lower cr# (37-50). This is interpreted as reflecting lower 

pressures of formation of the cumulus spinels compared to those from the 

harzburgite (Hebert et al.y op.cit.), following the experimental study of Fisk and 

Bence {op.cit.).

Cumulus spinels have higher TiOz than those from the mantle sequence, 

ranging from 0.18 to 1.21 wt.% (mean = 0.61 wt.%). Therefore the "mean" cumulus 

spinel composition is titaniferous magnesiochromite, following the nomenclature of 

Sigurdsson and Schilling (1976). TiOz increases concomitantly with cr# (r = 0.79), 

which appears to indicate an increase in cr# with fractionation. Apparently unaltered 

spinels show a wide range in Fe3+, from 5.7 to 18.2 wt.%, recalculated on the basis 

of twelve cations: this is illustrated by the spread of data points on the Al-Cr-Fe3 

triangular plot (Fig.3.1b). MnO and NiO reach maxima of 0.71 and 0.39 wt.% 

respectively. There is limited evidence of zoning (e.g. in a relatively large spinel in 

HI57) with Cr20 3 and MgO decreasing from core to rim and A120 3, Ti02, FeO and 

Fe20 3 increasing. Spinel cr# and Ti02 show moderate negative correlations with co

existing olivine Fo content (r = -0.25 and -0.37 respectively), i.e. spinel becomes 

generally more chromian and titaniferous with less magnesian olivine.

Fisk and Bence (1980) showed that high cr# spinel is a liquidus phase at low 

pressure in a high-Mg basaltic melt and that low cr# spinels "probably" form at 

temperatures above 1250°C and at elevated pressures. Similarly, Jaques (1981) stated 

that spinel becomes increasingly aluminous at higher pressures. Therefore the pattern 

of decreasing cr# with increasing olivine Fo content observed in the Halmahera 

cumulus spinels could reflect a trend of increasing pressure of crystallisation towards 

the base of the cumulate pile. Alternatively, cr# increasing with Ti02 "upwards" 

could reflect increasing activity of Cr (and Fe, through the Cr-Fe solid solution 

combination in the spinel molecule) and Ti in the magmatic liquid (Allan et al., 

1988), due to the early fractionation of large volumes of magnesian olivine. Lippard 

et al. (1986) reported no consistent relationship between spinel chemistry and the Fo 

content of co-existing olivine in the layered rocks of the Oman ophiolite, but Jaques
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(op.cit.) described spinels becoming enriched in Al and Fe3+ with stratigraphic height 

in the Marum ophiolite and Agata (1988) showed that spinel cr# correlates positively 

with olivine Fo in the Oura igneous complex in central Japan; relationships contrary 

to those observed in the Halmahera cumulus spinels and interpreted as reflecting 

decreasing crystallisation temperatures. However, the strong dependence of the 

partitioning of Cr between spinel and melt on bulk melt composition, especially 

flsiOj (Dick & Bullen, 1984), precludes a simple petrological explanation of the trend 

in cr# in the Halmahera cumulus spinels.

The spinels from the cumulate troctolite HA50 (Plate 3.3d) are exceptional in 

appearance and in composition. They form a distinct group on Figure 3.1a, plotting 

at cr# values between 18.7 and 39.5, and are similarly distinguishable on Figure 

3.1b. Detailed discussion of their chemistry is deferred to section 3.5 below. The 

low apparent primary cr# (35-40) of the spinel in HA50 correlates with the higher 

modal abundance of spinel in this sample compared to the other cumulate rocks 

(approximately 4-5% compared to <1%). This suggests that the accumulation and 

growth of spinel rapidly depletes the surrounding magma in Cr and favours the 

entry of Al into the spinel molecule (Hamlyn & Keays, 1979; Fisk & Bence, 1980).

3.2.3: Clinopyroxene. Clinopyroxenes in the Halmahera cumulate rocks are pale 

green to pale brown in colour in thin section and green to black in hand specimen. 

Compositions range from chromian diopside, diopside and salite to salitic augite.

The compositions of co-existing cumulus ortho- and clinopyroxenes are plotted on 

the pyroxene quadrilateral in Figure 3.2a, with the solidus trend for clinopyroxenes 

from the cumulate rocks of the Marum ophiolite (Jaques, 1981) shown for 

comparison. In terms of quadrilateral components, cumulus clinopyroxenes vary from 

En48.0Fs3.3Wo48.7 (mg# = 93.5, olivine clinopyroxenite H215) to E n ^ F s^ W o^  (mg#

= 65.1, HA7). Postcumulus clinopyroxenes have a restricted compositional range, 

from mg# = 92.2 to 87.7. Figure 3.2b illustrates the compositions of ortho- and 

clinopyroxenes co-existing as postcumulus assemblages. Postcumulus clinopyroxenes 

commonly include exsolution lamellae of Ca-poor pyroxene, whereas these are less 

abundant in cumulus clinopyroxenes and invariably thin and diffuse.

Orthopyroxene in HA7 displays the exsolution texture characteristic of 

inverted pigeonite. HA7 is an anomalously fractionated, but quartz-free, layered 

gabbronorite containing approximately 8% interstitial Fe-Ti oxide. Concomitantly, the 

bulk rock analysis is enriched in Ti02 and total Fe (expressed as F e ^ )  compared to 

the other gabbronorites (Table 3.3) such that HA7 can be described informally as a
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"ferrogabbronorite". Large grains of orthopyroxene elongated parallel to the igneous 

lamination in HA7 contain two generations of coarse clinopyroxene exsolution 

lamellae; one along planes apparently parallel to (001) of the original pigeonite and 

the other along the (100) planes of the orthopyroxene (Plate 3.4c). Inverted pigeonite 

occurs commonly in stratiform complexes such as those of Skaergaard and 

Bushveldt, but this is the only example in the Halmahera rocks.

In cumulus assemblages with co-existing ortho- and clinopyroxene, the 

clinopyroxene member of the pair has markedly higher mg#, as can be inferred from 

the gradients of the tie-lines in Fig.3.2a. This relationship is usual for igneous 

pyroxenes (Deer et al., 1978). Kretz (1982) described the distribution of Mg/Fe 

between co-existing ortho- and clinopyroxenes as being determined by an Mg-Fe 

exchange reaction that was independent of mg#, but dependent upon temperature 

thus:

T(K) = 1130/[0.505-ln(KD)] ,

with the distribution coefficient KD, defined as:

Kd = mg#opx(l-mg#cpK)/(l-mg#opK)mg#cpx .

Kretz (op.cit.) determined KD values of 0.65 to 0.69 for two-pyroxene assemblages 

from the Bushveldt Complex, resulting in a mean crystallisation temperature of 

980°C. Similarly, Lindsley et al. (1974) determined a KD of 0.69 experimentally. 

Calculations based on microprobe data from the gabbronorites H64, H65, H66 and 

H67 gave KD values of 0.76, 0.76, 0.80 and 0.77 respectively, with resulting 

temperatures of 1180-1280°C, i.e. 200-300°C in excess of those for the Bushveldt 

magma. These results imply either that the Halmahera pyroxenes crystallised from an 

extremely hot magma or that they are not in chemical equilibrium; the 

orthopyroxene has higher mg# relative to its co-existing clinopyroxene (giving rise 

to the higher KD values) than is usual in igneous rocks. One explanation of the 

higher mg# of the orthopyroxene phase is that it formed prior to the clinopyroxene, 

although textural evidence for the relative order of crystallisation of the two phases 

is ambiguous.

T i02 varies between 0.26 and 0.80 wt.% in HA7, but does not exceed 0.66 

wt.% in any of the other cumulus clinopyroxenes analysed. Including data from 

HA7, the mean Ti02 content of the Halmahera cumulus clinopyroxenes is 0.29
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wt.% (n = 95); without HA7 the mean decreases to 0.27 wt.% (n = 90). However, 

these results are artificially high as in two cumulate rocks (HI57 and H215) 

clinopyroxene Ti02 was below the microprobe detection limit (c. 0.05 wt.%) and so 

could not be incorporated into the calculations. T i02 exhibits a strong negative 

correlation with mg#, which corresponds to pyroxene Ti content increasing with 

magmatic differentiation, because Ti, as an incompatible element in the absence of a 

fractionating Fe-Ti oxide phase, is increased in the magmatic liquid with progressive 

crystallisation. MnO reaches a maximum value of 0.36 wt.% and also varies 

inversely with mg#, i.e. it increases with increasing Fe, as is commonly observed in 

pyroxenes in igneous rock series due to the strong geochemical correlation between 

Mn2+ and Fe2+.

Clinopyroxene F e ^  is very low in the Halmahera cumulate rocks. F e ^  is 

estimated using the recalculation procedure of Papike et al. (1974), which is based 

on the charge balance relation Al'" + Fe3* + Cr + Ti = Al™ + Na. The results 

suggest a low magmatic f 0 2, but recent Mossbauer spectroscopic studies of pyroxene 

Fe^/Fe3* ratios (McGuire et al., 1989; Dyar et al., 1989) have shown that the 

estimation of Fe3+ in microprobe analyses of pyroxenes based solely on stoichiometry 

is subject to major inaccuracy. This is attributed to microprobe inaccuracy, as a 

recalculation procedure such as that of Papike et al. (op.cit.) is very sensitive to the 

assignment of Al to the tetrahedral site; this quantity is calculated through the 

equation A P  = 2 - Si and thus depends critically on the analysed S i02, which is 

difficult to obtain to an accuracy better than 1 wt.% by microprobe (Dyar et al., 

op.cit.). McGuire et al. (op.cit.) showed that a decrease of 1 wt.% in the analysed 

Si02 content of a pyroxene can result in a increase in the calculated Fe3+ of over 

ten-fold. In view of this, inferences drawn from the apparent low Fe3+/Fe2+ ratios in 

the Halmahera clinopyroxenes are to be treated with caution.

Two distinct trends in concentration are shown by Cr20 3 in cumulus 

clinopyroxenes. In postcumulus grains, Cr20 3 is very variable (0.30-1.54 wt.%) and 

shows no coherent relationship to mg#, whereas in cumulus clinopyroxene Cr20 3 and 

mg# display a strong positive correlation and Cr20 3 never exceeds 0.74 wt.%, 

usually occurring at around 0.25 wt.% in the olivine-free gabbronorites. However, 

the gabbronorite H64 plots far from the main trend with clinopyroxene Cr20 3 

between 1.10 and 1.18 wt.% at mg# = 88.2-88.7. This reflects the bulk composition 

of H64 including over 3000 ppm Cr (Table 3.3). There is a strong positive 

correlation between A120 3 and Cr20 3, indicating that charge balance in the pyroxene 

molecule is maintained by a CaCrAlSi06-type substitution, rather than by NaCrSi20 6
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(Deer et al., 1978). N a /) only occurs above the microprobe detection level 

(approximately 0.2 wt.%) in rare instances that seem to show no systematic variation 

through the range of cumulate rocks, and is variable within rocks in which its 

presence is detected. Fodor et al. (1975) showed that clinopyroxene NajO depends 

strongly on bulk rock Na^O, but no such straightforward pattern can be discerned 

within the Halmahera data. NajO reaches a maximum of 0.47 wt.% in a 

postcumulus clinopyroxene (in HI59), is also commonly detectable in clinopyroxenes 

co-existing with cumulus hornblende (e.g. in HA87 and HA 110) and in the more 

fractionated gabbronorites (e.g. HA7).

A120 3 varies widely, from 0.78 to 4.41 wt.%, but occurs at approximately 

constant levels in clinopyroxenes within individual rocks. Overall, A120 3 correlates 

positively with mg#, suggesting increasing magmatic silica activity (<2Si0j) with 

differentiation, but clinopyroxenes in the gabbronorite HA71 are displaced from the 

main trend at higher contents of A120 3 (3.57 to 4.41 wt.%). Orthopyroxene in HA71 

is also anomalously aluminous. Clinopyroxene and hornblende co-exist as cumulus 

phases in HA71 and, as well as being aluminous, the HA71 clinopyroxene is 

markedly salitic. Salite also occurs with cumulus hornblende in HA 110, but, in 

contrast to HA71, the HA 110 clinopyroxene contains "normal" A120 3 (1.79-1.81 

wt.%). A salitic clinopyroxene compositional trend was described by Conrad and 

Kay (1984) in hornblende gabbros from xenoliths from the Aleutian island arc, the 

trend being marked by "greatly increased" A120 3. Increased A120 3 is usually 

explained by lower aSi0j in an Si02-undersaturated, alkaline magma (e.g. Kushiro, 

1960; LeBas, 1962), as found by Fodor et al. (1975) in an alkalic volcanic suite on 

Hawaii. This occurs because pyroxenes will precipitate with higher proportions of 

the Ca-Tschermak’s molecule CaAlAlSiOfi under low aSi0j and it explains the 

correlation between Ca and Al. However, Conrad and Kay (op.cit.) preferred to 

explain the Aleutian trend in terms of progressively higher magmatic water contents, 

following the thermodynamic modelling of DePaolo (1979). They pointed out that 

the same rocks contained plagioclase more calcic than An^. This appears to explain 

the aluminous salite in HA71, as the presence of orthopyroxene argues against Si02- 

undersaturation and that of cumulus hornblende for increased magmatic H20  activity

but clinopyroxenes within HA87, HA90 and HA 110 also co-exist with 

cumulus hornblende and do not have anomalously high A120 3.

Zoning is rare, and of limited extent, in clinopyroxenes from the cumulate 

gabbronorites, only being detected in the more fractionated examples (e.g. H65 and 

H67). In terms of the major pyroxene components, the zoning results in grains
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becoming more Ca-rich at their rims, up to 6 mol.% Wo; a slight core to rim 

increase in mg# accompanies this, i.e. reverse zoning, as noted in cumulus 

clinopyroxenes from the Oman ophiolite (Lippard et al., 1986). A120 3 and MnO 

consistently decrease from core to rim in these zoned grains, but TiOz shows no 

systematic variation. These patterns appear to indicate that postcumulus crystal 

growth took place in these more fractionated rocks. This minor modification of the 

primary cumulus assemblage occurred through either re-equilibration of the cumulus 

phases with interstitial pore liquid leading to a slightly modified adcumulate texture 

or postcumulus crystallisation of the pore liquid forming discrete overgrowths and a 

mesocumulate texture. Petrographic evidence favours the first of these options, but, 

as noted by Cawthom and Walsh (1988), the recognition of postcumulus growth is 

notoriously difficult in the presence of multiple cumulus phases. The general lack of 

zoning indicates a sub-solidus chemical homogenisation of clinopyroxenes in the 

Halmahera cumulate rocks which would seem to be incomplete in those of the more 

fractionated rocks.

3.2.4: Orthopyroxene. Orthopyroxenes are usually bronzite, but vary in 

composition between enstatite and hypersthene. The ranges in mg# in orthopyroxene 

from the cumulate rocks and from the mantle sequence harzburgites and lherzolites 

(Table 2.1) are mutually exclusive, as noted by Jaques (1981) for orthopyroxenes 

from the Marum ophiolite. Figure 3.2a illustrates the range in cumulus 

orthopyroxene compositions in assemblages with clinopyroxene. No zoning was 

detected in any orthopyroxene grains from the cumulate rocks, indicative of the sub

solidus re-equilibration described above. Orthopyroxene occurs as large, often 

postcumulus and poikilitic, grains of low abundance in olivine-rich cumulate rocks 

and forms usually between 20 and 25 modal% of the olivine-free gabbronorites. 

Postcumulus orthopyroxene (Fig.3.2b) is more magnesian than that of cumulus 

origin; mg# in cumulus grains varies from 87.0 to 56.7, but ranges up to 89.2 

(troctolite HI59) in postcumulus examples. Postcumulus orthopyroxene probably 

formed by reaction between cumulus olivine and the intercumulus liquid.

Ti02 and Cr20 3 are depleted in cumulus orthopyroxenes relative to their 

concentrations in co-existing clinopyroxenes. TiOz increases with decreasing mg#, 

reaching a maximum of 0.35 wt.% in a hypersthene of composition En55 (HA7). 

Orthopyroxene TiOz concentrations above 0.2 wt.% are rare; it occurs usually at 

between 0.10-0.15 wt.%. As in the clinopyroxenes, Cr20 3 displays two different 

trends: in postcumulus grains it varies from below microprobe detection to 0.75
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wt.%, but does not exceed 0.33 wt.% in any cumulus orthopyroxene apart from 

those in H64, wherein it reaches an anomalous maximum of 0.55 wt.%. In contrast 

to Ti02 and Cr20 3, MnO (range: 0.15-0.59 wt.%) and NiO are partitioned 

preferentially into orthopyroxene. MnO shows a strong negative correlation with 

mg#, indicative of its substitution for Fe2+. NiO reaches a maximum of 0.18 wt.%, 

but is usually below 0.10 wt.%.

Orthopyroxene A120 3 varies widely (0.10-2.56 wt.%) in the cumulate rocks, 

although it is quite consistent within rocks. A120 3 is anomalously high in HA71 (an 

olivine- and hornblende-bearing gabbronorite; see discussion above) and HA89 (a 

hornblende-free, plagioclase-bearing wehrlite) and, as in the clinopyroxenes, 

correlates positively with mg# and with Cr20 3. On distributing the orthopyroxene Al 

between the tetrahedral and octahedral pyroxene sites, using the Papike et al. (1974) 

recalculation procedure described in section 3.2.4 above, Cr shows a strong positive 

correlation with Al™, but none with Al71, again indicating that tetrahedral Al3* 

balances the extra octahedral cationic charge of Cr3* in the CaCrAlSiOg molecule.

CaO is variable in orthopyroxene grains within individual rocks, reflecting 

either the presence of sub-microscopic clinopyroxene exsolution lamellae or of 

varying degrees of sub-solidus re-equilibration (Jaques & Chappell, 1980; Jaques, 

1981). CaO correlates negatively with mg#, although with considerable scatter, and 

reaches a maximum concentration of 2.64 wt.% (5.2 mol.% Wo or 0.103 ions per 

formula unit, calculated on the basis of six O atoms). According to Deer et al. 

(1978), CaO does not exceed 1.5 wt.% (0.055-0.065 ions per formula unit) in "most 

orthopyroxene analyses", but the high temperature solidus orthopyroxene trend 

described by Jaques (op.cit.) from the Marum ophiolite occurred at 4 mol.% Wo 

(around 2 wt.% CaO). This implies that the variable CaO in the Halmahera 

orthopyroxene analyses reflects variable sub-solidus re-equilibration and that the high 

CaO analyses probably incorporate thin clinopyroxene exsolution lamellae.

33.5: Plagioclase. Plagioclase feldspar is an abundant, usually unaltered, cumulus 

phase in the layered gabbronorites, forming up to 60% of the mode (e.g. Plate 3.4a). 

It occurs as elongate, subhedral crystals usually aligned parallel to, and actually 

defining, the igneous lamination of the host rock (Plate 3.4d). Poly synthetic twinning 

is ubiquitous; the twin lamellae often vary in thickness and pinch out parallel to the 

rock lamination. This is the glide twinning described by Vance (1961), interpreted as 

of secondary origin and related to host rock deformation, in this case, the formation 

of the igneous lamination of the cumulate gabbronorites. Glide twinning forms in a
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such a way to reflect the preferred orientation of the host plagioclase crystal 

developed during annealing of the host rock, as described by Moore (1973) in a 

study of textures associated with deformation of the Gosse Pile maflc-ultramafic 

intrusion in central Australia.

Early cumulus plagioclase occurs in rare rocks of troctolitic composition 

(Table 3.1). Glide twinning is less prominent in the plagioclase in these rocks in 

comparison to the gabbronorites. In olivine-dominated rocks plagioclase is much 

more common as a postcumulus phase. In such rocks the plagioclase invariably 

shows the effect of hydrothermal alteration and is replaced by a mixture of Ca-Al 

silicates associated with serpentinisation of the co-existing olivine.

Plagioclase compositions in the cumulate rocks are very variable, although 

the great majority of grains are bytownite. KzO contents are extremely low, being 

below the microprobe detection limit (i.e. <0.1 wt.%) in all analysed plagioclase 

grains in the cumulate rocks, consistent with crystallisation from a magma depleted 

in K. In the cumulate gabbronorites, plagioclase compositions range from An8g0 to 

An^g, although they are usually more calcic than An83. There is a maximum 

observed variation of 8 mol.% An in a single rock; this variability decreases with 

increasing An. Average cumulus plagioclase An content has a strong positive 

correlation with co-existing ferromagnesian silicate phase mg#, illustrated for 

clinopyroxene in Figure 3.3 and for orthopyroxene and olivine in 3.9a-e. The 

implications of these correlations are further discussed in section 3.6.9 below.

Postcumulus plagioclase extends the compositional range defined by cumulus 

grains into the anorthite field, at A n^, although these data are less plentiful due to 

the frequent effects of hydrothermal alteration (e.g. Plates 3.3b & 3.3d). Postcumulus 

compositions tend to be less calcic than those of cumulus grains relative to mg# of 

co-existing mafic minerals and therefore data points defined by postcumulus 

plagioclase deviate markedly from the main cumulus trend on Figures 3.3 and 3.9. 

Another deviation is observed where plagioclase occurs in a cumulus assemblage 

with hornblende (e.g. in HA71, HA87, HA90 and HA 110); such plagioclase is 

consistently more calcic, up to An91 Ay than cumulus grains in rocks without 

amphibole. The occurrence of hornblende implies that these rocks crystallised from a 

liquid of higher water pressure, from which plagioclase of higher An content is 

expected to form (Johannes, 1978; Arculus & Wills, 1980). The early cumulus 

plagioclase co-existing with olivine in the troctolites H59, HP65 and HP66 has a 

very limited range from 89.6 to 90.3 and thus is the most calcic cumulus plagioclase 

analysed; similarly, Jaques (1981) found that the most calcic cumulus plagioclase in
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the Marum ophiolite occurred in a troctolite.

The only other cation (aside from Si, Al, Ca and Na) represented in the 

analyses of cumulate plagioclase is Fe. As an approximation, all the Fe is reported 

as Fe3+, and as such the maximum F e ^  recorded in plagioclase from the Halmahera 

cumulate rocks is 0.72 wt.%, although Smith (1975) reported the tendency for Fe2+ 

to enter the plagioclase structure as well as Fe3+ with a mean Fe^/Fe3* value of 

around 1. Fe shows a vague negative correlation with the plagioclase An content, 

probably reflecting the increasing Fe content of the magma with progressive 

fractionation. A similar trend of increasing Fe with decreasing An was reported by 

Pallister and Hopson (1981) from the Oman ophiolite crustal section. However,

Smith (op.cit.) described total Fe as increasing with An content for An*, to An^; this 

relation probably holds only for plagioclase crystallising from a magma of constant 

Fe. Although, as is noted above, compositions show some variability within samples, 

no systematic zonation in Ca/Na is observed in the cumulus plagioclase. This is a 

further indication that any postcumulus crystal growth in the Halmahera cumulate 

rocks has been obliterated by sub-solidus re-equilibration.

3.2.6: Amphibole. Amphiboles of varying composition occur as cumulus phases in 

Halmahera rocks characterised by relatively calcic cumulus plagioclase. There is no 

apparent correlation of primary amphibole occurrence with bulk rock alkali content. 

The compositions of the amphiboles are illustrated by Figures 3.4a and b, on which 

they form two distinct clusters defined by high A F  (low Si: HA71, HA110) and 

low A F  (high Si: HA87, HA90), with concomitant substitution of Na. This suggests 

the former amphiboles crystallised under conditions of higher 0ai2o, an(  ̂ l°wer flsio2 
than the latter. The degree of brown colouration and intensity of pleochroism of the 

amphibole is proportional to the Na20  and Ti02 contents of the mineral; thus the 

amphibole is very pale green-brown and only weakly pleochroic in HA87 (Ti02 = 

0.18-0.29 wt.%, Na20  = 0.47-0.83 wt.%) and HA90 (0.16-0.20, 0.87-0.94) and 

darker brown and moderately pleochroic in HA71 (0.86-1.05, 2.1-2.3) and HA110 

(0.61-0.85, 2.2-2.5). K is always below 0.10 wt.%, again consistent with 

crystallisation from a low-K magma.

There are some tenuous petrographic indications that the amphibole in HA71 

occurs as a postcumulus overgrowth, otherwise it seems to co-exist as a subhedral, 

cumulus phase with orthopyroxene and clinopyroxene in HA87 and HA 110 and with 

these phases plus olivine in HA90. The chemical variation of the amphibole 

(especially in terms of A120 3) is reflected in the naming of the mineral under the

73



a
20-1 PARGASITE* TSCHERMAKITE*

1- 6 -

*
Q.

“o 
E

<  0-8-

0 - 4 -

HORNBLENDE
EDENITE

A

A A

A

“f t
“T—

0 4  0 8  1-2 1-6

A F  + Fe^+Ti + Cr (mol. prop.)TREMOUTE/
ACTINOLITE

2 0

2 0 -

1 6

Q.O
a  1-2 

"o
J.
>

<  0 -8 -

0-4

TSCHERMAKITE

A

A A

'00
TREMOLITE/
ACTINOLITE

b
PARGASITE*

HORNBLENDE

— i-- - - - - - - 1- - - - - - - - 1- - - - - - - - r - - - - - - - 1- - - - - - - - r
0 2  0 4  0-6

EDENITE

— i—  
0 8 10

Na + K (mol. prop.)

Figure 3.4: Cumulus amphibole compositions: open symbols - high Si amphiboles 
(HA87, HA90); shaded symbols - low Si amphiboles (HA71, HA 110).

74



standard I.M.A. classification ranging from actinolitic hornblende (HA87 and HA90), 

to edenitic hornblende (HA 110) and hastingsitic hornblende (HA71). The cumulus 

hornblende always has lower mg# than its co-existing pyroxenes, but Cr20 3 occurs at 

very similar levels in both amphibole and clinopyroxene, suggesting that they formed 

simultaneously as liquidus phases because prior crystallisation of the pyroxene would 

have depleted the melt in Cr (Conrad & Kay, 1984). The primary amphiboles in the 

layered sequence of the Oman ophiolite (Lippard et al., 1986) are brown 

hornblendes characterised by much higher Ti02 (2-4.5 wt.%) than those from 

Halmahera, reflecting the higher Ti content of the Oman magma compared to that of 

Halmahera (see section 3.6.4).

32.7: Accessory phases. Magnetite is a common by-product of the serpentinisation 

of olivine, but occurs rarely as a primary accessory phase in the cumulate rocks.

The paucity of early crystallising, high temperature, primary Fe-Ti oxides indicates 

that the Halmahera magma had a low initial f 0 2 (Helz, 1973), but the progressive 

crystallisation of mafic silicates such as olivine, orthopyroxene and clinopyroxene, 

which all preferentially partition Fe2+ over Fe3*, and the degassing of volatile species 

such as H2 (common in a hydrous magma), result in the net oxidation of a magma 

(Sato, 1978) and lead to the late crystallisation of magnetite. Thus, in the more 

fractionated gabbronorites, Ti-bearing magnetite occurs as large, irregular grains in 

HA7 (Plate 3.4c) and as tiny anhedral grains in H67 and H140 concentrated along 

pyroxene/plagioclase grain boundaries. Ilmenite is found only as large grains in HA7 

and as rare, tiny, accessory grains in H67. The anhedral habit of the large oxide 

grains in HA7 is suggestive of late crystal growth interstitial to the cumulus phases, 

one of the modes of occurrence of titanomagnetite in cumulate gabbroic xenoliths 

documented by Meijer and Reagan (1981) from the island of Sarigan in the Mariana 

island arc. Magnetite co-existing with ilmenite in HA7 contains T i02 ranging from 

4.3 to 9.4 wt.%, but it is uncertain whether these analyses incorporate ilmenite 

exsolution lamellae. Discrete grains of ilmenite may have crystallised with magnetite 

or have formed from originally titaniferous magnetite by a granule exsolution 

process, but the data are not sufficient to distinguish these parageneses. The only 

other accessory primary phase observed during microprobe analysis of the cumulate 

rocks was Cl-bearing apatite, as tiny grains included within cumulus plagioclase in a 

single gabbronorite, HR242.
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3.3: Whole-rock geochemistry

Whole-rock major, trace and rare earth element geochemical analyses of 

olivine-bearing and olivine-free Halmahera cumulate rocks are presented in Tables 

3.2 and 3.3 respectively. As the rocks are cumulates, by definition the analyses do 

not represent the compositions of the magmatic liquid, but least-squares major 

element modelling of microprobe data shows that the bulk compositions of both 

orthocumulate (e.g. H62) and adcumulate (e.g. H65) rocks can be obtained 

accurately by mixing the cumulus and postcumulus phases in the modal proportions 

observed petrographically and determined by point counting. Thus, host rock 

cumulus mineralogy is responsible for the wide range in major element contents in 

Tables 3.2 and 3.3, particularly Al, Fe, Mg and Ca. The rocks include olivine + 

spinel-cumulus troctolites and olivine gabbronorites (H62, HI59) with MgO up to 30 

wt.%, high A120 3 (23-25 wt.%) olivine + plagioclase-cumulus troctolites (H59,

HP66) and olivine-free gabbronorites (e.g. H64, H65, H66, HR242) enriched in 

A120 3 (17-20 wt.%) and CaO (14-16 wt.%). Values of mg# vary from 92.2 (olivine 

clinopyroxenite H215) down to 44.8 (HA7) and are generally higher in olivine- 

bearing rocks. The microgabbronorite H107 contains 0.32 wt.% KzO with 

concomitantly higher Rb and Ba (see below), but otherwise the rocks are extremely 

low in K20  and P20 5 and the high field strength (HFS), incompatible trace elements 

Ti, Zr, Y and Nb, apart from the aforementioned ferrogabbronorite HA7, which 

contains 1.47 wt.% TiOz and comparatively high Zr (10.4 ppm) and Y (14.7 ppm). 

The high concentration of V in HA7 (868 ppm) reflects its partitioning into the Fe- 

Ti oxide phases (Deer et al., 1962b), as does the high Zn (114 ppm); H67 also 

contains Fe-Ti oxides and relatively high Zn and V (Table 3.3).

The extremely low contents of the incompatible trace elements in the 

Halmahera cumulate rocks imply virtually complete partitioning into the co-existing 

melt. The lower mg# and higher contents of Ti, Zr and Y in HA7 indicate that this 

rock is more fractionated than the others analysed. The end product of a magmatic 

series crystallising olivine, spinel and pyroxenes would be expected to be depleted in 

Cr and Ni, thus the significant concentrations of these elements in HA7 (Table 3.3) 

suggest that it is not a final differentiate. Apart from HA7, Zr occurs at a very low 

level (<2.2 ppm) throughout the analysed rocks and shows no systematic correlation 

with mg#, unsurprising at such low abundances, close to the detection limit of the 

XRF method. Thus Zr is not enriched in either the olivine-rich rocks with 

intercumulus material or the more fractionated gabbronorites, consistent with the 

interpretation of these latter rocks as adcumulates from which all or most of the
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H215 H159 H59 HP 66 H62 H158 H150 HA90
wt.% oxide
Si02 50.43 39.80 42.81 40.91 42.01 48.15 45.90 48.84
Ti02 0.08 0.04 0.03 0.04 0.06 0.10 0.10 0.17
A1203 1.47 8.82 24.52 23.37 8.21 14.86 15.17 18.38
Fe203 3.82 7.14 2.97 3.36 8.44 4.64 4.28 4.35
MnO 0.07 0.11 0.05 0.06 0.14 0.10 0.09 0.09
MgO 22.56 29.20 10.59 11.98 25.23 13.51 11.82 9.66
CaO 16.46 5.11 12.05 13.12 7.35 15.43 17.35 16.80
Na20 0.09 0.58 1.31 0.48 0.42 0.77 0.50 0.89
K20 0.01 0.01 <0.01 <0.01 0.01 0.02 0.02 0.04
P205 0.01 0.04 0.05 0.06 0.03 0.03 0.03 0.04
H20- 0.13 0.34 0.38 0.52 0.39 0.12 0.21 0.22
H20+ 3.54 7.41 5.76 5.30 6.35 1.62 3.40 0.74
C02 0.26 0.52 0.61 0.15 0.84 <0.05 0.33 0.16
Total 98.93 99.12 100.75 99.35 99.48 99.35 99.20 100.38
mg# 92.2 
trace elements (ppm)

89.1 87.7 87.7 85.7 85.3 84.7 81.6

Li 4 4 4 <1 4 4 6 5
Cl 60 1700 630 120 1100 350 - -
Sc 59.1 10.0 7.5 8.5 24.1 37.6 32.2 39.5
V 82.3 31.4 14.5 18.6 72.3 110 120 120
Cr 2233 1561 220 190 2715 1236 2001 458
Co 48 91 38 43 78 43 36 34
Ni 328 1522 395 420 1131 255 307 129
Cu 4.5 14.1 8.6 12.9 30.5 48.0 50.5 73.7
Zn 20.6 47.4 18.4 27.2 49.6 33.3 28.7 20.8
G e l 0.9 4.5 10.6 9.5 4.1 7.2 6.7 11.7
Rb - - - 0.3 - 0.1 - 0.2
Sr 10.8 17.4 58.2 50.0 21.0 30.1 42.8 119
Y 2.1 1.0 0.9 0.8 2.0 3.6 4.0 5.1
Zr 1.9 0.6 0.4 1.0 1.3 1.0 2.2 1.9
Nb 0.4 - - 0.1 0.5 0.4 - 0.1
Ba 4.2 1.6 2.6 - 1.6 1.7 5.0 5.2
Pb 0.2 - - - 0.7 0.3 0.2 0.1
Th - -  ■ - - - - 0.1 0.1
La - - - 0.3 - - - -
Ce 0.3 - - - 0.8 - - 0.5
Nd 1.6 - 0.4 0.1 1.3 0.1 1.0 1.5
REE (ppm)
Ce 0.7 0.3 0.8 0.4 0.3 0.7 0.6
Pr 0.2 <0.1 0.1 <0.1 0.2 0.2 0.2
Nd 1.0 0.2 0.3 0.4 0.7 0.7 1.0
Sm 0.3 0.1 0.2 0.2 0.2 0.5 0.4
Eu <0.1 <0.1 0.1 <0.1 <0.1 0.1 0.4
Gd 0.4 0.1 0.1 0.2 0.3 0.7 0.7
Dy 0.3 0.1 0.1 0.3 0.5 0.5 0.8
Ho <0.1 <0.1 <0.1 <0.1 0.1 0.1 0.2
Er 0.2 0.1 0.1 0.2 0.3 0.4 0.5
Yb 0.2 0.2 0.1 0.2 0.4 0.4 0.5
Lu <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Y 1.4 0.8 0.6 1.6 2.9 2.9 4.1

Table 3.2: Whole-rock geochemistry of olivine-bearing cumulate rocks. All iron 
expressed as Fe20 3. mg# = 100 x Mg/(Mg+Fe), where Mg = MgO/40 and Fe = 
(Fe20 3 x 0.9)/72.

intercumulus liquid, as measured by incompatible elements such as Zr, has been 

expelled. Thus, trace element, as well as major element, abundances in the cumulate 

rocks are controlled by the modal abundances of the cumulus (and postcumulus) 
phases.

Sc and V are accommodated in the clinopyroxene lattice and so are notably
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H64 H14 H66 HA110 HR242 H107 H65 H67 HA 7
wt.% oxide
Si02 49.90 48.67 50.33 48.44 48.61 48.52 50.28 49.20 45.02
Ti02 0.08 0.16 0.09 0.14 0.13 0.10 0.12 0.20 1.47
A1203 17.20 15.38 18.13 17.41 19.47 20.14 19.42 17.03 11.08
Fe203 3.17 5.96 5.17 5.69 5.08 5.03 5.74 9.31 20.86
MnO 0.08 0.12 0.12 0.12 0.11 0.07 0.12 0.16 0.24
MgO 11.30 11.80 10.22 10.92 9.28 8.52 8.65 9.87 8.46
CaO 15.87 14.64 14.15 14.62 14.90 11.82 13.94 12.94 11.54
Na20 0.88 1.42 1.12 1.27 1.18 2.39 1.63 1.36 1.28
K20 0.02 0.02 0.03 0.01 <0.01 0.32 0.03 <0.01 <0.01
P205 0.03 0.03 0.06 0.07 0.06 0.03 0.06 0.08 0.06
H20- 0.21 0.08 0.13 0.15 0.11 0.41 0.17 0.09 0.19
H20+ 0.62 1.74 0.42 1.09 0.43 2.38 0.26 0.12 0.61
C02 0.21 0.14 0.23 0.29 0.07 0.72 0.17 0.14 0.17
Total 99.57 100.16 100.20 100.22 99.43 100.45 100.59 100.50 100.98
mg# 87.7 79.8 79.8 79.3 78.5 77.2 75.1 68.0 44.8
trace elements (ppm)
Li 6 3 4 9 <1 20 6 108 2
Cl - 110 - - - - - - 40
Sc 34.2 47.0 39.6 42.0 32.6 35.9 37.2 41.7 63.1
V 110 152 106 144 126 56.0 113 217 868
Cr 3039 663 75.0 581 460 76.7 87.4 108 332
Co 58 39 47 48 65 41 45 73 79
Ni 212 162 111 172 119 85.1 90.1 138 115
Cu 27.7 94.4 261 122 91.5 6.7 202 315 263
Zn 17.2 32.0 28.5 57.0 32.8 15.6 29.7 60.0 114
Gel 7.9 8.8 11.1 9.5 11.4 16.5 13.0 11.6 16.2
Rb 0.2 - 0.6 1.1 0.4 4.3 0.7 - -
Sr 45.0 62.0 68.5 686 52.5 218.0 69.3 53.5 55.4
Y 3.1 5.7 3.4 5.7 4.6 2.3 4.2 4.6 14.7
Zr 0.7 1.8 1.8 0.1 1.5 - 1.4 0.9 10.4
Nb 0.3 0.3 0.8 0.4 0.3 0.4 0.4 0.1 0.2
Ba 3.8 1.4 8.3 134 - 18.5 8.0 3.9 0.7
Pb 0.7 0.5 1.1 1.9 0.8 0.8 0.8 0.8 0.5
Th - - 0.5 0.6 0.5 - 0.4 - 0.4
La 2.4 - - - - - 0.9 - -
Ce - 0.9 - - - - 0.3 0.3 -
Nd 0.5 1.2 1.3 0.7 0.8 - 0.4 - -
REE (ppm)
Ce 0.3 0.8 0.6 2.4 0.1 0.6 2.1
Pr 0.1 0.2 0.2 1.5 <0.1 0.2 0.4
Nd 0.5 1.0 0.8 1.6 0.3 0.8 1.0
Sm 0.3 0.4 0.2 0.6 0.1 0.3 2.2
Eu <0.1 0.2 0.1 0.3 <0.1 0.1 0.4
Gd 0.3 0.7 0.3 0.6 0.2 0.4 0.7
Dy 0.4 0.7 0.4 0.8 0.3 0.6 0.8
Ho 0.1 0.2 0.1 0.2 <0.1 0.1 0.2
Er 0.3 0.5 0.3 0.5 0.2 0.4 1.1
Yb 0.4 0.6 0.3 0.5 0.2 0.5 0.5
Lu <0.1 0.1 <0.1 0.1 <0.1 <0.1 0.1
Y 2.6 4.3 2.4 4.5 1.5 3.4 4.0

Table 3.3: Whole-rock geochemistry of olivine-free cumulate rocks.

depleted in the clinopyroxene-poor troctolites H59 and HP66. Ni is compatible in 

olivine and thus correlates positively with MgO (r = 0.90) and decreases markedly 

with the modal abundance of olivine, in agreement with the observed early 

accumulation of Ni-bearing olivine. The calculations of Sato (1977) showed that 

only 6-7 wt.% olivine fractional crystallisation reduces the NiO content of a basaltic 

magma by half. Cr shows its highest concentration (>3000 ppm) in a spinel- and
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olivine-free gabbronorite (H64), but decreases overall from the olivine-rich (in which 

it is held in the spinel phase) to the plagioclase-rich cumulate rocks, whilst still 

occurring at a high level. H64 is the most primitive of the olivine-free gabbronorites 

analysed in terms of mg# and so its high Cr probably reflects the relative 

accumulation of Cr in the liquid after the crystallisation of large volumes of olivine. 

Co has a reasonably steady distribution, being highest in the oxide-bearing 

gabbronorites, H67 and HA7, and in those rocks with the highest proportion of 

modal olivine (H62 and H159), reflecting its accommodation in the olivine structure 

(90 ppm in olivines analysed by Smith et al., 1983).

Sr increases generally with the modal abundance of plagioclase, but reaches 

particularly high values in rocks with primary hornblende (HA90 and HA110). Ba 

has an anomalous maximum of 134 ppm in HA 110 which correlates with the very 

high Sr content (686 ppm) of this rock; according to the experimental work of 

Drake and Weill (1975), both Sr and Ba substitute for Ca in the plagioclase 

structure. Smith et al. (1983) reported that Sr and Ba reach their highest levels in 

plagioclase (1200 and 30 ppm) which co-exists with cumulus amphibole in the 

cumulate gabbros of the Californian Peninsular Ranges Batholith, whereas contents 

of the two elements in the amphibole phase are 130-167 and 79-167 ppm 

respectively. These data suggest that Ba is partitioned preferentially into the 

amphibole structure and thus probably resides largely in the Na-rich hastingsitic 

hornblende in HA 110 (section 3.2.6). K20 , Na^O, Li, Rb, Ba and Sr are all 

relatively enriched in the microgabbronorite HI07, which correlates with the 

presence of veins of pegmatitic plagioclase (A n ^ ) within this rock. Such felsic 

veins are direct evidence of the segregation of a residual liquid; a likely repository 

for elements incompatible with respect to the fractionating cumulus phases, such as 

K. The highest concentration of Li (108 ppm) occurs in the relatively fractionated 

gabbronorite H67 and is probably accommodated in plagioclase; Smith (1975) 

reported that Li concentrates in plagioclase crystallised from "late solutions", to the 

extent of "several tens of ppm".

3.4: Rare earth element geochemistry

The elements La to Lu of Group IIIA of the periodic table are referred to as 

the rare earth elements (REE); those of lower atomic number are known as the light 

rare earth elements (LREE) and those with higher atomic numbers the heavy rare 

earth elements (HREE). The REE are of particular interest as they are geochemically 

very similar, for example, except for Eu (which can be reduced to the divalent
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oxidation state) and Ce (which may be tetravalent under highly oxidising conditions), 

they are all trivalent under most natural conditions, but their behaviour varies 

systematically with atomic number and consequently they can be partially 

fractionated from each other by certain petrological processes (e.g. Hanson, 1980; 

Henderson, 1984). Therefore, the observed fractionation of the REE in a rock series 

can be an important indication of its mode of genesis.

In order to compare the REE concentrations of different rocks readily, it is 

necessary to overcome the Oddo-Harkins effect, that is the fact that elements of 

even atomic number occur at higher concentrations than those with odd atomic 

number. This is facilitated by "normalising" the REE abundances in a rock to those 

in chondritic meteorites by dividing the concentration of a given element by its 

average concentration in chondrites. In this study, the average chondrite REE values 

of Nakamura (1974), determined by the isotope dilution technique, were used as the 

normalising factors. Chondrite-normalising has the effect of providing a smooth 

pattern of the variation in concentration from element to element and a display of 

the extent of any fractionation amongst the various REE in the specimen, as there is 

considered to have been no fractionation between the light and heavy REE in 

chondrites. The plotted position of Eu can lie away from the smooth trend defined 

by the other REE on a chondrite-normalised diagram; a feature described as a 

europium anomaly and which can be particularly important in cumulate rocks. It 

occurs because Eu in the divalent state is geochemically rather similar to Sr2* and 

partitions into the feldspar structure from a basaltic liquid more effectively than the 

trivalent REE (e.g. Kimata, 1988). Hence, a positive Eu anomaly in a rock, i.e. a 

normalised value of Eu in excess of those of the REE of adjacent atomic number 

(Sm and Gd) can indicate the accumulation of calcic plagioclase.

The REE and Y, which is considered herein to behave as a HREE of atomic 

number equivalent to Dy, were determined for fourteen Halmahera cumulate rocks 

by the ICPES method after cation exchange of major elements (see section 1.7). 

Unfortunately, the abundances of the REE in these rocks (Tables 3.2 and 3.3) are so 

low as to be near the detection limits of the method, such that plotting the 

chondrite-normalised REE data results in irregularly zig-zagged patterns where 

smooth ones are the norm. Consequently, a combination of the ICP data and the 

XRF determinations of La, Ce, Nd and Y have been normalised and then 

"smoothed", by drawing an approximate curve of best fit through the plotted points 

by a process of visual inspection. These chondrite-normalised REE data are listed in 

Table 3.4 and the resulting REE profiles presented in Figure 3.5.
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REE concentrations have also been determined for clinopyroxenes separated 

from four cumulate rocks of varying composition by isotope dilution mass 

spectrometry (see section 1.7). Although highly accurate, isotope dilution suffers the 

drawback of being able to analyse only the polyisotopic REE, thus clinopyroxene 

REE data are lacking for Pr and Ho whereas these elements were determined by 

ICP for the bulk rocks. It was found, however, that the ICP Pr and Ho 

determinations were often anomalous with respect to the other REE when normalised 

to the chondritic values of Wakita et al. (1971), such that normalising the ICP data 

to the isotope dilution chondrite determinations of Nakamura (1974) did not result in 

the loss of any significant information. It is advantageous to normalise the accurate 

clinopyroxene REE data to published chondrite values determined by the same 

analytical method, e.g. those of Nakamura (op.cit.). Thus, using the same chondrite 

analysis for the whole-rock REE data facilitates direct comparison.

Figure 3.5 shows that the Halmahera cumulate rocks have REE abundances 

varying between 0.3 and 3 x chondrite. These low overall abundances are consistent 

with the low concentrations of the other incompatible trace elements in implying that 

the rocks contain only a small proportion of trapped, REE-rich, intercumulus 

material. The patterns are generally flat, but with slight LREE depletion, and show a 

tendency for the LREE depletion to become more pronounced with total REE 

concentration, which could be a function of increased analytical accuracy at higher 

REE concentrations. REE patterns in adcumulate rocks are controlled by the modal 

proportions of the cumulus minerals, in particular by the presence of clinopyroxene, 

being the phase in such rocks in which the REE are most concentrated. 

Clinopyroxenes normally show significant depletion in the LREE and plagioclase 

relative enrichment, but at lower overall abundances (Pallister & Knight, 1981; 

Henderson, 1984) and therefore the REE profiles of the Halmahera cumulate rocks 

are qualitatively consistent with formation from a mixture of clinopyroxene 

(controlling the HREE) and plagioclase (controlling the LREE) with the presence or 

absence of olivine, orthopyroxene or hornblende apparently immaterial. There is no 

evidence that the alteration evident in some of the cumulate rocks (e.g. 

serpentinisation of olivine, plagioclase replaced by hydrated Ca-Al silicates) has 

affected the REE patterns to any significant extent.

REE profiles similar to those of the Halmahera cumulate rocks, although 

more depleted in the LREE and usually with marked positive Eu anomalies, have 

been presented for cumulate rocks from a number of ophiolite complexes: for two- 

pyroxene, olivine-bearing cumulate gabbros from the Troodos ophiolite, Cyprus, by
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Kay and Senechal (1976); for orthopyroxene-free cumulate gabbros from the Bay of 

Islands ophiolite, Newfoundland, by Suen et al. (1979); for a single two-pyroxene 

cumulate gabbro from the Papuan ophiolite by Jaques and Chappell (1980); for 

cumulate gabbros and pyroxenites of the Vourinos ophiolite in Greece by Noiret et 

al. (1981) and for cumulate peridotites and gabbronorites from the Marum ophiolite 

by Jaques et al. (1983). The cumulate olivine gabbros of the Oman ophiolite 

(Pallister & Knight, 1981) have REE abundances between 1 and 5 x chondrite and 

show strong LREE and lesser HREE depletions, producing convex-upwards patterns 

with strong positive Eu anomalies. LREE depletion, low overall abundances and 

positive Eu anomalies are also shown by cumulate olivine-rich and olivine-poor 

gabbros and peridotites from the Atlantic Ocean floor (Dostal & Muecke, 1977). 

Olivine-normative, LREE-depleted gabbros affected by metamorphism were described 

by Dietrich et al. (1978) from the inactive spreading ridge of the West Mariana 

basin; Eu anomalies can not be seen in the REE patterns of these rocks, probably 

due to poor accuracy of the analytical method (INAA) at abundances between 

around 1 and 8 x chondrite. The general similarity of these patterns for rocks with 

variable contents of olivine and orthpyroxene demonstrates the lack of effect these 

phases, with their low REE concentrations, have on the bulk rock REE profiles.

Two of the Halmahera samples show marked deviations from the slight 

LREE depletion pattern; the olivine clinopyroxenite H215, which is HREE depleted, 

and a microgabbronorite H107, which is more LREE depleted than those rocks of 

similar REE concentration. As these rocks are cumulates and hence do not represent 

liquid compositions, the crossing of the profiles does not necessarily mean the 

samples are not co-genetic; it can be explained by differing modal abundances of 

the cumulus phases. Some of the HREE depletion in H215 could be due to the 80 

modal% clinopyroxene in the rock (compare with Figure 3.6), an olivine pyroxenite 

analysed by Jaques et al. (1983) had similar slight HREE-depletion, whereas the 

apparent strong LREE depletion of HI07 is controlled primarily by its low analysed 

Ce (Table 3.4) and so could be an artefact of analytical inaccuracy. Even allowing 

for the inaccuracies inherent in the "smoothing" procedure, the sub-parallel patterns 

displayed by the majority are suggestive of the rocks being co-magmatic. There is 

certainly no evidence of very different magma types amongst the cumulate rocks in 

terms of REE chemistry. Two samples have large positive Eu anomalies, HA90 and 

HA 110; these are the rocks with anomalously high Sr. Other Eu anomalies at lower 

abundances, caused by the plagioclase accumulation observed petrographically, are 

probably masked by the analytical scatter. The occurrence of positive Eu anomalies,
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reflecting the presence of Eu in the reduced, divalent, state, is evidence of low J02 

in the Halmahera magma; for example, Drake (1975) demonstrated how the 

distribution coefficient for Eu between plagioclase and liquid increases with respect 

to neighbouring REE with decreasing f 0 2.

REE distributions in the clinopyroxene separates were analysed in order to 

calculate the REE composition of the Halmahera ophiolitic magma, assuming 

clinopyroxene/liquid REE equilibrium. Four cumulate rocks of contrasting mineralogy 

were selected for clinopyroxene separation: an olivine clinopyroxenite (H215), an 

olivine-bearing gabbronorite (HI58), an olivine-free gabbronorite (H66) and a 

hornblende- and olivine-bearing gabbronorite (HA90). The results are tabulated in 

Table 3.5 and the chondrite-normalised data plotted in Figure 3.6, which illustrates 

the strong LREE and lesser HREE depletion of the clinopyroxene separates and 

supports the concept that the LREE depletion of the whole-rock patterns is 

controlled by clinopyroxene. Similar results, although with abundances up to 10 x 

chondrite and significant HREE depletion, were obtained by Pallister and Knight 

(1981) from clinopyroxenes separated from layered gabbros from the Oman 

ophiolite. The Halmahera clinopyroxenes have generally higher REE abundances than 

their host rocks and slight negative Eu anomalies can be seen in the profiles for 

H158 and HA90. Abundances do not increase systematically with host rock mg#; in 

this respect, H66 contains lower concentrations of the REE than would be expected. 
This indicates a decoupling of the REE from the compatible elements, as predicted 

by O’Hara (1977) during open system fractional crystallisation in a periodically 

replenished magma chamber. Slight crossing of the patterns of H215 and H66 

between La and Ce, more than can be explained by analytical error, suggests very 

limited changes in the LREE composition of the parental liquid during magmatism.

The REE compositions of the equilibrium magmas, calculated using the 

average clinopyroxene/melt REE distribution coefficients for basaltic and andesitic 

rocks tabulated in Henderson (1984), are shown in Figure 3.7. The plotted position 

of La on this diagram showed a marked deviation from the generally smooth overall 

pattern and hence was ignored; the published distribution coefficient of 0.08 for La 

(Henderson, op.cit.) being apparently too high. The liquids calculated to have been 

in equilibrium with the four rocks have LREE-depleted patterns (CeN/YbN = 0.21- 

0.89) very similar in profile to those of the cumulate rocks, at HREE abundances 

between 0.8 and 5 x chondrite. On the basis of modal mineral proportions and their 

published REE partition coefficients, Jaques et al. (1983) calculated the magma at 

equilibrium with the cumulate rocks of the Marum ophiolite to be LREE-depleted
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H66 H 1 5 8 H 2 1 5 HA90

La 0.056 (3) 0.0812 (7) 0.051 (2) 0.1186 (5)
Ce 0.1940 (4) 0.274 (1) 0.2089 (4) 0.597 (1)
Nd 0.4355 (1) 0.5030 (1) 0.3860 (1) 1.2384 (2)
Sm 0.2811 (5) 0.2936 (1) 0.1875 (1) 0.68395 (8)
Eu 0.1186 (4) 0.1219 (3) 0.0743 (2) 0.2655 (3)
Gd - 0.618 (1) 0.280 (3) 1.217 (2)
Dy 0.88 (2) 1.057 (1) 0.359 (2) 1.791 (4)
Er 0.756 (3) 0.761 (2) 0.206 (1) 1.120 (3)
Yb 0.697 (1) 0.748 (2) 0.173 (1) 1.000 (4)
Lu - 0.1122 (1) 0.0248 (2) 0.1410 (3)

chondrite-normalised values
La 0.17 0.247 0.16 0.360
Ce 0.224 0.317 0.242 0.690
Nd 0.691 0.798 0.613 1.97
Sm 1.38 1.45 0.924 3.37
Eu 1.54 1.58 0.965 3.35
Gd - 2.24 1.01 4.41
Dy 2.6 3.08 1.05 5.22
Er 3.36 3.38 0.916 4.98
Yb 3.17 3.40 0.786 4.55
Lu - 3.31 0 .732 4 .16

chondrite-normalised magmatic concentrations
La 2.1 3.1 1.9 4.5
Ce 0.66 0.93 0.71 2.0
Nd 1.2 1.3 1.0 3.3
Sm 1.5 1.6 1.0 3.7
Eu 1.7 1.8 1.1 3.8
Gd - 2.5 1.1 4.9
Dy 2.3 2.8 1.0 4.7
Er 3.4 3.4 0.9 5.0
Yb 3.2 3.4 0.8 4.5
Lu — 4.1 0.9 5.2
Ce/Yb 0.21 0.27 0.89 0.44

Table 3.5: (i) Isotope dilution REE determinations in cumulus clinopyroxene 
separates (ppm), figures in brackets refer to the uncertainty in the last quoted digit, 
(ii) concentrations normalised to chondrite values of Nakamura (1974) (listed in 
caption to Table 3.4) and (iii) estimated REE concentrations in the magma from 
which the clinopyroxene crystallised, calculated using the KD values for 
clinopyroxene/liquid partitioning in basaltic and andesitic rocks of Henderson (1984) 
(La: 0.08; Ce: 0.34; Nd: 0.6; Sm: 0.9; Eu: 0.9; Gd: 0.9; Dy: 1,1; Er: 1.0; Yb: 1.0; 
Lu: 0.8). Normalised data plotted in Figs.3.6 and 3.7.
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with 11-25 x chondritic abundances of the HREE and the parental magma to contain 

REE concentrations of 6-9 x chondrite, similar to that estimated for the Papuan 

ophiolite (<10 x chondrite) by Jaques and Chappell (1980). These REE abundances 

are therefore considerably higher than those calculated for the Halmahera magma, 

but are nevertheless lower than those in even the most primitive MORB and are 

typical of certain island arc or boninitic magmas.

3.5: Alteration

The metamorphism of the ophiolite as a whole is described in Chapter 7; 

only a brief description of metamorphic effects pertinent to the cumulate rocks is 

presented here. Modification of the primary igneous mineral assemblages by post- 

magmatic metamorphic processes is a ubiquitous feature of ophiolites (Coleman, 

1977; Moody, 1979). Many of the Halmahera cumulate rocks show the effects of 

partial or complete recrystallisation of their primary mineralogy and the resulting 

secondary mineral assemblages are very variable, although primary igneous textures 

are usually preserved. Cumulus olivine often shows partial or complete replacement 

by serpentine and magnetite or clay minerals. Clinopyroxene can be "uralitised", i.e. 

pseudomorphed by fibrous, actinolitic amphibole, and plagioclase replaced by Mg- 

rich chlorite and various hydrated Ca-Al silicates (Plates 3.3b & 3.3d). Spinels 

appear on the whole preserved, although the small, black grains in the partly 

serpentinised olivine gabbronorite H60 seem, on the basis of low totals using the 

standard 12 cation recalculation procedure (as summarised in section 2.2) to have an 

Fe^-rich, cation-deficient, maghemite-type structure, without recognisable 

modification of their cr#, reflecting an oxidation reaction, as seen in the harzburgites 

HR243 and HR244, associated with the input of hydrous, serpentinising fluids.

On the whole, the metamorphism can be ascribed to the effects of 

hydrothermal circulation within the plutonic sequence, resulting in assemblages of 

hydrated secondary minerals such as serpentine, chlorite, prehnite, actinolite, 

pumpellyite and hydrogrossular. The common microprobe detection of Cl in 

secondary actinolite and the correlation of Cl with H20  in the whole-rock analyses 

(Tables 3.2 and 3.3) is evidence that the percolating metamorphic fluid was of 

marine origin, which in turn is suggestive of a shallow depth of metamorphism. The 

general lack of alteration of the gabbronorites suggests that these rocks remained 

impermeable to this hydrothermal circulation. However, Gregory and Taylor (1981) 

showed that petrographically unaltered gabbros in the Oman ophiolite had undergone 

pervasive 180  exchange with seawater. The lack of hydrous alteration minerals in the
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Oman rocks suggests that the isotopic exchange occurred at temperatures greater 

than 400-500°C. Thus, the apparent lack of alteration in the Halmahera gabbronorites 

is more likely to signify temperatures above the upper stability limits of hydrous 

alteration minerals than the rocks being impermeable to percolating seawater (see 

section 7.1).

An interesting metamorphic reaction specific to the cumulate rocks has 

resulted in the formation of Al-enriched spinel in H63 and HA50. H63 is an olivine 

gabbronorite containing around 60 modal%, variably serpentinised, cumulus olivine 

(Fo^^g) associated with small, black, equant grains of Cr-rich spinel (cr# = 58.0- 

64.1). The postcumulus assemblage in H63 comprises chromian diopside (and rare 

orthopyroxene) in poikilitic grains up to 8mm across, enclosing rounded olivines and 

occasional spinels, and plagioclase completely altered to hydrogrossular. Spinel 

grains set in olivine are often euhedral, whereas those enclosed by postcumulus 

clinopyroxene or plagioclase appear rounded, suggestive of reaction with the 

intercumulus fluid. Spinel set in plagioclase has slightly lower cr# than that in 

olivine, indicating limited Al diffusion into the spinel structure. In discrete parts of 

the rock the postcumulus phases are completely replaced by very pale brown 

magnesio-homblende with low Ti02 (up to 0.16 wt.%) and high A120 3 (9.7-10.4 

wt.%). Associated with this amphibole are small, pale grains of highly aluminous 

(cr# = 2-3) spinel which is slightly cation deficient, probably due to oxidation of the 

Fe2+ component to unresolved sub-grains or lamellae of haematite (Fe2Oa, assuming 

all Fe as F e ^ ,  = 13.6 wt.%). The aluminous spinel seems to be a secondary phase; 

the hydrothermal alteration of Cr-bearing pyroxene and calcic plagioclase producing 

Al-rich amphibole and Cr-poor spinel. Microprobe detection of Cl in the amphibole 

suggests marine-derived water as the fluid phase of the reaction. The occurrence of 

Mg-rich chlorite (penninite) in association with the amphibole suggests limited 

retrograde recrystallisation.

The variable composition of the relatively aluminous spinel in the partially 

serpentinised, layered, cumulate troctolite HA50 is illustrated by the spread of data 

points plotted on Figures 3.1a and b. HA50 is dominated by olivine (Fô &M7j0) in 

grains up to 10mm across, with postcumulus plagioclase patchily altered to isotropic 

hydrogrossular and with amphibole of variable composition (but with relatively 

constant mg# = 86.1-88.1) occurring as a discontinuous fringe between areas of 

olivine and plagioclase (Plate 3.3d) in what presumably are diffusion-controlled 

reaction coronas. Clino- and orthopyroxene occur as accessory phases. The spinels 

are not cation-deficient: they vary in cr# from 18.7 to 39.5, have T i02 contents less
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than 0.20 wt.% and are poorer in Fe3+ than the other cumulus spinels (Fig.3.1b).

They range in appearance from large (up to 3mm), anhedral grains with tension 

gashes, reminiscent of those seen in the mantle sequence rocks, to smaller, sub- 

equant examples. The tension gashes are consistently sub-perpendicular to the 

foliation of the rock. The variation in cr# corresponds to a gradual colour change, 

from pale yellow-brown (low cr#) to dark brown (higher cr#). Overall there is a 

continuous gradation from pale, aluminous grains set in amphibole to darker, more 

Cr-rich grains associated with the serpentinised olivine. No spinels are completely 

enclosed by the altered plagioclase. The large grains appear to be zoned, with cr# 

decreasing from core to rim.

The spinel variation in HA50 is illustrated by the textural relations shown in 

the thin section line drawing Figure 3.8. The two spinels analysed (GG and HH) lie 

alongside each other and both display cracks perpendicular to the rock foliation; 

however, GG is pale yellow-brown and dominantly surrounded by tschermakitic (Al- 

rich) amphibole adjacent to plagioclase altered to isotropic hydrogrossular, whereas 

HH is dark brown and dominantly set in serpentine. The smaller, unanalysed spinels 
set in partially serpentinised olivine are dark red-brown. Neither of the analysed 

spinels have detectable Ti02, but GG has cr# = 26.0, mg# = 54.0 and the darker 

grain HH has higher cr# at 37.8 and lower mg#, 47.3. Other spinels set in 

serpentine in the rock have similar cr# to HH. Thus, the compositions of the HA50 

spinels seem to reflect gradients in the local activity of Al in the presence of water 

(evident through the occurrence of amphibole), with corresponding increase in mg# 

reflecting the Mg, Al combination in the spinel molecule. In summary, the spinels in 

HA50 display a trend towards enrichment in the MgAl20 4 component at the expense 

of FeCr20 4 due apparently to the incomplete reaction of primary, magmatic spinel 

and olivine with the intercumulus plagioclase plus hydrothermal water. Conversely, 

the aluminous spinel in H63 is interpreted as of secondary origin and formed from 

the reaction of clinopyroxene and olivine. Green (1964) described green spinel in the 

Lizard peridotite as reacting with pyroxene to release Al and form a mantle of 

calcic plagioclase, leaving a remnant core of Cr,Fe-rich spinel. This is virtually the 

opposite of the reactions suggested by the texture and mineralogy of HA50, although 

in an anhydrous, sub-solidus, environment. The spinel enclosed in (serpentinised) 

olivine in HA50 was protected from the secondary reaction and hence preserves the 

primary spinel cr# (35-40).

The HA50 amphibole varies in composition between magnesio-homblende 

(with Cr20 3 up to 1.09 wt.%, occurring between olivine and postcumulus
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clinopyroxene and probably replacing the latter) and tschermakitic hornblende (with 

Cr20 3 below 0.18 wt.%, situated between olivine and plagioclase). The tschermakitic 

phase has A120 3 up to 14.7 wt.% and derives from the reaction of olivine with 

plagioclase. Although Spear (1981) showed experimentally that, in general terms and 

in a constant bulk composition, the Al content of a metamorphic amphibole 

increases with both temperature and pressure, the thermodynamic study of Leger and 

Ferry (1989) demonstrated that the Al content of a tremolite-tschermakite solid 

solution amphibole in an assemblage with forsterite and spinel has no pressure 

dependence, thus no estimates of pressure conditions can be made from this 

reaction; the variable Al reflects local diffusion gradients. Natland (1981a), in a 

description of the mineralogy of gabbros recovered from the West Mariana Ridge, 

described a "sub-solidus" reaction between olivine and plagioclase in the presence of 

water leading to the formation of amphibole and green, aluminous spinel. In HA50, 

the aluminous hornblende occurs with previously existing spinel which has become 

enriched in Al, unlike that in H63 which is apparendy of secondary origin.

3.6: Implications

3.6.1: General characterisation o f  the magma parental to the cumulate rocks.

Given the lack of an intact stratigraphy of the plutonic rocks of eastern Halmahera, 

unlike well-documented ophiolites such those in Oman and Cyprus, an important aim 

of the study of the petrology of the Halmahera cumulate rocks to establish whether 

there is evidence that the rocks were originally part of an intact sequence, from a 

unique magmatic source and hence recording a unique origin, or whether they are a 

collection of rocks from different sources that have just been juxtaposed fortuitously, 

perhaps by a mechanism such as strike-slip faulting or subduction-related accretion, 

evidence for which is in abundance in the Halmahera region. It can be said from the 

data summarised above that, although a complex variety of assemblages are seen in 

the Halmahera cumulate rocks, there is no evidence of the products of distinctly 

different magmatic sources. The limited fractionation trend, suggested by the limited 

cryptic variation shown by the cumulus and postcumulus phases in contrast to the 

strong Fe-enrichment trend seen in stratiform intrusions such as the classic example 

of Skaergaard, indicates that the Halmahera cumulate rocks were derived from 

fractional crystallisation in an open magmatic system. Evidence for open magma 

chambers replenished periodically by liquid of primitive composition occurs in many 

ophiolites (e.g. in the Oman ophiolite: Pallister and Hopson, 1981; Browning, 1984; 

and in the Troodos ophiolite: Alabaster et al., 1985, Thy, 1987a; b) in the form of
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cyclic units of cumulate rocks; such direct evidence of magmatic replenishment is 

not available in Halmahera as cyclic units have not been mapped.

The evolution of the Halmahera magma can be summarised as follows. A 

primary melt derived from mantle peridotite was saturated in Ni-bearing olivine and 

Cr-rich spinel. Crystallisation of this melt led to early olivine + spinel cumulates. 

Increase of magmatic asi0j with progressive olivine + spinel fractionation caused the 

cessation of olivine precipitation and led to the subsequent preferential crystallisation 

of orthopyroxene, giving rise to cotectic orthopyroxene + clinopyroxene + 

plagioclase cumulate rocks and the resulting abundance of gabbronorite and lack of 

gabbro or olivine gabbro seen in Halmahera. The early crystallisation and volumetric 

importance of orthopyroxene, as compared to the usual domination of olivine in 

similar mafic plutonic sequences (e.g. the ophiolite of southeastern Oman; Pallister 

& Hopson, 1981), implies that the parental magma was silica-saturated. In this 

respect, the Halmahera cumulate rocks are similar to those described from the 

Papuan (Jaques & Chappell, 1980), Marum (Jaques, 1981) and Troodos ophiolites 

(e.g. Thy, 1987a; b).

3.6.2: Textural characteristics o f  the cumulate rocks. Although structural studies 

have ascribed the layering in ophiolitic gabbros to magmatic flow processes (Nicolas 

et al., 1988), in this instance the development of virtually granoblastic textures and 

re-equilibrated pyroxene compositions suggests that the igneous lamination in the 

gabbronorites formed through a process of anhydrous, sub-solidus recrystallisation 

which overprinted the primary adcumulus texture whilst preserving the layering. The 

general lack of pyroxene exsolution and of zoning in any of the cumulus phases are 

also symptomatic of extensive sub-solidus recrystallisation. The common 

development of deformation (glide) twinning in cumulus plagioclase is ascribed to 

static annealing under conditions of differential stress in the cumulate pile. The slow 

cooling rates necessary to create recrystallised and annealed textures were probably 

facilitated by heat transfer during repeated replenishment of the open magmatic 

system by hot, primitive magma.

3.6.3: The crystallisation sequence and its implications. A significant factor in the 

mineralogy of ophiolitic cumulate rocks is the relative order of appearance of 

plagioclase, orthopyroxene and clinopyroxene. Whether orthopyroxene or 

clinopyroxene appears first after olivine and spinel in the Halmahera rocks is 

difficult to ascertain; the two phases appear to have crystallised simultaneously.
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However, in olivine-free gabbronorites the petrographic evidence of the larger grain 

size (Plate 3.4b) of the orthopyroxene phase (although this could be an artefact of 

the annealing process) and the chemical evidence of the high orthopyroxene- 

clinopyroxene mg# KD (cf. Kretz, 1982; discussed in section 3.2.3) are tentative 

suggestions of the earlier formation of orthopyroxene. In the Marum ophiolite, 

clinopyroxene follows olivine and spinel (Jaques, 1981), whereas orthopyroxene 

preceded it in the Papuan ophiolite (Davies, 1971) and in cumulate rocks dredged 

from the Mariana Trench (Bloomer & Hawkins, 1983). Although data on cumulate 

sequences in ocean floor plutonic rocks are scarce, orthopyroxene is never a 

common phase and is extremely rare in the early stages of crystallisation (Bloomer 

& Hawkins, op.cit.).

A survey of ophiolite crystallisation sequences was tabulated by Ishiwatari 

(1985) who showed that, although sequences with each of plagioclase, clinopyroxene 

and orthopyroxene following olivine are found in ophiolites, the clinopyroxene type 

is dominant. Well-documented examples of the clinopyroxene type are the Troodos 

and Oman ophiolites. The experimental data of Mysen and Kushiro (1977) and 

Jaques and Green (1980) showed that the degree of partial melting that took place 

in the lherzolitic mantle source region determines the nature of the phase 

crystallising after olivine in a cumulate sequence: plagioclase for low, clinopyroxene 

for medium and orthopyroxene for high degrees of partial melting. Thus, the 

Halmahera cumulate rocks crystallised from a magma generated by a medium to 

high degree of mantle partial melting and so are compatible with the particularly 

depleted nature of the harzburgites, although REE data from the peridotites with 

which to test the geochemical relationship between them and the cumulate rocks 

(e.g. Menzies, 1984; Prinzhofer & Allegre, 1985) are lacking. Rare exceptions to the 

crystallisation sequence rule occur in the form of olivine + plagioclase cumulus 

troctolites (H59, HP65 and HP66); similar troctolites, anomalous with respect to the 

mineralogy of the majority of the cumulate rocks, have been described from the 

Mariana Trench by Bloomer and Hawkins (1983).

3.6.4: T i02 content o f the parental magma. Ishiwatari (1985) showed that the 

average Ti02 content of clinopyroxenes in ophiolitic mafic and ultramafic cumulate 

rocks correlates with the phase following olivine in the crystallisation sequence, and 

can be used to define the "type" of sequence. High Ti02 (0.6-0.8 wt.%) is found in 

clinopyroxenes in plagioclase-type cumulate rocks, moderate (0.4 wt.%) in those in 

clinopyroxene-type and very low (0.1 wt.%) in those in orthopyroxene-type: this is
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because higher degrees of partial melting lower the concentration of incompatible 

elements such as Ti in the liquid fraction. The average value of T i02 in the 

clinopyroxenes from the Halmahera cumulate rocks is 0.29 wt.%; although this value 

is artificially high due to lack of data from primitive clinopyroxenes with Ti02 

below microprobe detection, it is in agreement with the rocks being formed from a 

moderate to high degree of partial melting.

Cumulate rocks are, by definition, formed by fractional crystallisation and so 

are not likely to have compositions similar to the parental magma. However, 

estimates of the composition of the magma can be made by relating mineral 

chemical data to published coefficients for the equilibrium partitioning of elements 

between the various cumulus phases and the magmatic liquid. The clinopyroxene/ 

liquid partition coefficient (D) for T i02 of 0.3 recommended for basaltic melts by 

Pearce and Norry (1979) implies the average T i02 in the liquid from which the 

Halmahera cumulate rocks crystallised was approximately 0.95 wt.%.

The experimental study of Gamble and Taylor (1980) demonstrated the 

complex dependence of D for TiOz between clinopyroxene and liquid on 

temperature, cooling rate and bulk composition; an apparent trend of increasing D 

with increasing cooling rate suggests that D values could be lower in plutonic rock 

conditions (slower cooling rates). Thus, the Pearce and Nony (1979) average value 

will not necessarily provide an accurate estimate of magmatic Ti02 from cumulus 

clinopyroxene data. An alternative approach to calculating an average parental 

magma TiOz content was demonstrated by Pallister and Gregory (1983), who 

achieved a result of 0.60 wt.% Ti02 for the Samail (southeastern Oman) ophiolite on 

the basis of mass balance of the well-exposed igneous stratigraphy. In comparison 

T i02 in the limited clinopyroxene microprobe analyses from the Samail cumulate 

section tabulated by Pallister and Hopson (1981) ranges up to 0.96 wt.%, usually 

occurring between 0.5 and 0.7 wt.%; generally higher values than those seen in the 

Halmahera cumulus clinopyroxenes. These data suggest the Halmahera magma would 

have contained approximately half the Ti02 of that of Oman, assuming the relative 

proportions of the stratigraphical members of the Halmahera and Oman ophiolites 

are roughly equal, and, therefore, 0.95 wt.% is not considered an accurate estimate 

of the average Ti02 of the Halmahera magma.

3.6.5: Magmatic crystallisation pressure and S i0 2 activity. From the data quoted in 

Elthon (1987), D values for Ti02 partitioning between clinopyroxene and basaltic 

liquid range from 0.25-0.35 at 1 atm. pressure to 0.75 at 10-25 kbar. The
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anomalously high magmatic TiOa calculated using D = 0.3 after Pearce and Norry 

(1979) might indicate that the Halmahera cumulate rocks formed at pressures too 

high for this value to be appropriate. The higher value of D pertinent to higher 

pressure crystallisation would result in a lower estimate for the parental magma Ti02 

content. Furthermore, Elthon et al. (1982) suggested that high mg# (i.e. >74) of the 

most primitive clinopyroxene and orthopyroxene in a gabbroic sequence was 

incompatible with low pressure (1-2.5 kbar) crystallisation of calculated primitive 

MORB melt. Thus, cumulate sequences such as those of Halmahera suggest either a 

more magnesian parental liquid than that of MORB or moderate to high (possibly 

greater than 10 kbar) pressures of crystallisation.

The thermodynamic modelling of DePaolo (1979) related magmatic aSi0j to 

the temperature and pressure of equilibrium with a mantle source at various 

conditions of aSi0i. It was shown that Si02-saturated magmas, orthopyroxene-rich 

like that of Halmahera, could equilibrate with an olivine + orthopyroxene-bearing 

mantle only at low pressures (less than 5 kbar) under dry conditions, with the 

maximum pressure of equilibration increasing with increasing H20 . Decreasing 

magmatic S i02-saturation allows greater pressures (DePaolo, op.cit.). The paucity of 

magmatic amphibole in the Halmahera rocks indicates low magmatic aH0 (see 3.6.8 

below) and consequently low pressure crystallisation. The occurrence of early Cr-rich 

spinels (with up to 42 wt.% Cr20 3) in the Halmahera cumulate rocks implies also 

low pressure crystallisation and a liquid enriched in Cr (e.g. Jaques, 1981). There 

are no unambiguous mineralogical indications of higher pressures and therefore the 

seemingly inaccurate magmatic Ti02 calculated using KD = 0.3 for 

clinopyroxene/liquid partitioning is probably not a result of high pressure 

crystallisation. The high mg# of the early silicate phases and the significant volume 

of orthopyroxene-rich cumulate rocks, in the absence of any other indications of 

higher pressure crystallisation and together with the whole-rock chemistry, are 

considered consistent with low pressure fractionation from a magma enriched in 

Si02, MgO, Cr and Ni and depleted in incompatible trace elements such as Ti 

compared to that parental to MORB.

3,6.6: Sub-solidus re-equilibration: evidence from pyroxene Ca contents. The 

compositions of co-existing cumulus ortho- and clinopyroxenes from the Halmahera 

cumulate rocks, illustrated in Figure 3.2a, deviate markedly from the "primary 

solidus" (high-temperature crystallisation) trends of pyroxenes from the Marum 

ophiolite (Jaques, 1981). Clinopyroxenes lie on the calcic side of the solidus trend
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(towards diopside and salite rather than augite) and orthopyroxenes are generally less 

calcic than the solidus compositions. This indicates that the Halmahera pyroxenes 

have undergone re-equilibration at lower, sub-solidus, temperatures; estimates of this 

re-equilibration temperature based on the pyroxene geothermometer of Lindsley 

(1983) range from 900°C (H60) to 725°C (HA7) and seem more reasonable than the 

magmatic temperature estimates based on Mg/Fe partitioning after Kretz (1982) 

reported in section 3.2.3. The spread of data points on Figure 3.2a away from the 

solidus trends implies that re-equilibration took place progressively towards these 

lower temperatures, in both ortho- and clinopyroxenes, as evidenced by the general 

lack of crossed tie-lines between co-existing pyroxene pairs.

3.6.7: The occurrence o f  HA7: similar rocks from  other ophiolites and the ocean 

floor. The anomalously Fe and Ti-rich ferrogabbronorite HA7 appears to represent 

the end-product of extreme, anhydrous differentiation. HA7 is strikingly similar to 

"strongly differentiated", planar-laminated, orthopyroxene-rich gabbronorites described 

recently from the top of the layered gabbro sequence in the southeast of the Oman 

ophiolite (Juteau et al., 1988). Such rocks with up to 30% Fe-Ti oxides have been 

recovered from Layer 3 of the Indian Ocean crust (Kempton et al., 1988) and 

cumulate, two-pyroxene "Ti-ferrogabbros" with 6.4 wt.% Ti02 and 18.4 wt.% FeO + 

F e ^  have been dredged from the Indian Ocean spreading ridge system (Engel & 

Fisher, 1975). The rocks described by Juteau et al. (op.cit.) are particularly 

remarkable in that orthopyroxene is an extremely rare cumulus phase in Oman (e.g. 

Pallister & Hopson, 1981). They contain apparently postcumulus Fe-Ti oxides (as 

does HA7), up to 17.5 wt.% total Fe as F e ^  and up to 1.2 wt.% T i02, and so are 

slightly less Fe- and Ti-enriched than HA7 (Table 3.3), but neither of these 

ophiolitic examples are as enriched in Ti as those from the Indian Ocean floor. The 

presence of ferrogabbronorites in Oman is associated with dense tonalitic veining 

and magmatic brecciation and was interpreted as due to axial spreading centre 

discontinuities, in particular the tips of cells of spreading along a segmented axis.

3.6.8: Plagioclase composition and aHJ0 and f 0 2 in the ophiolitic magma chamber.

Conditions of low aHjQ and f 0 2 in the magma chamber are implied by the generally 

anhydrous primary cumulus assemblage (e.g. Eggler, 1972; Eggler & Burnham,

1973) and the late crystallisation of Fe-Ti oxides (e.g. Helz, 1973). High J02 in the 

magmas of the Lesser Antilles (Arculus & Wills, 1980) and Aleutian (Conrad & 

Kay, 1984) island arcs is indicated by the widespread occurrence of Fe-Ti oxides in
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cumulate xenoliths. The local occurrence of hornblende in the Halmahera cumulate 

rocks suggests that locally <2HO reached higher levels. As noted in section 3.2.5, the 

occurrence of cumulus hornblende correlates with higher An contents of co-existing 

cumulus plagioclase; the occurrence of more calcic plagioclase is is not due to 

hornblende preferentially incorporating the magmatic Na as there is no antipathetic 

variation between hornblende NasO and plagioclase An. Figure 3.3 shows the 

relationship between compositions of co-existing plagioclase and clinopyroxene in 

the Halmahera cumulate rocks. Assemblages in which both plagioclase and 

clinopyroxene are cumulus phases follow a fairly well-defined linear trend; this is 

further evidence that the rocks are derived from the fractional crystallisation of a 

single magma. However postcumulus plagioclase compositions are displaced from the 

trend at lower An values and cumulus plagioclase in assemblages co-existing with 

cumulus hornblende plots at higher An values. This latter co-variation suggests a 

relationship between plagioclase composition and magmatic aHj0*

Arculus and Wills (1980) studied cumulate xenoliths from the active Lesser 

Antilles island arc with a high modal abundance of amphibole and co-existing low-K 

plagioclase up to An100 in composition. The primary amphibole is direct evidence of 

high HzO solution in the melt (estimated at greater than 2-3 wt.%), which lowers the 

chemical potential of the Ab component in the melt relative to An whilst having no 

effect on the olivine Fo-Fa equilibrium, according to the experimental and theoretical 

study of Johannes (1978). The end result is highly calcic plagioclase for a given 

olivine Fo content. Smith et al. (1983) described amphibole and olivine co-existing 

with very anorthitic plagioclase (up to An^ j) in cumulate gabbroic rocks in the 

Peninsular Range batholith, southern California, associated with calc-alkaline (arc- 

related) basalts and andesites, plotting in and close to the Lesser Antilles field. A 

similar olivine-highly calcic plagioclase relationship has also been described in calc- 

alkaline cumulate gabbros from the West Mariana Ridge (Natland, 1981a) and in 

cumulate xenoliths from the active volcanic island of Agrigan in the northern 

Marianas (Stem, 1979). Conversely, data from co-existing pairs in spreading ridge 

gabbros (e.g. Elthon, 1987, from the Mid-Cayman Rise in the Caribbean Sea) 

indicate lower plagioclase An in equilibrium with a given olivine Fo in MOR 

magmas.

3.6.9: Tectonomagmatic provenance o f the cumulate rocks. Compositions of co

existing olivine and plagioclase can be used to constrain the tectonic environment of 

formation of gabbroic cumulate rocks (Beard, 1986). Highly calcic plagioclase occurs
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with olivine in gabbroic cumulates in deeply eroded arcs, but is not observed in 

those from mid-oceanic ridges, ocean islands or tholeiitic layered intrusions. Beard 

(op.cit.) sub-divided arc cumulate rocks into three types: type I consisting primarily 

of olivine gabbro, type II dominated by olivine-free gabbronorite and type HI with 

cumulus amphibole and relatively aluminous co-existing clinopyroxene. 

Petrographically, the Halmahera examples are aligned with Beard’s type n, although 

there are some examples of what would be classified as type in rocks. Type in 
suites are said to occur with types I and n  "at several localities11 (Beard, op.cit.), 

such as with type I in the Lesser Antilles arc (Arculus & Wills, 1980). Thy (1987a) 

pointed out that the nearly identical mg# of co-existing cumulus olivine and 

orthopyroxene means that orthopyroxene mg# can be plotted against An mol.% of 

plagioclase to give similar results when olivine data are lacking, which is 

particularly useful for Halmahera given the abundance of orthopyroxene and relative 

lack of cumulus olivine in assemblages with cumulus plagioclase.

Figures 3.9a-e illustrate the co-variation of olivine and orthopyroxene mg# 

with plagioclase An content in the Halmahera cumulate rocks, with a number of 

compositional fields taken from the literature superimposed. Olivine data are used 

only where orthopyroxene data are lacking; postcumulus plagioclase and plagioclase 

in assemblages with cumulus hornblende deviate from the main trend and are 

differentiated on the Figures. The Beard field for arc type II (Fig.3.9b) is based on 

only six olivine and plagioclase data points, as these rocks are usually olivine-free, 

and, in most instances, either the plagioclase is intercumulus or the olivine is relict, 

so that the location of the field is somewhat suspect. The Halmahera data trend 

approaches this field while plotting distinctly away from the field for arc types I and 

ID (Fig.3.9c), in which plot olivine and plagioclase from the arc settings discussed 

above (Arculus & Wills, 1980; Natland, 1981a; Smith et al., 1983).

Co-existing cumulus mineral compositions in the Halmahera rocks are distinct 

to the MOR trend in plagioclase An versus co-existing olivine Fo contents (Fig.3.9a; 

field taken from Beard, 1986), but plot similarly to cumulate rocks from Oman 

(Fig.3.9d; field after Browning, 1984) with a tendency to slightly more calcic 

plagioclase at more fractionated compositions. Figure 3.9e shows that cumulate rocks 

from the Troodos ophiolite (after Thy, 1987a: data points based on orthopyroxene) 

are characterised by much more calcic plagioclase (Angg. )̂ than either the Oman or 

the Halmahera rocks. The Troodos data plot in the same field as those from Beard’s 

type I and III, but are type II petrographically. Although amphibole is rare as a 

primary phase in the Troodos cumulate rocks, it was suggested (Thy, op.cit.) that
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Figure 3.9: Co-variation of plagioclase An content with co-existing cumulus olivine 
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elevated PH O (possibly up to 5 kbar) was the cause of the anorthitic Troodos 

plagioclase, with the high magmatic HzO content originating from a subducting 

plate. Similarly, Browning (op.cit.) interpreted the difference between the Oman and 

MOR cumulus trends as due to the Oman rocks fractionating under conditions of 

enhanced aHj0 (Browning, 1984), because of the influence of aqueous fluids derived 

from a subduction zone in the magma source region. The higher aHj0 in the Oman 

magma was, however, not high enough to stabilise the crystallisation of hornblende.

High water contents are found in the fresh glass preserved in volcanic rocks 

from the Troodos ophiolite (Robinson et al., 1983; Thy et al., 1985). The glasses are 

estimated on the basis of low microprobe totals on apparently fresh specimens to 

contain 2-3 wt.% H20  by the former authors cited and 3-4.5 wt.% by the latter. 

These high water contents are taken to be of primary origin and to reflect a high 

water content in the magma, derived from the wet melting of a mantle wedge above 

a subducting plate. This evidence corresponds with the assertion of Thy (1987a) that 

the highly calcic plagioclase in the Troodos cumulate rocks is due to high PHjQ in 
the magmatic liquid.

Cumulate gabbroic rocks dredged from the Mariana Trench contain 

plagioclase of very variable composition, between An62 and An^ (Bloomer & 

Hawkins, 1983), but it is mainly less than An*,, only being higher in rare 

anorthositic rocks. Thus the Mariana Trench rocks do not contain the highly calcic 

plagioclase characteristic of the West Mariana Ridge (Natland, 1981a) and Troodos, 

but the boninitic volcanic rocks of the Mariana forearc, which are postulated to be 

co-magmatic with the cumulate gabbronorites, have high water contents, up to 3 

wt.%. The experimental modelling of Kushiro (1972) demonstrated that the 

orthopyroxene liquidus field widens considerably relative to that of olivine under 

hydrous conditions and that an MgO- and S i02-rich magma would result from large 

degrees of hydrous partial melting. These data correspond with the cumulate 

sequences of Halmahera, Troodos and the Mariana Trench all containing abundant 

orthopyroxene and being the result of hydrous partial melting; the more calcic 

character of the Troodos plagioclase could be the result of a greater depth of 

crystallisation, as suggested by Bloomer and Hawkins (op.cit.).
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CHAPTER FOUR 
CRUSTAL SEQUENCE PLUTONIC ROCKS II: 

DOLERITES, DIORITES AND TRONDHJEMITES

4.1: Introduction

The layered cumulate sequence in most complete ophiolite complexes is 

overlain by a unit of irregular thickness of gabbros distinguished by a lack of 

igneous lamination, such that they have "isotropic" textures. In the Oman ophiolite, 

for example, these rocks are termed the "high-level intrusives" (Lippard et al., 1986) 

or "high-level gabbros" (Pallister & Hopson, 1981). Isotropic gabbros are intepreted 

as reflecting static or "stagnant", non-cumulus crystallisation of a differentiated melt 

chilled at the top of the ophiolitic magma chamber. The unit is represented on 

Halmahera by massive dolerites with intergranular and ophitic textures (e.g. H76, 

H77) which have suffered a pervasive hydrothermal alteration (e.g. Plate 4.2a) not 

seen in the layered cumulate gabbronorites (see section 3.5) and, as a result, 

mineralogical data on the primary igneous assemblages are sparse. True gabbroic 

rocks lacking an igneous lamination appear to be rare in eastern Halmahera; they 

(e.g. H25, H92, HR224) have grain sizes up to 3mm across and are characterised by 

hypidiomorphic granular clinopyroxene + plagioclase ± hornblende assemblages in 

which clinopyroxene is partially or wholly replaced and pseudomorphed by green, 

fibrous amphibole. At some localities, non-laminated gabbros are cross-cut by narrow 

basaltic dykes (e.g. HP71).

Leucocratic plutonic rocks are found within the dominantly mafic and 

ultramafic stratigraphy of ophiolites as irregular bodies, often at the top of the high- 

level gabbros close to the contact with the sheeted dykes (Coleman, 1977). They are 

usually interpreted as representing late-stage products of low-pressure differentiation 

within the ophiolitic magma chamber. Similarly, hornblende gabbros ranging to 

diorites, tonalites and granodiorites occur commonly within plutons exposed in 

deeply eroded volcanic arcs (Beard, 1986), such as the Uasilau-Yau Yau intrusive 

complex of central New Britain, Papua New Guinea (Whalen, 1985) and that 

exposed on Guadalcanal in the Solomon Islands, comprising 26 different low-K 

intrusive phases related by crystal fractionation, ranging from gabbro (46 wt.%

Si02) to "aplite" and trondhjemite (76 wt.% Si02), with gabbro and quartz diorite 

the most important volumetrically (Chivas et a i, 1982). Ophiolitic leucocratic 

plutonic rocks were collectively termed "oceanic plagiogranites" by Coleman and
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Plate 4.1: Leucocratic trondhjemite invading dark 
dolerite and isotropic gabbro, creating an "intrusion 
breccia", Wasile River.
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Peterman (1975) and are characterised by less than 10 modal % ferromagnesian 

minerals and low whole-rock KzO, thus consisting predominantly of quartz and 

plagioclase feldspar. Intermediate to acid plutonic rocks are not abundant in eastern 

Halmahera; those studied herein are sub-divided into diorites and trondhjemites, with 

the latter group characterised by particularly high NajO/K^O ratios and bulk Si02 

over 70 wt.% and resembling oceanic plagiogranites (Table 4.2). Hornblende-rich 

diorites were found on the 1984 expedition associated with sheared serpentinite and 

fault zones (H108, HI 17) and as float on the western side of the northeastern aim 

(HA25, HA25A, HA25B). Gradations of isotropic gabbro into hornblende diorite and 

ferrodiorite are observed in the Oman ophiolite (Pallister & Hopson, 1981; Lippard 

et al., 1986) and of hornblende gabbro into diorite and trondhjemite in Troodos 

(Malpas & Brace, 1987), but no such field relations have been mapped in 

Halmahera. Trondhjemitic rocks were collected from float associated with (H22, 

H28), and as blocks within, sheared serpentinite (H24, with a magmatic contact with 

metasomatised dolerite) and as small intrusive bodies (H30, HP69) invading massive 

dolerite (H29) (Plates 3.1a-c). Similar "intrusion breccias" are seen in the Zambales 

ophiolite in the Philippines, formed by leucocratic trondhjemitic material invading 

dark dolerite (Hawkins & Evans, 1983).

The upper parts of most ophiolites contain continuous units of doleritic dykes 

that reach 1.5km in thickness (Coleman, 1977). These sheeted dyke complexes act as 

feeders for the overlying pillow lavas and extend downwards into the gabbros. 

Burgath et al. (1983) reported a small complex of "diabase" dykes in central 

Halmahera, associated with pillow lavas, but no sheeted complex was found on the 

much more extensive traverses made in the region by the 1984 expedition (Hall et 

al., 1988a), although occasional doleritic dykes cut the ophiolitic rocks, especially 

along fault zones (e.g. HI 14) and are characterised by intergranular textures. In the 

Papuan ophiolite, massive dolerites, characterised by subophitic and ophitic textures 

and grain sizes between 1 and 2mm, succeed gabbroic cumulate rocks and grade 

upwards into a basalt layer, with sheeted dykes recognised only at a few localities 

and not definitely known to form a persistent horizon (Davies, 1971; 1981). It is 

also worth noting that no sheeted dyke material has been recovered from the 

Mariana Trench.

4.2: Petrography and mineral chemistry (i): isotropic gabbros and dolerites

In contrast to the cumulate-textured plutonic rocks, neither olivine nor 

orthopyroxene occur in the rocks of isotropic gabbroic texture (hypidiomorphic
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granular) in the Halmahera ophiolite whereas titaniferous magnetite and apatite are 

abundant. Neither is orthopyroxene observed in the dolerites. In a similar manner, 

the ’’high-level gabbro" in the Papuan ophiolite contains an ophitic clinopyroxene + 

plagioclase assemblage, with lesser Fe-Ti oxide, hornblende and quartz, but 

orthopyroxene is unknown, whereas it is an abundant cumulus phase (Davies, 1971; 

1981). Inferred primary mineral assemblages in the Halmahera dolerites are 

clinopyroxene + plagioclase + Fe-Ti oxide (H80, H93, H94, HR278), clinopyroxene 

+ plagioclase + Fe-Ti oxide + quartz (HA80), clinopyroxene + plagioclase + 

hornblende + Fe-Ti oxide (HA71A), plagioclase + hornblende + Fe-Ti oxide (H61, 

H76, H77, H120, HA53A, HR225, HR263), plagioclase + hornblende + Fe-Ti oxide 

+ quartz (HA53, HA60, HR222). All the above assemblages include apatite. Other 

samples (e.g. H i l l ,  HI 14, HP63) retain a doleritic texture, but have low-grade 

metamorphic overprints too extensive for their primary mineral assemblages to be 

inferred. Commonly occurring secondary minerals are prehnite, albite, actinolite, 

chlorite, pumpellyite, epidote and sphene; the first-named of these is particularly 

widespread.

4.2.1: Pyroxene and plagioclase. Clinopyroxenes in the gabbroic rocks are all 

augitic, with compositions in a narrow range from En46Fs1oWo44 (mg# = 82.4) to 

En4oFs16Wo43 (mg# = 71.8). The minor elements Ti02 and NajO are both relatively 

high (0.32-0.64 and 0.33-0.64 wt.% respectively) compared with the cumulus 

clinopyroxenes whereas Cr20 3 reaches a maximum of only 0.43 wt.%, which is to be 

expected from such more fractionated rocks. The clinopyroxene data presented by 

Pallister & Hopson (1981) from the high-level Oman gabbros indicate a similar 

major element compositional range, but are markedly higher in Ti02 (up to 0.96 

wt.%), which is in agreement with the higher Ti02 of the Oman parental magma 

inferred from comparison of the chemistry of cumulus clinopyroxenes (section 3.6.4). 

Clinopyroxenes in the more abundant Halmahera samples of doleritic texture 

(intergranular to ophitic) extend the compositional range considerably, from 

E n ^ W o ^  (mg# = 88.1: HA71A) to E n ^ W o *  (mg# = 35.9: HR278). TiO, 

ranges from 0.12 to 1.29 wt.% (small, pink-brown granules of titaniferous augite in 

H94), but is usually around 0.45 wt.%, reaches a maximum of 0.49 wt.% and 

the highest Cr20 3 is 1.03 wt.% in a probable xenocryst in HA71A, but it is usually 

below 0.2 wt.%. Salitic clinopyroxenes co-exist with magmatic amphibole in HA71A 

and their chemistry could reflect higher aH O in this rock (e.g. Conrad & Kay,

1984), although salite also occurs in the highly altered doleritic rock H i l l  with no
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evidence of primary amphibole. Analyses of unaltered primary plagioclase are not 

abundant; the most calcic composition is in H77, but most analyses are albitic. 

Zoning is not detectable because of this recrystallisation, although strongly normally 

zoned plagioclase is common in the isotropic gabbros in other ophiolites, such as 

Oman (Pallister & Hopson, o p . c i t Lippard et al., 1986).

The clinopyroxenes from the Halmahera dolerites are unusual in comparison 

with those from the Oman dykes and high-level gabbros in the extent of the major 

element (Mg/Fe) differentiation they show. Those from Oman plot in a "tight 

compositional cluster" (Pallister & Hopson, 1981) on the En-Di-Hd-Fs pyroxene 

quadrilateral. In contrast, clinopyroxenes from the Halmahera isotropic gabbros and 

dolerites follow a crystallisation trend extending towards the Hd comer of the 

quadrilateral (Fig.4.1a; n = 37). Such a wide compositional range is reminiscent of 

crystallisation from a closed igneous system with no magmatic replenishment, an 

interpretation at odds with conclusions drawn from the mineral chemistry of the 

cumulate rocks as a whole (section 3.6.1). As indicated on Figure 4.1a, the majority 

of the compositional variation in these pyroxenes is taken up by one rock, HR278, a 

Ca-metasomatised, pumpellyite + prehnite-bearing dolerite in which plagioclase is 

replaced by grossular-hydrogrossular. HR278 was collected as float in a small 

tributary of the Sagea River next to an outcrop of blueschist facies rocks (HR279).

Its clinopyroxene ranges in composition from augite (mg# = 68.1) to ferroaugite and 

ferrosalite (mg# = 35.9) and both A120 3 and Ti02 vary inversely with mg#, such that 

the most Fe-rich grain analysed contains undetectable A120 3, only 0.18 wt.% T i02 

and very low NajO, with the result that the quadrilateral components (%Quad) total 

99.5%.

A negative correlation between Ti02 and mg# is opposite to the expected 

trend of igneous differentiation and implies a metamorphic paragenesis for the 

ferrosalitic pyroxenes in HR278. A number of studies of pyroxenes with similar 

features to those in HR278 have been reported. For example, Deer et al. (1978) 

described the formation of ferrosalite in basic igneous rocks in the upper amphibolite 

metamorphic facies, one mechanism for such is the reaction of hornblende + calcite 

+ quartz. Hall (1978) reported metasomatic clinopyroxenes enriched in the Wo 

component and co-existing with grossular in a Ca-metasomatised gabbro from the 

Mutki ophiolitic melange in southeastern Turkey; as in HR278, the secondary 

pyroxenes are depleted in non-quadrilateral elements relative to primary augitic 

grains from the same rock. A compositional change comparable to that in HR278 

was described by Bohlen and Essene (1978) from the anorthositic rocks of the
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Figure 4.1: (a) Pyroxene compositions from the isotropic gabbros and dolerites 
(n = 37). Those from HR278 (text section 4.2.1) contain a black dot.

(b) All amphibole compositions (primary and secondary) from the 
massive dolerites.
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Adirondack^; primary Mg-rich augites re-equilibrating to ferrosalite compositions on 

metamorphism. However, although this re-equilibration is chemically analogous to 

that in HR278, the Adirondack metamorphic temperatures (c.750°C) are too high for 

direct comparison and the most likely reason for the occurrence of ferrosalitic 

pyroxenes in HR278 is through incomplete lower temperature re-equilibration of 

augites in the presence of a Ca-rich fluid, similar to that described by Hall (op.cit.).

4.2.2: Amphibole. Amphiboles are common in the Halmahera massive dolerites. 

Euhedral, green and brown, prismatic amphiboles of primary magmatic origin are 

usually found in clinopyroxene-poor rocks and can exhibit a subophitic texture in 

relation to the smaller, elongate plagioclase crystals (e.g. in HA71A). Pale green, 

fibrous amphiboles occur in ragged sheaves as secondary alteration ("uralitisation") 

products of clinopyroxene (e.g. Plate 4.2a) and through the retrogression of primary 

amphibole (e.g. in HP63). Consequently, the amphibole compositions, as plotted on 

Figure 4.1b in terms of Al™ v. Na + K, span a range from low Al™ (high Si) to 

high Al™ (low Si) and those of highest Si/Al are lowest in T i02 and derived from 

clinopyroxene alteration. Using the standard I.M.A. nomenclature (Leake, 1978), 

compositions are mainly actinolite and magnesio-homblende, but include titanian 

edenitic hornblende (HI20) and titanian tschermakitic-homblende (HA71A, HR225). 

K20  is low in all analysed amphiboles and never exceeds 0.33 wt.%, such that the 

alkali variation displayed in Figure 4.1b is due primarily to N a/). Other minor 

elements vary widely; Ti02 and N a/) attain their highest levels (2.77 and 3.66 wt.% 

respectively) in the edenitic hornblende in HI20 (zoned from greenish-brown cores 

to bluish-green rims), the tschermakitic analyses from HR225 contain the highest 

A120 3, reaching 10.4 wt.% and Cr20 3 reaches a maximum of 0.93 wt.% in an 

actinolitic hornblende grain in H77.

4.2.3: Accessory phases. Chromite occurs as rare, euhedral grains up to 0.2mm 

across at the edges of grains of clinopyroxene and included within pale brown 

tschermakitic-homblende in the dolerite HA71A. An Fe-Ti oxide spinel phase is also 

found in this rock, as large, irregular grains up to 0.8mm across that are partially 

altered to brown sphene. The chromite probably represents a xenocryst phase, as 

does large (up to 1mm), rounded crystals of chromian diopside in the same rock.

The HA71A chromite is extremely Cr-rich (cr# = 78.8) and relatively Mg-poor (mg# 

= 40.5) compared with spinels from the Halmahera harzburgites and cumulate rocks. 

A cr# value of nearly 80 is far greater than those of spinels from abyssal peridotites
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and basalts (Dick & Bullen, 1984) and thus its composition is compatible with 

crystallisation from an island arc magma. There is no petrographic evidence of 

alteration of the chromite in HA71A and its chemistry is stoichiometric (c/. altered 

spinels described in Chapters 2 and 3 are cation-deficient on recalculation), but the 

rock bears a typical prehnite-actinolite facies hydrothermal metamorphic assemblage 

(albite + prehnite + actinolite + chlorite + sphene). The development of high cr# 

"ferritchromit" in the harzburgite H6 through depletion of a primary spinel in its Mg 

and Al components on hydrothermal alteration is discussed in section 2.5 and could 

explain the Al- and Mg-poor chemistry of the phase in HA71A; thus petrogenetic 

interpretation must be tentative.

Fe-Ti oxides are an abundant accessory phase in the doleritic rocks. In the 

isotropic gabbro H92, they form anhedral grains averaging 1mm across that 

crystallised in the interstices between plagioclase and clinopyroxene grains. TiOa 

contents are highly variable in the oxide grains in this rock, between 5 and 17 

wt.%, suggesting the exsolution of unresolved sub-grains of ulvospinel from a 

magnetite host. In the dolerites, Fe-Ti oxides are invariably oxidised to cation- 

deficient titanomaghemite, containing a maximum of 20 wt.% Ti02 (H93). Grains of 

ilmenite are not abundant and, when found, are usually partially altered to dark 

reddish-brown sphene (H77, H80, H i l l ,  HR263).
Cl-bearing apatite is common as an accessory mineral in the Halmahera 

massive dolerites, occurring usually as acicular crystals hosted by hornblende 

(HA71A) or by plagioclase or its alteration products (HA53, H120). Sulphide 

minerals are not abundant. Fe-sulphides are found in the dolerites as small, rare, 

equant opaque grains in H80 and in hydrothermal veins in association with prehnite 

in HA53; both primary igneous and hydrothermal origins have been assigned to the 

Fe-sulphides in the layered and high-level gabbros in the Oman ophiolite (Pallister 

& Hopson, 1981). No substitution of Mn for Fe was detected during analysis of the 

H80 sulphide, which contains the necessary content of Fe (46 wt.%) to suggest the 

composition of stoichiometric pyrite.

4.3: Petrography and mineral chemistry (ii): diorites

Kraeff (1954) noted local outcrops of diorite and tonalite within the peridotite 

of the Sagea River region of central Halmahera and small intrusions of "quartz- and 

homblende-diorite" within the "ultrabasic rock complex" are shown on the geological 

maps of northeastern Halmahera published by GRDC (Apandi & Sudana, 1980; 

Supriatna, 1980). Although there are no indications that these plutonic rocks are

111



widely exposed, they are probably more widespread in eastern Halmahera than their 

scarcity in the UCL/GRDC samples might suggest. Rocks are termed diorites in this 

discussion on account of their containing a high modal abundance of primary, 

magmatic amphibole. However, the analysis of ’'diorite” HI 17, albeit an altered rock, 

contains only 51.0 wt.% Si02 on normalisation to a 100% volatile-free total, which 

places the rock unambiguously in the basic rather than intermediate field and 

suggests that it is correctly classified as a hornblende gabbro. No reliable analyses 

are available of the plagioclase in either H108 or HI 17 because of the extent of 

low-grade metamorphic recrystallisation in these rocks; the secondary mineral 

assemblage in both is albite + actinolite + chlorite + prehnite + pumpellyite + 

epidote. K-feldspar is not found, but the large (up to 5mm), anhedral plagioclase 

grains in HA25, HA25A and HA25B display continuous normal zoning between 

Any;. ,̂ An74_53 and An5fr49 respectively; plagioclase generally more calcic than An^ in 

the HA25A and HA25B suggest the host rocks should again be termed gabbros 

rather than diorites, but, for clarity and covenience, the petrographic naming of the 

rocks as diorites will be kept herein.

4.3.1: Amphibole. The primary amphibole in HI08 and HI 17 is tschermakitic- 

homblende, whereas those in HA25, HA25A and HA25B vary between actinolitic 

hornblende and magnesio-homblende in composition. In both H108 and HI 17 the 

amphiboles reach 3mm in size, are tan-brown in colour and of euhedral form. The 

H108 phase poikilitically encloses clinopyroxene and contains 0.93-2.11 wt.% T i02, 

but is partially overgrown (with a sharp optical discontinuity) by pale green 

actinolite with <0 . 1  wt.% Ti02. The HI 17 variety also commonly contains 

clinopyroxene chadacrysts, which appear to have acted as a nuclei for the amphibole 

growth, and is also rich in Ti02 (1.36-2.04 wt.%). The actinolitic hornblende in 

HA25 occurs as euhedral crystals intergrown with plagioclase and without any 

apparent pyroxene. That in HA25A contains inclusions of plagioclase and 

clinopyroxene with no reaction texture, but grades internally into optically 

heterogeneous areas suggestive of ’’uralitisation” of the magmatic amphibole during 

subsequent low-grade metamorphism. The HA25B amphibole (Plate 4.2b) is similar, 

but encloses ortho- and not clinopyroxene. In these latter three rocks, the amphibole 

phase is pale green-brown and up to 4mm in size.

There are a number of chemical contrasts between the amphiboles in H108 

and HI 17 and those in HA25, HA25A and HA25B. Those from the former pair of 

rocks are higher in A12Q3 (9.10-11.58 wt.%), Ti02 (see above), N a ^  (1.64-2.26),
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and K20  (0.24-0.35) compared with those from the latter group (3.77-5.61,

0.22-1.13, 0.40-0.85, and 0.07-0.19 respectively). This chemical contrast reflects a 

fundamental difference in the parental magmatic affinity of the two sets of rocks, 

reinforced by the bulk chemistry of the rocks as discussed below. Pure amphibole 

separates were obtained readily from these coarse, amphibole-rich rocks for 

radiometric dating purposes, although complications were introduced by the presence 

of chadacrysts (particularly in HA25A and HA25B). Separations were attempted 

from crushed samples of HI 17, HA25B and HA25A and dates obtained from the 

first two of these by the ^Ar-^Ar method, although the precision was adversely 

affected by their low K contents. The methodology and results are discussed in 

detail in Chapter 8; in summary, the HI 17 amphibole provided an age of around 

75Ma and that from HA25B around 85Ma, overprinted by a metamorphic event at 

around 50Ma, consistent with the two groups of diorites representing two distinct 

phases of Late Cretaceous plutonic activity.

4.3.2: Pyroxene. Pyroxenes occur in HA25A and HA25B; clinopyroxene (augite: 
mg# = 76.8-77.3) in the former and orthopyroxene (mg# = 69.8-70.9) in the latter. 

Both of these phases are low in A120 3, Ti02, Cr20 3 and NaaO, such that %Quad 

varies between 96.2 and 97.1%. HI 17 contains a rounded, anhedral clinopyroxene, 

as grains up to 2mm across, usually overgrown by amphibole, but with no obvious 

reaction texture suggesting a magmatic relationship rather than a metamorphic one. It 

is a diopside (En4647Fs6.7Wo47̂ 8: mg# = 86.6-89.4) with variably high Cr20 3 (up to 

1.17 wt.%) and low TiOz (less than 0.36 wt.%); this primitive chemistry is 

compatible with a xenocrystalline origin, which is supported by the petrography. The 

pale green HI 17 pyroxene was separated and analysed by the isotope dilution 

method for the REE, with surprising results, listed in Table 4.2 and plotted in 

Figure 4.2. The resulting chondrite-normalised profile is strongly LREE-enriched 

(CeN/YbN = 4.53) and displays a prominent positive Eu anomaly (Eu/Eu* = 

EuN/[(SmN)(GdN)1/2] = 1.59), whereas the cumulus clinopyroxenes analysed in the 

present study (section 3.4) and others in the literature (e.g. Paster et al., 1974; 

Pallister & Knight, 1981) are all LREE-depleted, with or without small negative Eu- 

anomalies. Altogether, the analysed profile resembles that of a plagioclase separate 

although with less of a positive Eu anomaly than is usual for plagioclase. Assuming 

the pyroxene crystallised from a basic or intermediate magma, an estimate of the 

CeN/YbN ratio of the melt is 13.2, using the distribution coefficients tabulated in 

Henderson (1984), which is unreasonably high (c/. whole-rock Cej/YbN for HI 17 of
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approximately 3). This and the presence of the positive Eu anomaly lead to the 

conclusion that the REE distribution plotted is not that of a primary magmatic 

diopside.

An alternative explanation is that the HI 17 diopside is of metasomatic origin 

with an REE content derived from an LREE-rich fluid. HI 17 has clearly been 

subject to hydrothermal fluid input and diopside is a mineral characteristic of 

metasomatic or skam rocks (e.g. Hoersch, 1981), although it has been described 

from a "leucocratic alteration zone" within a basic/ultrabasic massif in Poland as 

forming along with epidote and quartz during the late pneumatolytic or pegmatitic 

stage of gabbro crystallisation (Heflik, 1967; quoted in Deer et al., 1978). The 

secondary diopside described by Hall (1978), of metasomatic origin and occurring in 

rodingite blocks within an ophiolite melange, was low in Cr, Ti, Na, Mn and Al and 

high in Ca and Si and thus of "pure" composition relative to the pyroxene 

quadrilateral. In contrast, the HI 17 diopside is Cr20 3-rich and A120 3 ranges between 

2 and 4 wt.%, such that %Quad is correspondingly low (90.5-91.4%) and the 

chemistry is compatible with an early magmatic origin. It is also difficult to 

envisage how a metasomatic pyroxene could inherit a positive Eu anomaly. A 

deuteric mineral might show such a feature, but a deuteric origin in this case is 

contradicted by the chemistry and petrography, which suggest early crystallisation. 

Therefore, a metasomatic or autometasomatic origin for the HI 17 diopside can be 

discarded as the explanation for its observed REE distribution.

The presence of the HI 17 pyroxene within hornblende oikocrysts, its 

relatively low modal abundance and anhedral form suggest that there was 

contamination of the final pyroxene separate with impurities. A minor proportion of 

an LREE-enriched contaminant would result in the REE distribution plotted in 

Figure 4.2, given the low REE abundance probable in an early magmatic diopside. 

However, the "purified" sample prior to analysis was homogeneously green; the 

hornblende in the rock is black and any such impurities were easily distinguished 

and removed. Other candidates for a contaminant phase are pumpellyite and epidote, 

which have densities in the same range as diopside (3.2-3.4 gem'3), making heavy 

liquid separation problematical, and are of similar green appearance, giving rise to 

difficulties in their removal by hand-picking. Epidote and pumpellyite are 

occasionally intergrown and replace plagioclase in the rock. The pyroxene is largely 

unaltered, but in rare instances displays marginal alteration to actinolite and also 

partial replacement along internal cracks by epidote. This suggests that contamination 

of pyroxene separate with epidote would be very difficult to avoid and epidote is
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known to accommodate the REE, especially the LREE. Assuming that the 

fundamental control on the REE distribution of a mineral such as epidote is the 

paragenetic environment in which that mineral forms (see review in Clark, 1984), 

secondary epidote in HI 17, the majority of which formed after plagioclase, could 

have largely inherited the REE distribution of its plagioclase precursor, including a 

positive Eu anomaly. Therefore, the most likely explanation of the REE content of 

the HI 17 "pyroxene” is that the mineral separate was contaminated with LREE- 

enriched epidote (and/or pumpellyite) derived from alteration of plagioclase and 

therefore has no direct petrogenetic significance.

4.4: Petrography and mineral chemistry (iii): trondhjemites

The Halmahera trondhjemites (H22, H24, H28, H30) are altered, but retain 

granophyric textures, formed by intergrowths between thoroughly turbid plagioclase 

and quartz, especially well-developed in H30 (Plate 4.2d). The turbid feldspar retains 

euhedral crystal outlines and is set in a granular matrix of quartz (0.2-0.5mm grain 

size) with sutured grain boundaries and undulose extinction, indicative of crystal 
strain. Apatite occurs as an acicular phase in trace amounts, but no K-feldspar was 

detected during microprobe analysis. All the available plagioclase analyses are highly 

sodic, ranging from Ab .̂g to pure albite; as a consequence, these rocks are albite 

granites by the Streckeisen (1974) nomenclature. In contrast, plagioclase from the 

Oman plagiogranites (Lippard et al., 1986) spans a range from Ab<* to Ab91.

Ferromagnesian minerals comprise approximately 5 modal% of each of the 

Halmahera trondhjemites. Hornblende is common in the Troodos examples (Malpas 

& Brace, 1987), but is not found in the Halmahera rocks. In H22, an Fe-rich, pale 

green to bronze chlorite (brunsvigite) exists in platy agglomerations with minor 

ilmenite, which is partly altered to sphene. Ilmenite-sphene intergrowths are also 

found in H28 (in a graphic texture with quartz) and H30. Both H24 and H28 

contain bright green, poorly pleochroic, anhedral crystals of 1ow-A120 3 aegirine- 

augite, containing up to 39% of the acmite (NaFe3+Si20 6) component in H24 and up 

to 29% in H28, after recalculation by the Papike et al. (1974) procedure. Aegirine- 

augite in H24 is overgrown by tiny, pale yellowish-green, hair-like crystallites of 

actinolite (Plate 4.2c), which also occurs in H30 as radiating clusters of fibres. No 

good analyses are available for the amphibole on account of its fibrous habit, but it 

is particularly poor in A120 3, being below the microprobe detection limit, and Na20  

reaches approximately 1 wt.%, indicating limited richterite substitution. The 

amphibole nucleation upon the pyroxene in fine crystallites is reminiscent of the
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habit of the magnesio-arfvedsonite in the metachert H15 (section 7.2.10) and is 

suggestive of a metamorphic origin.

4.5: Whole-rock geochemistry (i): dolerites

Bulk analyses of five rocks of doleritic texture (H61, H77, HI20, HA53A, 

HA60) are presented in Table 4.1. Si02 ranges up to 53.1 wt.% (HA60) and A120 3 

is high, ranging from 15.2 to 16.8 wt.%, consistent with the modal predominance of 

plagioclase. Discounting H120, the dolerites are characterised by low Ti02 (0.53-0.95 

wt.%), which nevertheless is considerably higher than in the Halmahera cumulate 

rocks (except the ferrogabbronorite HA7: cf. Tables 3.2 and 3.3). This pattern of 

Ti02 abundance is to be expected if the dolerites are co-genetic with the cumulate 

rocks, as the former must have crystallised from melts residual after the fractional 

crystallisation of the latter, in which Fe-Ti oxide is not a cumulus phase. Higher 

TiOz in HI20 reflects the modal abundance of titaniferous amphibole in this rock, 

described in section 4.2.2 above. MgO varies widely in the dolerites (4.6-9.1 wt.%), 

but tends to be lower, whereas Fe20 3 is higher, than in the cumulate rocks. Cr and 

Ni vary widely, but do not correlate well with each other; both elements are 

relatively high in H77, in which the primary amphibole contains variably high 

Cr20 3 (up to 0.93 wt.%). Cr increases sympathetically with mg# and antipathetically 

with TiOz. Cr and Ni contents as well as mg# overlap with their values in the 

cumulate rocks. Cl correlates vaguely with H20 +, suggesting that circulating seawater 

was the major component of the fluid reponsible for the rock alteration.

The HFS trace elements Zr, Y and Nb are considerably enriched in the 

dolerites in comparison to the cumulate rocks. Cu is variable from 55 to 112 ppm 

and correlates negatively with Zn (42-92 ppm); neither of these elements shows the 

extensive depletion characteristic of altered dolerite zones in the Troodos ophiolite, 

interpreted as the source of the massive sulphide deposits therein. H120 has 

approximately MORB concentrations (Pearce, 1982) of the incompatible trace 

elements with no prominent negative Nb anomaly, but the other rocks are markedly 

depleted in the HFS elements, especially Nb, relative to n-MORB. As discussed in 

detail in Chapter 5, these features reveal a supra-subduction zone geochemical 

signature in all the analysed dolerites except HI20, in which the trace element 

chemistry is tectonomagmatically ambiguous.

The chondrite-normalised REE profiles (see section 3.4) of the dolerites show 

considerable scatter in their ICP determinations (Table 4.1) and there is the potential 

problem of non-quantitative dissolution of zircon under HF/HC104 attack. For rocks
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wt . % I
H77

oxide
HA53A H61 H120 HA60

Si02 49.69 50.83 49. 68 51.81 53.09
Ti02 0.53 0.66 0.72 1.44 0.95
A1203 16.80 15.23 16.63 15.82 16.46
Fe203 7.30 8.00 9.02 10.03 11.14
MnO 0.13 0.14 0.15 0.17 0.18
MgO 9.11 7.46 7.03 5.20 4.62
CaO 12.01 11.05 10.90 7.67 7.61
Na20 1.90 3.11 2.90 5.60 3.36
K20 0.10 0.15 0.37 0.24 0.71
P205 0.07 0.10 0.08 0.17 0.13
H20- 0.14 0.26 0.31 0.26 0.39
H20+ 1.35 2.43 2.27 1.58 1.72
C02 0.05 0.08 0.31 0.24 0.38
Total 99.18 99.50 100.37 100.23 100.74
mg#
trace

71.4 
elements (ppm)

65.1 60.9 50.9 45.3

Li 4 7 12 6 7
Cl 70 160 420 - 70
Sc 38.7 42.0 45.5 35.6 34.3
V 207 276 289 274 355
Cr 488 171 152 14.3 38.6
Co 42 53 68 37 47
Ni 150 65.6 64.4 21.0 170
Cu 87.5 112 55.3 55.7 66.6
Zn 55.8 41.9 66.0 82.5 91.6
Gd. 12.9 13.1 14.1 18.2 17.6
Rb 1.4 1.6 5.7 1.2 13.1
Sr 216 187 364 233 243
Y 15.1 18.7 19.3 31.0 26.5
Zr 30. 6 48.9 44.5 131 83.3
Nb 0.8 1.1 0.8 4.1 0.8
Ba 25.6 30.9 111 38. 9 92.7
Pb 0.5 0.5 1.2 2.2 2.0
Th - - 0.2 0.8 0.4
La 1.0 1.8 0.7 5.1 2.3
Ce 3.6 8.8 7.2 14.5 12.3
Nd 4.1 6.6 5.8 11.4 9.3
REE (ppm)
La 3.4 4.3 4.1 7.5 1.9
Ce 4.0 7.2 7.5 15.7 4.3
Pr 0.7 1.2 2.5 2.4 1.1
Nd 3.8 6.0 4.8 12.4 2.9
Sm 1.3 1.8 1.8 3.5 1.0
Eu 0.5 0.7 0.8 1.3 0.4
Gd 1.9 2.4 2.4 4.7 1.2
Dy 2.2 2.8 2.7 4.6 1.2
Ho 0.5 0.6 0.6 1.0 0.3
Er 1.3 1.6 1.6 2.5 1.0
Yb 1.4 1.8 1.7 2.4 0.8
Lu 0.2 0.3 0.3 0.3 0.2
Y 12.3 15.4 15.7 23.7 6.8
chondrite--normalised REE (Nakamura, 1974)
La 10.3 13.1 12.5 22.8 5.8
Ce 4.6 8.3 8.7 18.2 5.0
Nd 6.0 9.5 7.6 19.7 4.6
Sm 6.4 8.9 8.9 17.2 4.9
Eu 6.5 9.1 10.4 16.9 5.2
Gd 6.9 8.7 8.7 17.0 4.3
Dy 6.4 7.0 7.9 13.4 3.5
Y 6.2 7.7 7.8 11.9 3.4
Er 5.8 7.1 7.1 11.1 4.4
Yb 6.4 8.2 7.7 10.9 3.6

Table 4.1: Whole-rock geochemistry - Halmahera dolerites. Note 
non-quantitative HREE determinations likely (see section 4.5), 
especially in samples HI20 and HA60.
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with "significant" concentrations of Zr (i.e. intermediate and, especially, acid rocks), 

there is considerable difficulty in getting zircon into solution, which affects resulting 

REE patterns significantly as zircon accommodates the HREE (e.g. zircon/melt 

distribution coefficients: Ce = 4.2, Dy = 48, Er = 140, Yb = 280; Henderson, 1984). 

Therefore, REE analysis of a sample solution in which even trace quantities of 

zircon have failed to dissolve will be biased towards the LREE, but, fortunately this 

problem does not occur with XRF determinations, on pressed powder pellets, and so 

the following discussion will be restricted to the limited XRF REE data [La, Ce, Nd 

and Y, treated as an REE of atomic number approximately equal to that of Dy 

(M.F.Thirlwall, pers.comm.)]. H120 has the highest concentrations of the REE and 

seems slightly LREE-enriched, although the XRF data are ambiguous for this rock 

and show a progressive chondrite-normalised increase from La to Nd and then a 

slight decrease to Y. H61, HA53A and HA60 have virtually flat patterns and H77 

shows slight LREE-depletion at between 3 (La) and 8 (Y) x chondrite, such that the 

REE patterns on the whole are sub-parallel to those of the cumulate rocks presented 

in Figure 3.5, but at higher abundances. This follows the pattern of the variation in 

REE concentrations between the different members of the ophiolite stratigraphy 

summarised by Coleman (1977); "average" upper level gabbros retain a parallel REE 

profile to their underlying "average" cumulate gabbros at higher overall abundances. 

The profile of H77 in particular is similar to those of the volcanic rocks H35 and 

HI 12 described in Chapter 5 and plotted in Figure 5.5. There is no conclusive 

evidence of crossing chondrite-normalised REE patterns amongst these dolerites and 

thus there is no evidence that the rocks are not co-genetic with each other and with 

the cumulate rocks, with the possible exception of HI20.

4.6: Whole-rock geochemistry (ii): diorites

Whole-rock analyses are available for three dioritic rocks (HI 17, HA25A, 

HA25B) and are presented in Table 4.2. The diorite analyses are variable and reflect 

the sub-division of these rocks into two groups. Thus, HI 17 is enriched in the LIL 

elements (NaaO, K20 , Rb, Sr and Ba) compared to HA25A and HA25B and this 

correlates with the different abundances of NaaO and K20  in the primary amphiboles 

of the rocks. Admittedly, these elements are particularly susceptible to mobility on 

alteration, but Ti02 also has a markedly higher abundance in HI 17 which also 

corresponds to a higher concentration in its amphibole and implies that the bulk 

rock LIL elemental abundances are at least proportional to primary magmatic values. 

However, Ti02 is low in all three analysed rocks relative to similar gabbroic and
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diorites trondhjemites

HA25B HA25A H117 HI 17 H28 H22 H30
" c p x "

wt . % o x i d e

S102 5 4 . 0 4 5 1 . 8 7 4 9 . 3 4 7 4 . 4 5 7 5 . 3 7 7 6 . 1 1
T102 0 . 1 7 0 . 1 5 0 . 5 9 0 . 2 2 0 . 2 2 0 . 1 9
A1203 1 2 . 5 5 1 1 . 2 3 1 6 . 8 6 1 3 . 2 3 1 2 . 1 4 1 2 . 4 3
Fe203 8 . 2 8 8 . 6 7 8 . 5 2 1 . 6 0 1 . 5 9 1 . 4 6
MnO 0 . 1 5 0 . 2 2 0 . 1 5 0 . 0 3 0 . 0 3 0 . 0 2
MgO 1 1 . 9 9 1 2 . 0 5 7 . 6 3 0 . 5 3 0 . 4 8 0 . 4 4
CaO 1 0 . 5 4 9 . 9 1 1 0 . 0 0 1 . 9 6 1 . 8 4 1 . 9 4
Na20 1 . 4 1 0 . 9 6 2 . 6 0 6 . 7 7 6 . 4 6 6 . 1 3
K20 0 . 1 5 0 . 0 7 0 . 9 8 0 . 2 2 0 . 2 4 0 . 2 5
P205 0 . 0 6 0 . 0 8 0 . 1 4 0 . 0 7 0 . 0 6 0 . 0 4
H20- 0 . 1 4 0 . 0 6 0 . 3 8 0 . 0 9
H20+ 2 . 2 2 0 . 5 1 0 . 7 4 0 . 8 0
C02 0 . 3 4 0 . 0 8 0 . 1 0 0 . 2 2

T o t a l 9 9 . 3 4 9 5 . 2 1 9 9 . 5 1 9 9 . 7 3 9 9 . 6 5 1 0 0 . 1 2

mg# 7 4 . 3 7 3 . 5 6 4 . 2 3 9 . 8 3 7 . 6 3 7 . 6

t r a c e  e l e m e n t s  (ppm)

Li 13 6 3 5
Cl 270 240 100 - - -

Sc 4 8 . 6 5 0 . 7 4 0 . 8 2 . 9 3 . 1 2 . 1
V 174 199 275 1 8 . 2 1 7 . 5 1 5 . 4
Cr 477 494 220 6 . 4 6 . 8 4 . 0
Ni 135 133 8 0 . 3 9 . 8 7 . 3 3 . 9
Cu 1 5 . 5 238 4 2 . 6 1 . 9 1 1 . 8 8 . 1
Zn 5 8 . 0 184 6 7 . 6 1 6 . 5 1 9 . 9 1 3 . 6
Ga 9 . 8 1 0 . 2 1 4 . 5 1 3 . 5 1 4 . 5 1 2 . 4
Rb 2 . 3 1 . 0 2 1 . 6 1 . 2 1 . 5 1 . 1
S r 24 9 163 363 167 8 4 . 7 107
Y 5 . 0 5 . 3 1 7 . 8 1 4 . 3 1 6 . 9 1 1 . 6
Zr 1 8 . 8 1 8 . 7 5 9 . 0 138 151 134
Nb 0 . 3 0 . 2 0 . 5 2 . 1 2 . 1 1 . 4
Ba 8 . 2 3 . 7 7 8 . 6 3 1 . 9 1 2 . 7 1 4 . 8
Pb 0 . 3 1 . 1 2 . 2 1 . 7 2 . 4 2 . 1
Th - 0 . 4 0 . 3 0 . 7 0 . 4 0 . 4
La - - 7 . 3 5 . 5 8 . 6 5 . 5
Ce 2 . 2 3 . 4 2 2 . 2 1 0 . 9 1 5 . 9 8 . 8
Nd 2 . 7 1 . 8 1 7 . 3 5 . 6 7 . 7 4 . 0

REE (ppm)

La ( 7 . 9 ) ( 7 . 3 ) 9 . 6 5 . 0 7 ( 2 ) 5 . 7 9 . 6 6 . 1
Ce 2 . 8 2 . 7 2 1 . 8 1 0 . 0 6 ( 3 ) 1 0 . 7 1 4 . 7 1 0 . 0
P r 0 . 3 0 . 3 4 . 3 1 . 6 1 . 7 3 . 2
Nd 1 . 9 1 . 9 1 5 . 8 5 . 1 3 1 5 ( 4 ) 4 . 7 6 . 8 4 . 4
Sm 0 . 7 0 . 7 3 . 8 1 . 2 0 8 3 ( 3 ) 1 . 1 1 . 5 1 . 2
Eu 0 . 3 0 . 3 1 . 2 0 . 6 0 9 7 ( 7 ) 0 . 3 0 . 4 0 . 5
Gd 0 . 9 0 . 9 3 . 5 1 . 1 5 ( 5 ) 1 . 1 1 . 5 1 . 6
Dy 0 . 9 0 . 9 2 . 8 1 . 2 1 ( 4 ) 1 . 2 1 . 5 0 . 9
Ho 0 . 2 0 . 2 0 . 6 0 . 3 0 . 3 0 . 3
Er 0 . 5 0 . 5 1 . 5 0 . 6 6 6 ( 2 ) 0 . 7 0 . 9 0 . 7
Yb 0 . 5 0 . 5 1 . 9 0 . 5 6 5 ( 5 ) 0 . 8 1 . 0 0 . 8
Lu

Y

( 0 . 1 ) ( 0 . 1 ) 0 . 2

1 4 . 6

( 0 . 1 )

7 . 5

( 0 . 2 )

9 . 4

( 0 . 1 )

5 . 6

c h o n d r i t e - n o r m a l i s e d REE ( Na ka mur a , 1974)

La 2 2 . 2 1 5 . 4 1 1 6 . 7 2 6 . 1 1 6 . 7
Ce 3 . 2 3 . 1 2 5 . 7 1 1 . 6 3 1 2 . 6 1 8 . 4 1 0 . 2
Nd 3 . 0 3 . 0 2 7 . 5 8 . 1 5 8 . 9 1 2 . 2 6 . 3
Sm 3 . 4 3 . 4 5 . 9 5
Eu 3 . 9 3 . 9 7 . 9 1 8
Gd 3 . 3 3 . 3 4 . 1 6 7
Dy 2 . 6 2 . 6 3 . 5 8
Y 8 . 9 7 . 1 8 . 4 5 . 8
Er 2 . 2 2 . 2 2 . 9 6
Yb 2 . 3 2 . 3 2 . 5 6 8

Table 4.2: Whole-rock geochemistry - diorites and trondhjemites. Volatile analyses 
unavailable for HA25A and HA25B due to loss of samples. Note non-quantitative 
HREE determinations in HI 17, H28, H22 and H30 (see sections 4.5 and 4.7) and 
that XRF data are used for chondrite-normalisation of these samples.
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dioritic late intrusive rocks from Oman (Lippard et al., 1986).
HA25A and HA25B have high mg#, suggesting a high degree of partial 

melting in the source region and little subsequent olivine fractionation, and 

particularly low Ti02 contents. Very low Ti02 suggests crystallisation from a magma 

depleted in the oxide either through early titanomagnetite fractionation or as a 

primary characteristic of the melt. HI 17 is depleted in the HFS relative to the LIL 

elements, particularly in Nb (0.5 ppm), which is compatible with crystallisation from 

a magma generated above a subduction zone (Pearce et al., 1984). HA25A and 

HA25B are strongly depleted in the HFS (19 ppm Zr, 5 ppm Y, < 0.5 ppm Nb) and 

enriched in the compatible transition elements Cr and Ni.

The two-fold sub-division of the diorites is illustrated by their REE profiles, 

which are plotted in Figure 4.2. HI 17 has the potential problem of non-quantitative 

zircon dissolution and so XRF data (with the appropriate analytical uncertainties 

incorporated) are plotted. HI 17 appears enriched in the LREE, whereas HA25A and 

HA25B, for which the ICP dataset can be used as the zircon problem is not 

applicable at such low Zr (< 20 ppm) (e.g. compare XRF chondrite-normalised Y 

determinations of 2.5-2.6 with ICP chondrite-normalised Dy determination of 2.6), 

have mutually identical (only HA25A is plotted) and almost flat (CeN/YbN = 1.3-1.4) 

patterns at very low abundances (around 3 x chondrite). The whole-rock REE 

distribution in HI 17 is probably similar to that of its contaminated "diopside" 

separate. HA25A and HA25B have positive Eu anomalies which could reflect 

crystallisation from the plagioclase-rich residue after the fractionation of mafic 

minerals.

4.7: Whole-rock geochemistry (iii): trondhjemites

Whole-rock chemical analyses are available for three trondhjemites (H22,

H28, H30) and are listed in Table 4.2. The Halmahera rocks are characterised by 

low A120 3 (<13.3 wt.%) relative to continental trondhjemites (Cullers & Graf, 1984b) 

and uniformly very low K20  (0.22-0.25 wt.%). They resemble low-K oceanic 

plagiogranites superficially, but are higher in Si02 and NajO and lower in A120 3, 

F e A , MgO, CaO and TiOz than the type examples from the Troodos ophiolite 

(Coleman & Peterman, 1975), which are very similar to the trondhjemites intrusive 

into the upper part of the Zambales ophiolite (Hawkins & Evans, 1983). The 

Troodos plagiogranites are also rich in deuteric epidote, which is observed in the 

Halmahera trondhjemitic rocks only in HP69, in which yellow-green prismatic 

euhedra up to 2mm long form approximately 50 modal% of the rock, along with
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quartz, albite (Ab*) and around 5 modal% of pale brown subcalcic hornblende, with 

K20  up to 0.72 and TiOz up to 1.24 wt.%. No bulk chemical data are available for 

this rock, which is distinctly different petrographically and mineralogically from 

H22, H24, H28 and H30 and resembles a Troodos "epidosite" (e.g. Malpas & Brace, 

1987). Low P20 5 in the analysed Halmahera trondhjemites (0.04-0.07 wt.%) suggests 

that these are rocks which have undergone apatite fractionation whereas Zr (134-151 

ppm) contents are the highest recorded in plutonic rocks from Halmahera, which is 

compatible with the trondhjemitic magma being residual after extensive fractional 
crystallisation.

As they lack K-feldspar, the Halmahera trondhjemites are of tholeiitic affinity 

and they differ from those of the type-locality of Trondhjeim in southern Norway in 

not containing biotite (Lameyre & Bowden, 1982). H22, H28 and H30 each contain 

88% normative quartz + albite and less than 1.5% normative orthoclase. They 

resemble the "Na-rich trondhjemites" ("aplites") dredged from the Indian Ocean 

spreading ridge by Engel and Fisher (1975), a typical analysis of which contains 76 

wt.% Si02, 7.7 wt.% Na20  and 0.07 wt.% KzO. These rocks are interpreted as late- 
stage differentiates of a tholeiitic magma and are found in small-scale, cross-cutting 

dykes. Mineralogically, they are dominated by quartz and plagioclase with minor 

amphibole, aegirine-augite, apatite, chlorite, sphene and zircon. Chemically, they are 

much more enriched in HFS elements (e.g. 550 ppm Zr, 180 ppm Y) than their 

Halmahera analogues.

Trondhjemites from the Betts Cove ophiolite (Coish et al., 1982) are similar 

in terms of most of the major elements to those of Halmahera, but are higher in 

CaO and the compatible trace elements Sc and Cr and lower in N a ^  than those of 

the present study. In the Oman ophiolite, trondhjemitic rocks of similar major 

element chemistry to the Halmahera rocks occur as both "axis" sequence, high-level 

intrusive rocks and within late intrusive bodies cross-cutting the axis rocks (Lippard 

et al., 1986). The axis sequence trondhjemites are postulated to have formed as a 

result of extreme differentiation under hydrous and oxidising conditions within 

isolated magmatic enclaves. The late intrusive rocks are petrologically similar, but 

are more depleted in the HFS elements such as Zr, have greater depletion in the 

LREE and are related genetically to late volcanic sequences. The Halmahera 

trondhjemites are more enriched in Zr than the rocks of comparable major element 

chemistry (i.e. the more differentiated examples) amongst the Oman late intrusive 

rocks, but are depleted in the HFS elements relative to analogous axis sequence 

trondhjemites.
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The problem of non-quantitative HREE determination by ICP (see section 

4.5) is likely to be greatest in these trondhjemites as they have the highest 

concentrations of Zr and hence are likely to have the highest modal abundance of 

zircon. Consequently, comparison of the determinations of Y by ICP and XRF 

(Table 4.2) reveals that the ICP results are systematically depleted by approximately 

40%, presumably due to Y (and the HREE) being accommodated within an 

undissolved zircon phase, and hence plotting the ICP data would result in a false 

picture of extreme LREE/HREE fractionation. Using the XRF data, the three 

analysed samples seem to have similar and approximately parallel patterns with a 

chondrite-normalised enrichment in the LREE relative to Y, but, because of the 

relatively large analytical uncertainty on the XRF determinations of the LREE (± 1.5 

ppm for La and Ce, ± 1 ppm for Nd), the trondhjemite XRF REE data have been 

considered together with the uncertainties incorporated in Figure 4.2. In their 

apparently high LREE/HREE ratios, the Halmahera trondhjemites are chemically 

distinct from the cumulate rocks (Figs.3.6 & 3.7), similarly to the "granophyric 

diorites" in the upper gabbros of the Marum ophiolite, which were found to have 

flat REE patterns different to the LREE-depletion of the cumulate rocks (Jaques et 

al., 1983). In contrast, the Troodos plagiogranites retain approximately the same 

LREE-depleted REE profiles (although with negative Eu anomalies) as the co- 

magmatic mafic plutonic and volcanic rocks from that ophiolite (Coleman & 

Peterman, 1975; Kay & Senechal, 1976). Similarly, the Oman plagiogranites are 

slightly less LREE-depleted and have much higher REE abundances (25-45 x 

chondrite), but their REE profiles show no significant dissimilarity to those of the 

other members of the ophiolite stratigraphy; their chemistry has been explained by 

closed system crystal fractionation of 70-80% of the mean sheeted dyke liquid with 

late-stage liquid segregation through filter pressing (Pallister & Knight, op.cit.). 

Likewise, the Zambales tonalite-trondhjemite rocks have similar LREE-depleted 

chemistry to the dolerites and gabbros of that ophiolite and are interpreted as being 

fractionation products of the same magma , even though intrusive relations with the 

mafic rocks (including "intrusion breccias") are well-displayed (Hawkins & Evans, 

1983). In summary, the REE evidence in comparison with that from other ophiolites 

leads to the conclusion that the Halmahera trondhjemites for which whole-rock 

chemical data are available are not co-genetic with the mafic plutonic (cumulate and 

doleritic) rocks of the island.
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4.8: Implications

Hall (1988a) described mutually-intrusive relations between gabbros, diorites 

and trondhjemites in northeastern Halmahera suggesting "several episodes, closely 

related in time, of intrusion and deformation". Such relations between plutonic rock 

types are commonly found near the top of the magma chamber in ophiolite 

complexes. Similar intrusive relationships were observed along the Sagea River on 

the 1987 expedition, but mostly in large float boulders. Highly-altered dolerite 

(HR263) intrudes dark grey, aphyric basalt (HR262) in a complex fashion, but with 

no obvious chilled margin, suggesting intrusion whilst the basaltic host was hot. A 

similar relationship between dolerite and basalt is observed in the sample HR299 

and a narrow basalt dyke intrudes highly altered gabbro and basalt in HP71. Sample 

HP69 displays an intrusive contact between an "epidosite" (see section 4.7 above) 

and a metasomatised dolerite. Such intrusive and cross-cutting relations between 

plutonic rock bodies representing multiple magma chambers are being recognised 

increasingly within coherent ophiolite sequences, such as Troodos (Malpas & Brace, 

1987; Brace et al., in press; Robinson & Malpas, in press).
Except for HI20, the trace element chemistry of the analysed dolerites is 

consistent with them being co-magmatic with the cumulate rocks. The enrichment in 

incompatible trace elements of the dolerites in comparison to the cumulate rocks 

suggests that they crystallised from a late-stage liquid expelled from a cumulate pile 

lower in the magma chamber. Chemical data from all the analysed cumulate and 

doleritic rocks are plotted in terms of two particular major element co-variations in 

Figure 4.3; Ti02 v. MgO and CaO v. MgO. The major element geochemical 

evolution of the rocks can be modelled by the fractionation of, firstly, olivine and 

then clinopyroxene, orthopyroxene and plagioclase in the approximate proportions 

29:23:48, which is consistent with the cumulate rock petrography. Apart from the 

clinopyroxene + olivine accumulation in H215, the only deviations from this pattern 

are shown by the cumulate ferrogabbronorite HA7 and the dolerite HI20; the 

unusual chemistry of HA7 is discussed in detail in sections 3.3 and 3.6.7. H120 is 

Ti-enriched and lies off the trend defined by the rest of the dolerites on the MgO v. 

Ti02 diagram (Fig.4.3a). It has no obvious negative Nb anomaly and is possibly 

slightly LREE-enriched, factors suggesting that it derived from a parental liquid 

more Ti- and Nb-enriched than that of the other dolerites and the cumulate rocks 

and perhaps MORB-like in nature.

A numerical approach can be used to test if the major element bulk 

compositions of the cumulate rocks and the dolerites are compatible with them being
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co-magmatic. A similar method was used by Davies (1971) to show that the high- 

level gabbros and cumulate rocks in the Papuan ophiolite were related by crystal 

fractionation. In the present instance, a Pascal version (adapted by Dr.R.Hall) of the 

program MAGFRAC (Morris, 1984) was used in least-squares numerical modelling 

with representative mineral compositions taken from microprobe analyses of the 

appropriate rocks. The results showed, for example, that the bulk composition of the 

dolerite H77 could be approximated closely (sum of squares of residuals = 0.010) by 

the extraction of 10% orthopyroxene, 10% clinopyroxene and 32% plagioclase from 

the bulk composition of the relatively fractionated gabbronorite H65, with the 

addition of 0.5% Fe-Ti oxide. Similar modelling by Beard (1986) showed that 

isotropic plutonic rocks from deeply-eroded volcanic arcs could be formed from the 

crystal fractionation of the phases found in spatially-associated arc cumulate rocks. 

Thus, the major element chemistry of the Halmahera dolerites is consistent with 

them resulting from the crystallisation of a melt residual after formation of the 

cumulate rocks.

The chemistry of the Halmahera trondhjemites suggests they represent the 

residue after extensive fractional crystallisation of a parental liquid low in 

incompatible elements and with apparent enrichment in the LREE relative to the 

HREE (Fig.4.2). This latter observation precludes them being co-magmatic with the 

Halmahera cumulate rocks or dolerites. The bulk chemical uniformity of the 

trondhjemites suggests that their depletion in KzO is not the product of low- 

temperature metasomatism and there is no indication that a metamorphic process has 

removed a phase such as K-feldspar from the rock. However, Brown et al. (1979) 

suggested that the low K20  contents (0.2-0.7 wt.%) of plagiogranites from the 

Jurassic Fidalgo Island ophiolite sequence could not be explained by normal crystal 

fractionation processes and were due to magma interacting with hot sea water and 

exchanging KzO for Na20 , resulting in a leaching of K from the magma and a net 

enrichment in Na. Supporting this hypothesis, the interaction of plutonic rocks from 

the upper parts of the Oman ophiolite with marine-derived fluids was shown by 

Gregory and Taylor (1981) using oxygen isotope analysis and the leaching of K and 

Rb from rocks on sea water interaction was demonstrated experimentally by Menzies 

and Seyfried (1979). Alternatively, loss of K from the rock could have been driven 

by volatiles derived from the magma itself, i.e. a deuteric, or autometasomatic, 

process, with K carried away on magmatic volatile loss. That the trondhjemitic 

magma bore a high initial HzO content is implied by intense hydrothermal alteration 

of the country rock in the environs of trondhjemite intrusions (e.g. H24, HP69).
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Tonalite (homblende-quartz diorite) stocks of Eocene age (50-55 Ma) intrude 

the Papuan ophiolite, but are genetically unrelated to the ophiolitic rocks. They are 

considered to represent the earliest stages of island arc magmatism, immediately 

prior to the emplacement of the ophiolite, and to be co-magmatic with Eocene 

dacites and andesites which overlie the basalt layer of the ophiolite (Davies, 1971; 

Jaques & Chappell, 1980). The dioritic and trondhjemitic plutonic rocks of 

Halmahera appear to represent three distinct phases of post-ophiolitic magmatic 

activity. Trace element geochemistry can elucidate which, if any, of the northeastern 

Halmahera volcanic associations were fed by the magmatic complexes represented by 

these late intrusive rocks. On this basis, the trondhjemites do not appear to be co- 

magmatic with any of the analysed volcanic rocks, but the diorite HI 17 can be 

correlated tentatively with certain andesitic-dacitic volcanic rocks (H57 and HA7A; 

section 5.6.3) on the basis of its similarly fractionated REE distribution (Fig.5.6).

The diorites HA25A and HA25B crystallised from a hydrous Si02- and MgO-rich 

magma strongly depleted in the HFS elements, enriched in Cr and Ni and with little 

fractionation of the LREE from the HREE. The only features of these diorites that 
argue against them being hydrous products of the same magma as the Halmahera 

cumulate rocks is their apparent slight LREE-enrichment and the Late Cretaceous 

40Ar/39Ar age which seems to contradict micropalaeontological evidence from 

sedimentary rocks imbricated with the ophiolite for a mid-Cretaceous origin. The 

first of these points could be explained in terms of analytical scatter at these very 

low REE abundances; the second is discussed in Chapter 8.

The major and trace element chemistry of HA25A and HA25B is virtually 

identical to that of a glassy, orthopyroxene-phyric sample (no.4) analysed by 

Cameron et al. (1983) from the "lower boninite unit" of the Cape Vogel peninsula, 

Papua New Guinea, with the exception that this volcanic rock has lower CaO (8 

wt.%) and higher K20  (0.4 wt.%), although this latter oxide is probably increased 

through alteration of the volcanic glass to smectite. The comparison is also manifest 

in the REE; the Cape Vogel boninite is slightly LREE-enriched (CeN/YbN = 1.4) at 

abundances between 3 and 5 x chondrite, but has no Eu anomaly.

Therefore, HI 17 is the dioritic associate of a volcanoplutonic, arc-related 

igneous event dated at approximately 75Ma. The amphibole-rich diorites HA25A and 

HA25B are interpreted as the plutonic equivalents of Cape Vogel-type boninites, the 

origin of which is discussed in detail in the following chapter, and record an earlier 

intrusive event at c.85Ma. Similarly, Jaques and Chappell (1980) postulated that the 

Papuan tonalites were derived from a parental melt geochemically akin to a Cape
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Vogel high-Mg andesite. Boninites do not commonly crystallise amphibole; the 

presence of magmatic amphibole in HA25A and HA25B is an expression of 

crystallisation from a hydrous magma cooled slowly through the upper temperature 

stability limit of amphibole from the higher temperature at which boninitic volcanic 

rocks are erupted (cf. Walker & Cameron, 1983).
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CHAPTER FIVE 
THE NORTHEASTERN HALMAHERA OPHIOLITIC VOLCANIC ROCKS

5.1: Introduction

Sequences of volcanic rocks often form the uppermost unit of the igneous 

stratigraphy of ophiolite complexes. However, unlike ophiolites such as those of 

Cyprus and Oman, no extrusive sequence has been mapped in eastern Halmahera 

(Hall et al., 1988a) and volcanic rocks are poorly represented in the imbricated 

basement of the northeastern arm. Many of the analysed samples (field locations are 

indicated on Figure 5.1) were collected from float boulders. Field relations are never 

clear and none of the rocks examined are completely unaffected by alteration, 

resulting in the common replacement of primary mineral assemblages by secondary 

phases. For example, no rock contains preserved olivine and only H99 retains 

orthopyroxene, although the pseudomorphous occurrence of clay mineral aggregates 

occasionally indicates that one or the other were once present (e.g. presumed 

orthopyroxene in HA7A). Nevertheless, discrimination techniques based on the 

chemistry of volcanic rocks can be applied to identify the tectonic environment of 
formation of an allochthonous unit such as the eastern Halmahera ophiolite and are 

an important motivation for the study of the volcanic rocks associated with the 

ophiolite here.

5.2: Petrography, summarised mineral chemistry and field relations of the 

analysed volcanic rocks

In the following descriptions, rock nomenclature is based on petrographic 

rather than geochemical criteria. Chemical classifications based on contents of the 

alkali metals, such as those of Cox et al. (1979) and Le Bas et al. (1986), are not 

appropriate to the northeastern Halmahera volcanic rocks because of the mobility of 

these elements on alteration, although Sabine et al. (1985), on applying the total 

alkali-Si02 nomenclatural scheme to altered volcanic rocks from the British Isles, 

stated that "with the exception of the most altered rocks...there is general good 

agreement between the petrographical and chemical names on the alkali-silica 

diagram". According to the criteria of Le Bas et al. (op.cit.), the only northeastern 

Halmahera volcanic rock which can be classified as fresh is HA7A, as HzO and C02 

are below 2 and 0.5 wt.% respectively. This rock contains phenocrysts of andesine, 

clinopyroxene, altered orthopyroxene and magnetite, an assemblage typical of an
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Figure 5.1: Sketch of eastern Halmahera showing the locations of the volcanic 
rocks studied. The locations of the Gowonli River volcanics are encircled by a 
dashed line.
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andesite or dacite, but its high modal abundance of K-rich, acidic glass (Plates 5.2a 

& 5.2b) leads to its chemical classification as a rhyolite, which would suggest 

misleadingly that it contains phenocrysts of alkali feldspar and quartz. Thus, the 

scheme of Le Bas et al. (op.cit.) is only followed where the petrography is 

particularly unclear (e.g. in the cases of H208 and H209).

HI: outcrop of deeply weathered, pillowed, quartz, calcite and pumpellyite-amygdaloidal, 
aphyric basalt interleaved with red, manganiferous and silicified sediment with included 
basaltic lithic fragments. Close to exposure of massive harzburgite. Amygdales dominantly 
polycrystalline quartz (?recrystallised chalcedony); irregular in section, up to 1mm across in 
the sample, up to 4mm in outcrop. Typical "spilite" in texture; vaguely rectilinear pattern of 
turbid albite laths (Ab98), averaging 0.2mm long, in groundmass with yellowy-green chlorite 
and abundant, cation-deficient, Zn-bearing Fe-Ti oxides containing up to 34 wt.% Ti02, 
responsible for 3.1% normative ilmenite.

H35: outcrop of highly sheared, aphyric, dark green, calcite-amygdaloidal, quartz and 
hypersthene-normative basalt, occurring with red shales. Amygdales circular in section and 
up to 3mm across, forming 5-10% by volume. Groundmass granules of chromian endiopside 
(up to 1.1 wt.% Cr2C>3) and probable (unanalysed) acicular orthopyroxene, with microlites of 
albitised plagioclase (Ah*) set in chloritised (?altered glass) matrix; prehnite and pumpellyite 
in veins and patches in the rock.

H57 (Plate 5.1c): relatively fresh, highly plagioclase (An52̂ i: labradorite) + augite + Fe-Ti 
oxide-phyric andesite of type found in abundance as float along with cumulate gabbronorites 
and harzburgites. Phenocrysts form 75% of the rock. Zoned euhedral plagioclase phenocrysts 
up to 10mm long, partially altered to a mixture of calcite and zeolites; primary plagioclase 
probably rich in melt inclusions. Possible rare microphenocrysts of orthopyroxene have been 
pseudomorphed by a green clay mineral. Augite phenocrysts subhedral, commonly twinned 
and up to 2mm across. Albite occurs as swallowtail microlites (Ab95) and thin veins in a 
groundmass of altered glass. The oxide phase is cation-deficient, Zn-bearing and contains 12 
wt.% Ti02, occurring most frequently as anhedral grains in clots with augite.

H69 (Plate 5. Id): sparsely clinopyroxene-phyric, olivine-normative basaltic andesite 
collected from a large float block close to H57 and near to outcrop of Upper Cretaceous 
micritic limestone. Possible olivine phenocrysts replaced by green-brown clay mineral; 
clinopyroxene phenocrysts rarely up to 2.5mm in size, usually < 1mm, zoned from diopside 
to augite/salite and commonly twinned. No obvious plagioclase. Abundant augite granules in 
chloritised matrix. Secondary pumpellyite, prehnite, epidote, albite (A b^) and possibly 
minor sphene.

H99 (Plates 5.2c & 5.2d): endiopside + enstatite + rare (altered) plagioclase-phyric, zeolite- 
amygdaloidal, olivine-normative basalt, found as float associated with pelagic mudstones and 
probable Late Cretaceous volcanogenic breccias. Pyroxene phenocrysts clustered and zoned 
in complex glomerocrystalline clots, individual grains up to 1.5mm across. Clinopyroxene 
phenocrysts often twinned. Groundmass augite granules and abundant tiny plagioclase 
needles, often with swallowtail morphology, set in pale brown, K-bearing, altered glass.

HI 12: altered, quartz and hypersthene-normative basaltic andesite found as a thin dyke 
along a fault within brecciated gabbros. Pale green, poorly pleochroic actinolite 
pseudomorphs clinopyroxene microphenocrysts, also very abundant in the groundmass along 
with sparse altered plagioclase laths. Quartz and calcite in microamygdales and secondary 
epidote, albite, prehnite and laumontite in veins.

H203: dark green, highly altered, poorly clinopyroxene-phyric, olivine-normative picrobasalt 
(Le Bas et al., 1986) collected from large float block associated with blue-green
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metamorphosed tuffs and metavolcanic rocks. Phenocrysts zoned from diopside to augite. 
Groundmass probably once glassy. Acicular groundmass jadeitic pyroxene, occasionally 
cruciform and in rosettes, possibly replacing plagioclase. Secondary pumpellyite, epidote and 
sphene.

H208, H209: dark blue-green, highly amygdaloidal (20-25 modal %) tephrites (Le Bas et 
al.y 1986) found as a small, pillowed outcrop overlain unconformably by forereef limestones. 
Almost 10% normative olivine. Highly altered; igneous textures barely recognisable. 
Abundant murky, prismatic, matrix grains of acmitic pyroxene, also hydromuscovite. 
Amygdale mineral sequence (rim to core): yellow pumpellyite, brunsvigite or 
hydromuscovite, Sr-bearing calcite. Nearby exposures of bluish metamorphosed tuffs.

HA7A (Plates 5.2a & 5.2b): relatively fresh, sodic plagioclase (Anj^: andesine)-phyric 
dacite found as float with cumulate gabbronorite. Plagioclase phenocrysts are up to 4mm 
long, have only incipient alteration, no melt inclusions, extensive oscillatory zoning and are 
partially resorbed. Microphenocrysts of salite, completely altered ?orthopyroxene and Ti-poor 
(<5 wt.% TiOi) magnetite (rare). Groundmass very pale, highly acidic (82-84 wt.% Si02, 
2.6-2.9 wt.% KjO, 0.1-0.3 wt.% TiOj) partially devitrified glass, forming up to 65% of the 
rock and responsible for 37% normative quartz, but no quartz phenocrysts.

HA24: dark brown-black, highly altered, very poorly augite + Fe-Ti oxide-microphyric 
basaltic andesite found as rare float with abundant harzburgite close to exposure of late- 
intrusive diorite. Augite grains up to 0.8mm. Abundant albite microlites (Abw) in trachytic 
texture in groundmass with altered, Zn-bearing, tiny oxide grains with up to 16 wt.% Ti02; 
veins of albite and pumpellyite.

HA38A: relatively ftesh exposure of plagioclase (An55.58: labradorite) + augite + Fe-Ti 
oxide-phyric andesite imbricated with bedded volcaniclastics and Upper Cretaceous micritic 
limestone. Euhedral plagioclase and lesser anhedral to subhedral augite phenocrysts form 
90% of the rock, are up to 6mm long and unzoned. Groundmass of stumpy plagioclase 
(An :̂ andesine) and unaltered titanomagnetite (Ti02 = 10.8-12.8 wt.%) in altered glass. 
Abundant, irregular microamygdales of silica and yellow-brown clay mineral.

HA43: float; bright grey-green, plagioclase (An^: labradorite) + Fe-Ti oxide-microphyric 
dacite. "Trachytic" texture defined by stumpy, groundmass plagioclase. Rare pale-brown 
grains of Cl-bearing apatite up to 0.4mm in size in agglomerations with the 
microphenocrysts. Oxide phase is unaltered Ti-poor magnetite (Ti02 < 6 wt.%). Plagioclase 
microphenocrysts have abundant melt inclusions and are partly replaced by calcic zeolites of 
the mordenite group; dark green-brown celadonitic clay mineral associated with larger 
plagioclase grains. Groundmass predominantly microcrystalline plagioclase. 24% quartz 
normative.

HA59: grey-green, altered, sparsely plagioclase-phyric, poorly calcite-amygdaloidal dacite 
collected as a cobble in a supra-ophiolite (?Eocene-01igocene) conglomerate. 22% normative 
quartz. Cl-bearing apatite and altered sphene in the groundmass, quartz in thin veins. 
Possible orthopyroxene completely altered to bright green clay mineral. Groundmass of 
plagioclase microlites in parallel orientation set in altered ?glass. All plagioclase albitised 
(Ab93_100).

HA85 (Plate 5.1b): altered, sparsely augite + plagioclase-microphyric basalt collected as a 
clast in ?Miocene conglomerate overlying sheared harzburgite; other clasts include 
serpentinite, ?Early Miocene micritic limestone and Eocene reefal limestone. Thomsonite 
occurs in veins with bright green, ?oxidised Fe-chlorite; K-rich, green-brown smectite in 
microamygdales. Groundmass of very abundant, variably titaniferous augite granules and 
turbid plagioclase microlites.
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5.3: Primary mineral chemistry

5.3.1: Plagioclase. Plagioclase is commonly albitised in the northeastern Halmahera 

volcanic rocks. Some analysed grains of albitised plagioclase give low microprobe 

totals (95-98%) and high and variable K20: e.g. up to 1.5 wt.% in HI, 1.2 wt.% in 

H69, 2.1 wt.% in H35, 5.6 wt.% in H57 and a maximum of 12.3 wt.% in H99 

(Or78). Such K enrichment occurs through the partial replacement of plagioclase by 

orthoclase due to the input of either K-bearing hydrothermal fluids or seawater (e.g. 

Lee-Wong, 1981); the variable K20  probably indicates composite analyses including 

secondary K-feldspar grains not resolved by the microprobe beam. Primary 

plagioclase is preserved only in H57 (K20  = 0.44-0.63 wt.%), HA7A (0.16-0.19), 

HA38A (0.42-0.79) and HA43 (0.07-0.34); these limited data suggest a correlation 

between plagioclase K20  and co-existing clinopyroxene TiOz content (c/. Table 5.1) 

not seen between the major element components of the phases. Total Fe expressed 

as FejO, varies from 0.31 to 0.96 wt.% in these unaltered grains and shows only 

limited variation within each rock, with a tendency to increase with An content, as 

described by Smith (1975). Plagioclase phenocrysts in H57 (Plate 5.1c) are normally 

zoned, with a maximum core to rim variation of 9 mol.% An, those in HA38A are 

unzoned and those in HA7A exhibit oscillatory zoning (e.g. Phemister, 1934: Plate 

5.2a), with a maximum range of 5 mol.% An.

5.3.2: Fe-Ti oxide. The Fe-Ti oxides found in HI, H57, HA7A, HA24 and HA85 

give low analytical totals on recalculation assuming perfect stoichiometry, indicative 

of oxidation of the Fe2+ of the magnetite component to Fe3+ resulting in a cation- 

deficient, titaniferous maghemite phase (see section 2.5). Such Fe20 3-enriched oxides 

have often been reported from oceanic basalts recovered by the DSDP (e.g. Shcheka, 

1981; Alt et al., 1986). In contrast the oxide phenocrysts in HA38A and HA43 

appear unaltered and are titaniferous magnetite in composition (Deer et al., 1962b) 

with T i02 contents ranging up to 12.8 and 5.7 wt.% respectively. Maximum TiOz in 

the northeastern Halmahera volcanic Fe-Ti oxides (34.1 wt.%) is reached in the 

titanomagnetite phase in HI. A120 3 substituting for Fe20 3 ranges from 1.8 to 4.2 

wt.% and varies inversely with Ti02 (r = -0.63). Small amounts of MnO and CaO 

subsititute for FeO, not exceeding 1 wt.% in any of the analysed oxides. Cr20 3 only 

replaces Fe20 3 significantly in magnetite in HA7A, where it reaches 2.30 wt.% and 

correlates with low Ti02 (<5 wt.%) and A120 3; similarly, Cr in excess of 200 ppm 

occurs only in magnetites of particularly low T i02 (<6.5 wt.%) in the Nauru Basin
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sill complex (Shcheka, op.cit.). MgO is usually less than 2 wt.%, except in the 

HA38A phenocrysts, in which it ranges from 2.7 to 3.7 wt.%. Unquantifiable Zn 

was detected during microprobe analysis of the matrix oxides in HI, HA24 and 

H57, but not in the phenocryst or microhenocryst phases in the latter two rocks. Zn 

substitutes for Fe2+ in the magnetite structure and ranged up to 870 ppm in the 

Nauru Basin samples (Shcheka, op.cit.). The matrix phase in HA24 is considerably 

richer in Ti02 than the microphenocryst and phenocryst phases in that rock (matrix 

average TiOz = 15.6 wt.%; microphenocryst = 11.7; phenocryst = 8.2); limited 

evidence suggests that this pattern is reversed in H57, i.e. the phenocryst phase is 

slightly richer in T i02. V was never detected.

5.3.3: Clinopyroxene chemistry. Clinopyroxene is often preserved as a primary 

phase in the ophiolitic volcanic rocks, but the analysed volcanic clinopyroxenes are 

of very varied chemistry, summarised in Table 5.1. No systematic variation can be 

observed across the rocks as a whole, e.g. in terms of the co-variation of Cr20 3 and 

Ti02 those in H69 and H99 (Plates 5. Id and 5.2d) are comparable, but with none of 

the other data. The chemical variability is also indicated by Ti/Al ratios. Ti/Al 

variation may be related to bulk composition, cooling rate, flSiQj or earlier 

crystallisation history (Mortice & Gill, 1986). For comparison, Ti/Al in 

clinopyroxene phenocrysts from the Troodos Upper Pillow Lavas averages 0.06 and 

from the Lower Pillow Lavas 0.13 (Thy, 1987b). Clinopyroxenes in H35 have the 

lowest T i02 in matrix grains, in a range comparable with that seen in the cumulate 

rocks, and have variably high Cr20 3; the two oxides vary inversely, as does Cr20 3 

with A120 3. Na20  is undetectable in the H35 clinopyroxenes, but Zn was detected by 

the microprobe in one analysis.

Evidence of altered clinopyroxene is found only in HI 12; aggregates of 

fibrous actinolite [mg# = 69.3-71.0] form pseudomorphs after clinopyroxene 

microphenocrysts and groundmass granules. The HI 12 actinolite does not provide 

good microprobe analyses, generally appearing deficient in octahedral cations on 

recalculation by the Papike et al. (1974) procedure. Those analyses made show 

variably high T i02 (from 0.11 to 0.90 wt.%) and low Cr20 3 (up to 0.31 wt.%) and 

thus suggest the primary clinopyroxene possibly had high TiOz and low Cr20 3, 

unlikely on consideration of the bulk chemistry of HI 12.

The matrix clinopyroxene phase in H69 is less magnesian and considerably 

richer in TiOz than that in H35 (Table 5.1). It contains up to 0.15 wt.% Cr20 3 and 

NazO between 0.44 and 0.63 wt.%. The matrix clinopyroxene in H99 is more
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magnesian and richer in Cr20 3 than that in H69 and bears correspondingly less TiOz 

and NajO (0.25-0.35 wt.%). The phenocrysts in both H69 and H99 (Plates 5.Id and 

5.2d) are considerably more primitive than the matrix clinopyroxenes (see Table 5.1) 

and neither have detectable Na20; the H99 examples reach En5L9Fs5.5Wo42.6 in 

composition (mg# = 90.6). Chemical zonation is shown in phenocrysts in both H69 

and H99 by Cr20 3, MgO and CaO decreasing and TiOa, FeO and MnO increasing 

from core to rim. The extent of the zoning is particularly great in H69; maximum 

core to rim variation being from EnJFsgWo^ to En32Fs22Wo46 with T i02 varying 

sympathetically from 0.31 to 1.10 wt.%. However, in neither H69 nor H99 do the 

phenocrysts show the Cr20 3 enrichment of the matrix phase in H35. Zn was detected 

in a H99 phenocryst.

Matrix clinopyroxene analyses are lacking from the remainder of the 

ophiolitic volcanic rocks apart from HA85, in which the pyroxenes are significantly 

different to those discussed above. The HA85 matrix phase is titaniferous augite 

(Deer et al., 1978), as Ti02 occurs at between 1.14 and 1.30 wt.% (although one 

analysis has Ti02 = 0.49 wt.%), has microprobe-detectable V and ranges in Na20  up 

to 0.74 wt.%, but has high Cr20 3 (Table 5.1). Ti02 correlates positively with A120 3 

(r = 0.95), but shows no systematic variation with Cr20 3 or NaaO, suggesting the 

importance of the R2+ + 2Si = Ti4+ + 2A1 charge balance relation (Deer et al., 

op.cit.). Phenocrysts in HA85 are relatively high in Ti02 and Cr20 3 and also in mg#.

Phenocrysts and microphenocrysts from the rest of the analysed rocks have 

variable Ti02, but consistently low Cr20 3. The satiric microphenocrysts in HA7A 

(Plates 5.2 and 5.2b) are low in both of these oxides, have undetectable NajO and 

are very low in A120 3 (0.49-0.52 wt.%), implying high magmatic aSio2, giving rise to 

high Ti/Al ratios which are anomalous with regard to the low Ti02. The correlation 

of a satiric composition with low A120 3 suggests very low activity of the Ca- 

Tschermak molecule (CaAlAlSiOg); this is contrary to the positive correlation of Wo 

with A120 3 in pyroxenes from the cumulate rock HA71 (section 3.2.3) and in the 

satiric compositional trends described in volcanic rocks by Fodor et al. (1975) and in 

plutonic rocks by Conrad and Kay (1984). The latter authors also noted co-existing 

plagioclase of increased An content; as well as the pyroxene being of low A120 3, the 

plagioclase in HA7A is the most sodic primary volcanic plagioclase analysed.

Neither can the occurrence of salite be taken to indicate an alkaline parental magma 

(cf. Kushiro, 1960; Le Bas, 1962; Deer et al., 1978); none of the other chemical or 

petrographic characteristics of HA7A are characteristic of such a parentage. Low 

A120 3 and Na20  are also seen in the clinopyroxenes in H57. The high asi0i inferred
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in the HA7A magma from the chemistry of its pyroxene phase corresponds with the 

abundance of siliceous glass in this sample (section 5.2).

5.3.4: Orthopyroxene. Although clinopyroxene is abundant and often preserved in 

the ophiolitic volcanic rocks, orthopyroxene is rare. Orthopyroxene occurs as both a 

phenocryst and a rare matrix phase in H99 and possibly as an unanalysed, acicular 

matrix constituent of H35. Phenocrysts in H99 have Ti02 from 0.10-0.18 and Cr20 3 

from 0.12-0.37 wt.% and are zoned from enstatite to bronzite, with Cr20 3, MgO and 

CaO decreasing and FeO and MnO increasing from core to rim. Core compositions 

vary in mg# from 87.8 to 89.0 and mol.% Wo from 3.0 to 3.4. V was detected by 

the microprobe in a phenocryst rim.

5.3.5: So die pyroxene. Abundant small, greenish, elongate prisms of sodic 

pyroxene occur in the highly altered groundmass of H209. This pyroxene contains 

between 64 and 77 mol.% "acmite", calculated according to the method of Papike et 

al. (1974). The analytical quality is poor; totals do not exceed 97% and KzO, 

considered largely a contamination in the analyses, reaches 0.61 wt.%, but the 

analyses do appear to be stoichiometric on re-distribution of Fe between Fe2+ and 

Fe3*. Substitution of Al3* for Fe3+ in the octahedral sites, the jadeite "molecule", 

reaches 27.4 mol.% (corresponding to maximum A120 3 = 5.73 wt.%). It is uncertain 

whether this pyroxene is of primary or secondary origin; primary igneous acmite is 

the product of crystallisation of an alkaline magma (Deer et al., 1978) whereas 

secondary acmite can be produced by the topotactic replacement of primary augite, 

with preservation of the igneous texture, during conditions of incipient blueschist 

metamorphism and metasomatism (e.g. Okay, 1982). Sodic pyroxene of 

unambiguously metamorphic origin occurs in the groundmass of H203 and is 

described in section 7.2.11.

5.3.6: Clinopyroxene tectonomagmatic setting. Nisbet and Pearce (1977) 

constructed a tectonomagmatic discrimination diagram for basalts based on 

clinopyroxene chemistry, through the statistical analysis of groundmass "augitic" 

pyroxene analyses published from basalts of known tectonic setting. Using this 

method, pyroxenes from within-plate alkali basalts (WPA) are easy to recognise, 

primarily on the grounds of their higher Ti02 and NazO, but pyroxenes from 

volcanic arc basalts (VAB) are difficult to differentiate from those from ocean-floor 

basalts (OFB). Nevertheless, the method is particularly useful as often clinopyroxene
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is the only primary igneous phase preserved in altered basalts and therefore the only 

available mineralogical discriminant.

Both phenocryst and matrix clinopyroxenes are preserved in the ophiolitic 

Halmahera volcanic rocks. Matrix compositions are plotted on the Nisbet and Pearce 

(1977) diagram in Figure 5.2; phenocryst compositions (see Figure caption) follow 

the same pattern, showing no significant deviations on the diagram from co-existing 

matrix pyroxenes. The applicability of the method to the tectonomagmatic 

discrimination of the Halmahera pyroxenes is questionable given that their host rocks 

are not of uniformly basic composition, all the same the majority fall into the 

VAB/OFB overlap field; one analysis from H69 falls in the exclusively VAB field 

and all but one of those from HA85 plot in the within-plate tholeiite (WPT)/OFB 

field. Therefore, it may be concluded from the clinopyroxene chemistry that only 

HA85, for which whole-rock geochemical data are unavailable, shows any evidence 

of a non-volcanic arc parental magma.

5.4: Geothermometry

The occurrence of co-existing ortho- and clinopyroxene in H99 (Plates 5.2c 

& 5.2d) allows the possibility of geothermometry via the graphical two pyroxene 

method of Lindsley (1983), based on the projection scheme for the calculation of the 

activities of Wo, En and Fs put forward by Lindsley and Anderson (1983). The 

Lindsley geothermometer is based upon the partitioning of Ca between ortho- and 

clinopyroxene, higher temperatures result in lower Ca contents in clinopyroxenes and 

higher in orthopyroxenes, and requires use of the charge-balance equation of Papike 

et al. (1974) to estimate the pyroxene Fe3+ content. Each pyroxene of the co-existing 

pair gives an independent temperature estimate, therefore the Lindsley 

geothermometer provides an in-built consistency check. The results (Table 5.2) are 

presented for phenocryst core, phenocryst rim and matrix analyses of both ortho- 

and clinopyroxenes, all deemed "superior'' by the charge-balancing criteria of Papike 

et al. (op.cit.). The Lindsley geothermometer is stated to be accurate to ± 50°C for 

pyroxenes having low contents of non-quadrilateral components, with the possible 

error increasing by 5°C for each percentage point by which the proportion of non- 

quadrilateral components exceeds two mol.%, but should be used with caution for 

matrix grains because of the possibility of metastable crystallisation on rapid cooling 

(Deer et al., 1978; Lindsley, op.cit.). The uncertainty of the calibration for larger 

proportions of non-quadrilateral components means that use of the geothermometer 

should be restricted to pyroxenes with Wo+En+Fs ("%Quad" in Table 5.2) > 90%.
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Figure 5.2: Plot of discriminant functions FI and F2 for Halmahera clinopyroxene 
analyses; discriminant functions and field boundaries taken from Nisbet and Pearce 
(1977). OFB - ocean-floor basalts, VAB - volcanic arc basalts, WPT - within-plate 
tholeiitic basalts, WPA - within-plate alkalic basalts. Closed symbols: matrix 
pyroxenes. Open symbols: phenocryst rims and microphenocrysts (plotted where no 
matrix analyses are available).
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orthopyroxene clinopyroxene
PC PR M PC PR Ml M2

T 1150 1120 1100 1080 1020 1130 1150

%Quad 95. 6 95.7 97.5 94.7 92. 6 88.9 85.4
Uncertainty 65 65 50 70 80 95 115

Table 5.2: Geothermometry of H99 using the two-pyroxene geothermometer of 
Lindsley (1983). PC - phenocryst core; PR - phenocryst rim; M, M l, M2 - matrix 
grains. T and Uncertainty expressed in °C, %Quad is the proportion of pyroxene 
quadrilateral components in the analysis.

Table 5.2 shows that results from the orthopyroxene data are internally 

consistent, with apparent temperatures decreasing from phenocryst core to phenocryst 

rim to matrix analysis, the latter assumedly providing the temperature of eruption. 

However, the results based on clinopyroxene data do not follow the same logical 

pattern; apparent temperatures from the phenocrysts are lower than those given by 

any of the orthopyroxenes and lower than those from the matrix clinopyroxenes. 

Strictly speaking, the two matrix analyses should not be used in these calculations as 

their proportions of non-quadrilateral components exceed 10% (reflected in the large 

uncertainties attached to these temperatures), but the most important discrepancy 

occurs through the phenocryst yielding lower temperatures than the matrix grains.

Lindsley (1983) quoted an example of metamorphic augites with high A120 3 

(8 wt.%) providing anomalously high temperatures, attributed to the projection 

procedure underestimating clinopyroxene Wo activity when the proportion of non

quadrilateral components is high. However, the problem is reversed in this instance; 

compared to the orthopyroxenes, the apparent temperatures given by the 

clinopyroxene phenocrysts are anomalously low. The projection procedure 

underestimating Wo might explain the matrix clinopyroxene grains yielding higher 

temperatures than the phenocryst analyses, as they are comparatively Al20 3-rich and 

their proportions of non-quadrilateral components are correspondingly higher.

Another source of error in these calculations lies in the recalculation of Fe3*. 

Errors in the estimation of Fe3+ would lead to significant errors in the calculation of 

the activity of the Wo component by the Lindsley and Anderson (1983) procedure. 

Estimation of Fe3* from pyroxene microprobe analyses by the Papike et al. (1974) 

method uses the charge balance relation Al^ + Fe3+ + Cr + 2Ti = Al™ + Na and 

thus, as explained in section 3.2.3, depends critically on the quality of the analysis,
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especially of Si and Na (Lindsley, 1983; Dyar et al., 1989). The clinopyroxene 

phenocryst analyses used in the present study, in which N a ^  is below the 

microprobe detection level, contain Fe3* calculated at 0.8% (core) and 8.2% (rim) of 

the total Fe. In contrast, the mantle diopsides studied by Dyar et al. (op.cit.), which 

might be expected to have crystallised under lower f 0 2 than volcanic examples and 

hence contain less Fe as Fe3+, contain Fe3* at between 12 and 23% of the total Fe.

In the H99 clinopyroxene phenocrysts, underestimation of Fe3+ would lead to 

underestimation of the FeCaTs component, resulting in overestimation of Wo and 

calculated temperatures that are too low as a consequence. The matrix 

clinopyroxenes, with analysed NajO contents of 0.25 wt.%, appear to provide more 

reasonable estimates of Fe3* (28 and 36% of the total Fe). The orthopyroxenes in the 

study of Dyar et al. (op.cit.) contained Fe3* at between 4 and 6% of the total Fe 

whilst those from H99 in the present study contained up to 3% on recalculation, 

suggesting that the errors engendered by the recalculation of pyroxene microprobe 

data are less important for orthopyroxenes.

Therefore, notwithstanding the possibility of metastable crystallisation, the 

clinopyroxene grains from the volcanic matrix of H99 appear to provide more 

reasonable temperature estimates than the phenocrysts, as recalculation based on 

stoichiometric considerations probably results in underestimation of Fe3* in the latter. 

The orthopyroxene data do not appear to be subject to this uncertainty and provide 

internally consistent results. In comparison, the measured temperatures of erupting 

lavas with phenociysts of both augite and orthopyroxene from two Japanese 

volcanoes quoted in Lindsley (1983) were 1125 and 1090°C, which are compatible 

with the temperatures yielded by the H99 orthopyroxene and matrix clinopyroxene 

analyses used in the present study.

5.5: Whole-rock geochemistry

5.5.1: General. Bulk chemical analyses of thirteen northeastern Halmahera volcanic 

rocks are presented in Table 5.3. Certain features of Table 5.3 illustrate the degree 

of alteration of the rocks, such as the high and variable FejCVCFeO + Fe20 3). 

According to Cann (1971), altered rocks have Fe203/(Fe0  + Fe20 3) > 0.4 and 

therefore only H69 and HI 12 are "unaltered" by this criterion. Another such feature 

is the amount of combined water (H20+) in the analyses; Le Bas et al. (1986) 

categorise a volcanic rock with more than 2 wt.% H20 +  as altered. However, 

relatively high H20 +  can be a primary feature of certain magmas and not necessarily 

indicative of alteration. For example, between 3.2 and 4.0 wt.% H20 +  was found in
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Table 5.3: Whole-rock geochemical analyses of the 
northeastern Halmahera volcanic rocks. "Trace 
elements" expressed on a volatile-free basis, all 
analysed by XRF except Li and Co (ICP). "REE" 
analysed by ICP. "Ratios" use XRF data for La. mg# 
= 100 Mg/(Mg + Fe), atomic proportions with all 
iron as Fe2+. Hyphens indicate abundance levels 
below detection limit, blank spaces indicate analysis 
not undertaken.



H35 H112 H69 H99 H203 H208 H209 HI H57 HA7A HA24 HA43 HA59

wt .% o x i d e  

S102 4 6 . 2 5 5 4 . 4 0 5 2 . 1 0 4 8 . 5 8 4 0 . 0 9 3 6 . 4 8 3 5 . 8 7 5 3 . 4 1 5 4 . 0 5 7 2 . 5 2 5 1 . 7 9 6 3 . 1 9 6 4 . 3 5
Ti 02 0 . 3 9 0 . 4 5 0 . 8 7 0 . 6 8 0 . 9 1 1 . 2 9 1 . 1 9 1 . 6 3 0 . 8 4 0 . 2 2 0 . 8 5 0 . 2 8 0 . 8 0
A1203 1 6 . 0 3 1 5 . 3 5 1 6 . 0 7 1 4 . 2 0 1 8 . 2 3 1 5 . 8 6 1 3 . 3 2 1 3 . 3 2 1 8 . 6 2 1 2 . 3 0 1 7 . 8 7 1 5 . 1 6 1 6 . 1 9
FeO 2 . 1 3 5 . 3 4 7 . 1 1 3 . 1 4 6 . 4 3 2 . 2 1 1 . 3 6 4 . 1 9 1 . 3 2 0 . 7 6 1 . 9 9 0 . 6 2 4 . 1 5
Fe203 4 . 5 5 1 . 9 4 2 . 8 0 2 . 1 5 4 . 4 7 5 . 3 6 6 . 1 9 8 . 4 1 5 . 5 0 2 . 1 6 7 . 6 1 4 . 9 4 1 . 8 6
MnO 0 . 1 2 0 . 1 2 0 . 2 0 0 . 0 8 0 . 1 9 0 . 1 5 0 . 0 9 0 . 2 3 0 . 1 5 0 . 0 4 0 . 1 0 0 . 0 9 0 . 0 6
MgO 4 . 8 4 7 . 6 7 4 . 9 0 7 . 7 4 4 . 1 7 3 . 6 3 3 . 3 9 3 . 1 1 1 . 4 7 1 . 1 0 1 . 8 6 1 . 5 4 2 . 1 6
CaO 1 5 . 7 1 8 . 1 4 8 . 5 4 1 3 . 9 6 1 9 . 1 5 1 7 . 9 5 1 8 . 0 5 4 . 9 4 5 . 0 4 3 . 0 6 5 . 2 4 4 . 2 4 1 . 7 9
Na20 3 . 4 1 4 . 0 3 4 . 4 1 2 . 2 0 0 . 8 9 1 . 4 9 2 . 2 9 6 . 6 5 5 .  63 3 . 9 2 9 . 2 7 3 . 5 7 5 . 7 2
K20 0 . 0 1 0 . 3 2 0 . 7 1 1 . 1 0 0 . 0 5 2 . 5 0 3 . 6 0 0 . 0 1 3 . 7 9 1 . 5 4 0 . 1 6 2 . 3 6 0 . 2 2
P205 0 . 0 7 0 . 1 2 0 . 1 5 0 . 1 4 0 . 1 1 0 . 5 2 0 . 2 7 0 . 2 1 0 . 5 0 0 . 0 6 0 . 3 2 0 . 2 8 0 . 3 0
H20- 0 . 2 9 0 . 1 8 0 . 2 3 0 . 7 4 0 . 1 8 0 . 1 9 0 . 1 0 0 . 1 8 0 . 5 5 0 . 3 5 0 . 5 2 0 . 8 0 0 . 3 2
H20+ 3 . 0 6 1 . 5 9 1 . 7 5 3 . 8 2 4 . 4 7 3 . 3 2 2 . 7 6 2 . 6 3 2 . 3 1 1 . 3 3 2 . 1 6 1 . 6 9 2 . 2 3
C02 2 . 9 1 0 . 3 4 0 . 1 7 0 . 8 6 0 . 2 3 8 . 1 8 1 0 . 6 5 1 . 6 5 0 . 2 2 0 . 2 7 0 . 2 9 0 . 5 0 0 . 1 5

T o t a l 9 9 . 7 7 9 9 . 9 9 1 0 0 . 0 1 9 9 . 3 9 9 9 . 5 7 9 9 . 1 3 9 9 . 1 3 1 0 0 . 5 7 9 9 . 9 9 9 9 . 6 3 1 0 0 . 0 3 9 9 . 2 6 1 0 0 . 3 0

t r a c e

Li

e l e m e n t s

5

(ppm)

4 22 67 64 17 17 3 15 28 3 59 47
Cl - 30 130 30 - - - 30 40 - - 270 10
Sc 3 7 . 3 4 0 . 0 3 1 . 7 2 3 . 7 3 7 . 1 2 8 . 1 2 7 . 3 4 4 . 2 1 8 . 4 1 3 . 4 3 2 . 5 5 . 8 2 2 . 2
V 224 221 362 158 353 7 6 . 6 140 326 208 6 9 . 2 323 2 4 . 1 8 4 . 5
Cr 277 117 3 6 . 4 268 2 6 . 5 265 259 9 . 6 7 . 9 108 1 . 5 2 . 8 3 . 7
Co 37 58 40 36 41 39 30 36 29 42 34 18 42
Ni 7 4 . 1 5 6 . 7 3 0 . 7 180 2 4 . 8 286 128 9 . 3 1 6 . 5 1 4 . 2 1 4 . 8 4 . 8 4 . 4
Cu 1 2 . 0 8 . 5 6 4 . 4 5 0 . 3 4 6 . 3 108 4 8 . 4 5 . 9 9 8 . 4 9 . 7 5 0 . 5 8 . 9 5 6 . 7
Zn 4 6 . 7 3 1 . 5 5 4 . 9 5 9 . 1 108 110 8 7 . 1 8 7 . 6 9 1 . 1 2 0 . 5 101 6 4 . 2 7 9 . 8
Gs 2 2 . 2 1 0 . 5 1 8 . 1 1 6 . 9 1 9 . 8 1 6 . 0 1 4 . 0 1 8 . 1 1 8 . 0 1 3 . 2 1 9 . 5 1 9 . 6 1 9 . 8
Rb 0 . 7 5 . 0 1 1 . 5 1 5 . 9 1 . 1 6 7 . 8 7 8 . 2 0 . 1 7 0 . 7 2 3 . 9 5 . 4 7 6 . 8 3 . 3
S r 4 5 . 2 151 4 96 1037 175 772 1042 7 0 . 0 698 218 137 355 247
Y 1 4 . 6 1 4 . 7 2 4 . 5 1 5 . 9 2 9 . 7 2 5 . 9 2 2 . 6 3 3 . 8 3 2 . 6 7 . 7 4 5 . 8 3 1 . 4 4 2 . 0
Zr 2 7 . 5 2 1 . 4 8 0 . 3 8 8 . 1 9 5 . 1 118 105 9 1 . 9 214 9 5 . 5 106 112 288
Nb 0 . 4 0 . 2 0 . 6 1 . 0 1 . 0 2 1 . 2 2 0 . 6 1 . 0 6 . 7 1 . 0 0 . 9 1 . 6 2 . 9
Ba 5 . 8 3 6 . 3 8 3 . 9 8 9 . 5 109 296 365 5 . 0 254 3 9 . 3 2 6 . 4 6 4 . 4 172
Pb 0 . 4 0 . 8 0 . 5 1 . 9 4 . 0 1 . 0 0 . 5 1 . 7 7 . 0 3 . 5 1 . 5 2 . 5 3 . 3
Th - - - 0 . 6 0 . 3 1 . 5 1 . 0 0 . 8 2 . 8 0 . 9 0 . 2 0 . 7 2 . 4
La 0 . 3 - 6 . 3 5 . 8 3 . 3 9 . 3 9 . 2 1 . 8 2 4 . 8 5 . 4 4 . 6 9 . 6 1 5 . 8
Ce 4 . 9 2 . 5 1 7 . 2 1 9 . 3 1 6 . 2 2 5 . 2 2 2 . 2 1 0 . 5 5 5 . 2 1 0 . 0 1 3 . 4 2 5 . 8 3 8 . 8
Nd 3 . 2 2 . 8 1 3 . 1 1 1 . 6 1 3 . 3 1 4 . 7 1 2 . 6 9 . 6 3 3 . 8 6 . 5 1 2 . 4 2 3 . 5 2 7 . 3

REE (ppm)

La ( 2 . 5 ) ( 2 . 2 ) 9 . 9 7 . 1 ( 5 . 8 ) 1 5 . 8 1 2 . 0 ( 5 . 0 ) ( 3 3 . 2 ) ( 3 8 . 7 ) ( 1 3 . 4 ) 1 0 . 3 1 5 . 3
Ce 3 . 8 2 . 5 1 8 . 4 1 7 . 6 1 3 . 3 2 9 . 2 2 4 . 8 1 1 . 3 4 9 . 9 1 2 . 8 1 5 . 1 2 2 . 6 3 3 . 0
P r 0 . 8 1 . 1 3 . 3 2 . 8 3 . 1 4 . 7 3 . 4 1 . 7 6 . 3 1 . 5 2 . 4 4 . 6 5 . 8
Nd 3 . 5 2 . 2 1 4 . 0 1 0 . 9 1 1 . 6 1 6 . 2 1 3 . 0 9 . 3 2 8 . 6 6 . 1 1 2 . 6 1 9 . 4 2 1 . 9
Sm 1 . 3 1 . 3 3 . 7 2 . 5 3 . 5 3 . 4 3 . 0 3 . 1 6 . 4 1 . 7 3 . 8 4 . 6 5 . 3
Eu 0 . 4 0 . 4 1 . 3 0 . 9 1 . 2 1 . 2 1 . 1 1 . 2 1 . 8 0 . 5 1 . 3 1 . 5 1 . 0
Gd 1 . 7 1 . 6 3 . 8 2 . 5 4 . 1 6 . 7 3 . 3 4 . 8 5 . 9 1 . 7 5 . 3 4 . 5 5 . 2
Dy 2 . 0 2 . 0 3 . 6 2 . 3 4 . 3 3 . 5 3 . 3 5 . 0 4 . 7 1 . 4 5 . 8 4 . 2 4 . 9
Y
Ho

1 2 . 1
0 . 5

1 1 . 7
0 . 5

2 0 . 0
0 . 8

1 2 . 6
0 . 5

2 4 . 5
1 . 0

1 8 . 5
0 . 8

1 7 . 0
0 . 7 1 . 0 0 . 9 0 . 3 1 . 2

2 3 . 0
0 . 9

3 0 . 0
1 . 2

Er 1 . 2 1 . 3 2 . 1 1 . 3 2 . 5 2 . 0 2 . 0 2 . 7 2 . 4 0 . 5 3 . 7 2 . 5 3 . 3
Yb 1 . 4 1 . 2 2 . 1 1 . 4 2 . 6 1 . 9 1 . 8 2 . 4 2 . 5 0 . 8 3 . 7 2 . 5 3 . 3
Lu 0 . 2 ( 0 . 3 ) 0 . 3 0 . 2 0 . 4 0 . 3 0 . 3 0 . 4 ( 0 . 4 ) ( 0 . 1 ) 0 . 6 0 . 4 0 . 6

r a t i o s

mg# 5 8 . 3 6 6 . 1 4 7 . 8 7 3 . 3 4 1 . 8 4 8 . 1 4 6 . 8 3 2 . 3 2 9 . 7 4 2 . 3 2 7 . 5 3 5 . 3 4 0 . 0
Ba / La 1 9 . 3 >40 1 3 . 3 1 5 . 4 3 3 . 0 3 1 . 8 3 9 . 7 2 . 8 1 0 . 2 7 . 3 5 . 7 6 . 7 0 . 9
La / Nb 0 . 7 5 - 1 0 . 5 5 . 8 3 . 3 0 . 4 0 . 4 1 . 8 3 . 7 5 . 4 5 . 1 6 . 0 5 . 4

M OR B - n o rm a l i s e d  t r a c e  e l e m e n t s  ( P e a r c e ,  1982)

S r  0 . 3 8  1 . 2 6  4 . 1 3  8 . 6 4  1 . 4 6  6 . 4 3 8 . 6 8 0 . 5 8 5 . 8 2 1 . 8 2 1 . 1 4 2 . 9 6 2 . 0 6
K 0 . 0 7 1 2 . 1 8 4 . 8 4 7 . 8 0 0 . 3 5 1 9 . 0 6 2 8 . 0 3 0 . 0 6 9 2 6 . 0 6 1 0 . 5 1 1 . 1 0 1 6 . 3 3 1 . 5 0
Rb 0 . 3 5 2 . 5 0 5 . 7 5 7 . 9 5 0 . 5 5 3 3 . 9 0 3 9 . 1 0 0 . 0 5 3 5 . 3 5 1 1 . 9 5 2 . 7 0 3 8 . 4 0 1 . 5 5
Ba 0 . 2 9 1 . 8 2 4 . 2 0 4 . 4 8 5 . 4 5 1 4 . 8 0 1 8 . 2 5 0 . 2 5 1 2 . 7 0 1 . 9 7 1 . 3 2 3 . 2 2 8 . 6 0
Th - - - 3 . 0 0 1 . 5 0 7 . 5 0 5 . 0 0 4 . 0 0 1 4 . 0 0 4 . 5 0 1 . 0 0 3 . 5 0 1 2 . 0 0
Nb 0 . 1 1 0 . 0 6 0 . 1 7 0 . 2 9 0 . 2 9 6 . 0 6 5 . 8 9 0 . 2 9 1 . 9 1 0 . 2 9 0 . 2 6 0 . 4 6 0 . 8 3
Ce 0 . 4 9 0 . 2 5 1 . 7 2 1 . 9 3 1 . 6 2 2 . 5 2 2 . 2 2 1 . 0 5 5 . 5 2 1 . 0 0 1 . 3 4 2 . 5 8 3 . 8 8
P 0 . 6 2 1 . 0 2 1 . 2 8 1 . 2 4 0.  97 4 . 9 6 2 . 6 2 1 . 8 2 4 . 3 0 0 . 5 1 2 . 7 5 2 . 4 2 2 . 5 6
Zr 0 . 3 1 0 . 2 4 0 . 8 9 0 . 9 8 1 . 0 6 1 . 3 1 1 . 1 7 1 . 0 2 2 . 3 8 1 . 0 6 1 . 1 8 1 . 2 4 3 . 2 0
Sm 0 . 3 9 0 . 3 9 1 . 1 2 0 . 7 6 1 . 0 6 1 . 0 3 0 . 9 1 0 . 9 4 1 . 9 4 0 . 5 1 1 . 1 5 1 . 3 9 1 . 6 1
Ti 0 . 2 8 0 . 3 1 0 . 5 9 0 . 4 8 0 . 6 4 0 . 9 8 0 . 9 3 1 . 1 3 0 . 5 8 0 . 1 5 0 . 5 8 0 . 1 9 0 . 5 5
Y 0 . 4 9 0 . 4 9 0 . 8 2 0 . 5 3 0 . 9 9 0 . 8 6 0 . 7 5 1 . 1 3 1 . 0 9 0 . 2 6 1 . 5 3 1 . 0 5 1 . 4 0
Yb 0 . 4 2 0 . 3 5 0 . 6 2 0 . 4 2 0 . 7 6 0 . 5 6 0 . 5 3 0 . 7 1 0 . 7 4 0 . 2 4 1 . 0 9 1 . 3 5 1 . 5 6

c h o n d r  i t  e - n o  rma U s e d  

La -

REE (Nakamura ,  

3 0 . 1  2 1 . 6

, 1974)

4 8 . 0 3 6 . 5 3 1 . 3 4 6 . 5
Ce 4 . 4 2 . 9 2 1 . 3 2 0 . 3 1 5 . 4 3 3 . 8 2 8 . 7 1 3 . 1 5 7 . 7 2 6 . 8 1 7 . 5 2 6 . 1 3 8 . 2
Nd 5 . 6 3 . 5 2 2 . 2 1 7 . 3 1 8 . 4 2 5 . 7 2 0 . 6 1 4 . 7 4 5 . 4 9 . 7 2 0 . 0 3 0 . 8 3 4 . 8
Sm 6 . 4 6 . 4 1 8 . 2 1 2 . 3 1 7 . 2 1 6 . 7 1 4 . 8 1 5 . 3 3 1 . 5 8 . 4 1 8 . 7 2 2 . 7 2 6 . 1
Eu 5 . 2 5 . 2 1 6 . 9 1 1 . 7 1 5 . 6 1 5 . 6 1 4 . 3 1 5 . 6 2 3 . 4 6 . 5 1 6 . 9 1 9 . 5 1 3 . 0
Gd 6 . 2 5 . 8 1 3 . 8 9 . 1 1 4 . 9 2 4 . 3 1 2 . 0 1 7 . 4 2 1 . 4 6 . 2 1 9 . 2 1 6 . 3 1 8 . 8
Dy 5 . 9 5 . 8 1 0 . 3 6 . 5 1 2 . 4 9 . 9 9 . 2 1 4 . 6 1 3 . 7 4 . 1 1 6 . 9 1 1 . 9 1 4 . 8
Er 5 . 3 5 . 8 9 . 3 5 . 8 1 1 . 1 8 . 9 8 . 9 1 2 . 0 1 0 . 1 2 . 2 1 6 . 4 1 1 . 1 1 4 . 7
Yb 6 . 4 5 . 5 9 . 5 6 . 4 1 1 . 8 8 . 6 8 . 2 1 0 . 9 1 1 . 4 3 . 6 1 6 . 8 1 1 . 4 1 5 . 0
Lu 5 . 9 - 8 . 8 5 . 9 1 1 . 8 8 . 8 8 . 8 1 1 . 8 - - 1 7 . 6 1 1 . 8 1 7 . 6
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the freshest primitive Troodos lava samples analysed by Cameron (1985) and 

magmatic water was inferred from systematically low microprobe analyses of 

petrographically fresh glass from the same ophiolite by Robinson et al. (1983) and 

Thy et al. (1985). This magmatic H20  was interpreted as reflecting extrusion and 

quenching at considerable ocean depth by Thy et al. (op.cit.), but mantle D/H ratios 

measured in the H20  from boninites (Sharaskin et al., 1980) are suggestive of a 

"juvenile" (i.e. primordial), non-marine source for the water. In contrast, microprobe 

analyses of MORB glasses tabulated by Sigurdsson (1981) give totals close to 100%, 

suggesting that magmas formed at oceanic spreading ridges are effectively 

anhydrous. The carbonate amygdales in H208 and H209 (Plate 5.1a) are responsible 

for the very high C 02 reported in the analyses of these rocks; assuming that all the 

quoted C02 is accommodated in the amygdales results in estimates of 19 and 24 % 

respectively for their modal proportions in H208 and H209. These amygdales could 

not be avoided in preparing the samples for analysis.

The metamorphism will have altered the proportions of most of the major 

elements within the rocks (Moody, 1979), especially those of geochemically mobile 

species such as Na and K which are particularly susceptible to seawater-rock 

interaction (e.g. Spooner & Fyfe, 1973). Miyashiro et al. (1971) described Atlantic 

ocean floor basalts as suffering decreased CaO, increased NaaO and Si02 "variation" 

and Humphris and Thompson (1978) and Mevel (1981) presented evidence for the 

leaching of Si and Ca on sub-sea floor metamorphism. Thus, concentrations of the 

alkali metals in particular are very variable in the analyses in Table 5.3 and not 

considered to reflect primary values: NaaO ranges from 0.9 (H203) to 9.3 wt.% 

(HA24) and K20  from 0.01 (HI, H35) to 3.8 wt.% (H57). Considering the two 

rocks which exhibit the extremes of the range in bulk NajO, clinopyroxene 

microphenocrysts in HA24 range in NajO from 0.30 to 0.66 wt.% and in H203 from 

0.28 to 0.58 wt.%, suggesting that the primary bulk Na20  of these two rocks was 

approximately equal. The extreme variability of Na and K means that volcanic rock 

classification schemes based on contents of the alkali metals are inappropriate for 

the Halmahera rocks (see section 5.2). As well as the effects of alteration, most of 

the rocks are porphyritic and so their primary chemistry would not necessarily have 

been representative of liquid compositions.

Contents of the compatible elements Cr and Ni (Table 5.3) range from 277 

(H35) to 1.5 (HA24) and from 286 (H208) to 4.4 (HA59) ppm respectively. Whole- 

rock Cr contents show only a moderate correlation with the Cr20 3 of their 

constituent clinopyroxenes, suggesting that Cr is mobile during alteration, but
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nevertheless relatively low Ni and Cr in certain rocks (particularly the dacites HA43 

and HA59) indicate the products of evolved magmas which have undergone 

extensive prior fractionation of olivine, spinel and pyroxene, such that the rocks are 

not representative of primary liquids (e.g. Dixon & Batiza, 1979; Pearce, 1982). The 

evolved nature of some of the rocks is shown by the range in mg# down to 27.5 

(Table 5.3), although this ratio is susceptible to alteration (Moody, 1979). Sc and V 

are accommodated in clinopyroxene and reach their lowest levels in the dacitic 

rocks, suggestive of the importance of clinopyroxene as a fractionating phase. Low 

Ti02 in the dacites HA7A and HA43 is evidence of the fractionation of Ti-bearing 

oxide phases, typical of volcanic arc magmas (e.g. Arculus & Wills, 1980; Smith et 

al., 1983; Bums, 1985). Conversely, both Ti02 and FeO + F e ^  are relatively high 

in HI.

Incompatible elements have bulk crystal/liquid distribution coefficients (D) 

significantly less than 1 [termed "hygromagmatophile" elements by Wood et al.

(1979)] and are therefore increased in concentration in the residual magmatic liquid 

during crystal fractionation. They are characterised by having either high ionic 

radius/ionic charge ratios or particularly high ionic charge (e.g. Nb and Ta, for 

which the stable oxidation states are +5). The incompatible element Zr occurs at 

between 80 and 120 ppm in 9 of the 13 analysed volcanic rocks, which is 

comparable with the Zr abundance in the Recent lavas of the northern Marianas 

active island arc (mean Zr = 103 ppm; Dixon & Batiza, 1979) and with the average 

Zr content of the volcanoes of the western Halmahera island arc (102 ppm; Morris 

et al., 1983). Exceptions are H35 and HI 12 [27.5 and 21.4 ppm respectively, which 

are levels lower than those in the boninite series rocks from the Mariana Trench 

(Bloomer & Hawkins, 1987)], and the andesite H57 (214 ppm) and the dacite HA59 

(288 ppm).

5.5.2: Tectonomagmatic discrimination diagrams. No systematic correlation exists 

between any major or trace elements, compatible or incompatible, within the range 

of samples analysed, indicating that the northeastern Halmahera volcanic rocks, taken 

as a whole, do not follow a simple magmatic evolutionary trend, i.e. they are of 

polygenetic origin. A series of lavas related by crystal fractionation plot on a 

straight line passing through the origin on graphs of the co-variation of two 

incompatible elements (Wood et al., 1979) and thus the whole-rock chemistry 

negates the idea that the spectrum of volcanic rocks was generated by the crystal 

fractionation of a single parental magma. However, applying the various trace
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element discriminators to the fundamental question of the tectonomagmatic 

provenance of the volcanic rocks yields more consistent results. The principle 

underlying the geochemical identification of palaeotectonic setting is that as certain 

chemical characteristics of modem volcanic rocks can be correlated with their 

tectonic setting, such data can therefore be used to specify, or at least constrain, the 

tectonic environment of formation of ancient magmatic sequences; a procedure of 

importance on application to the unknown or ambiguous palaeotectonic environment 

of allochthonous terranes. Success in the employment of geochemical 

tectonomagmatic discrimination diagrams is more likely when the sites of eruption 

of the rocks were remote ffom continental crust or subcontinental lithospheric mantle 

(Duncan, 1987; Arculus, 1987); this criterion is clearly satisfied in the case of 

Halmahera.

Several attempts have been made to discriminate between magma series 

erupted in different tectonic settings using trace elements. For example, the ratio 

Ba/La is characteristically high in rocks erupted in island arcs, but is always less 

than 3 in MORB and within-plate basalts (WPB) (Arculus & Powell, 1986).
Although this parameter cannot be considered an absolutely reliable petrogenetic 

indicator in the Halmahera rocks because of the possibility of metasomatic addition 

of Ba during alteration, Ba/La exceeds 5 in all samples analysed except HI (Ba/La 

= 2.8). HI is extremely depleted in K, Rb and Ba (Table 5.3), suggesting the 

leaching of these elements rather than their metasomatic addition. Similarly,

Saunders et al. (1980b) suggested that La/Nb ratios could be used to differentiate 

basalts of orogenic (island arc) and non-orogenic (ocean ridge or within-plate) origin 

in the altered volcanic suites of ophiolite complexes and that the ratio does not 

appear to vary with fractionation to acidic end members of island arc suites. La/Nb 

ratios are variable in the northeastern Halmahera samples (see Table 5.3), but are 

only less than 1 in H35, HI 12 (both very low La by XRF), H208 and H209 (both 

0.4); so these rocks could be of non-orogenic affinity and HI (La/Nb = 1.8) is 

somewhat transitional, but all the others have the high La/Nb ratio characteristic of 

island arcs.

Although Ba and La can be geochemically mobile on alteration, certain major 

and trace elements are considered immobile under low-grade metamorphic 

conditions, for example the high field strength (HFS) elements such as Ti, Zr, and 

Nb (e.g. Winchester & Floyd, 1976; Wood et al., 1976; Saunders et al., 1980b). 

Immobile trace elements are particularly useful for the tectonomagmatic 

discrimination of altered ophiolitic volcanic rocks, but the majority of the published
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diagrams are intended for the study of basaltic rocks. Some of the discriminating 

geochemical features of basic rocks can be extended to rocks of more evolved 

composition, whereas others are masked by processes such as fractional 

crystallisation that cause variations in the concentrations of certain trace elements 

with progressive fractionation (Wood et al., 1979; Pearce, 1982), variations which 

mean that basalt discrimination diagrams need modification for the study of rocks of 

intermediate to acid composition. For example, the Y-Cr discrimination diagram 

(Pearce, 1980) is ineffective for evolved rocks as Cr is a compatible element 

accommodated in pyroxene and spinel and hence decreases in the liquid during the 

fractional crystallisation of these phases; the very low Cr contents of some of the 

Halmahera volcanic rocks (e.g. HA24, HA43, HA59: Table 5.3) bear this out. 

Similarly, fractionation of Fe-Ti oxides will affect discriminant ratios involving Ti 

and hence the use of the Ti-Zr-Y plot (Pearce & Cann, 1973).

The lower concentrations of the two elements in arc lavas compared to 

within-plate and MORB lavas means that a plot of Ti versus Zr can be applied to 

the tectonomagmatic discrimination of acid and intermediate volcanic rocks. Most of 

the northeastern Halmahera samples fall into the "arc lavas" field on the Ti-Zr 

diagram (Fig.5.3), but, according to the criteria of Pearce (1980), the majority of the 

rocks are too evolved in composition for the use of other discrimination diagrams 

intended for basaltic rocks. Considered together, the Halmahera rocks show a 

scattered trend typical of the fractionation of island arc rocks, i.e. early increase in 

both Ti and Zr followed by the subsequent depletion of Ti relative to Zr due to late 

Fe-Ti oxide crystallisation (Pearce & Norry, 1979; Pearce, 1982). Exceptions are the 

Ti-enriched basalt HI and the two tephrites H208 and H209, which plot in the 

MORB/within plate lavas overlap area. Although determinations of Ti and Zr 

recalculated volatile-free are used in Figure 5.3, allowing for the dilution effect of 

part of the analysed CaO being combined in the calcite amygdales in H208 and 

H209 results in the rocks plotting further into the within plate and away from the 

arc field.

The Th-Hf-Ta discrimination diagram of Wood et al. (1979) can be modified 

for rocks where analyses of Hf and Ta are not available (such as by the standard 

XRF method), by assuming Zr/Hf and Nb/Ta ratios of 39 and 16 respectively. These 

ratios are known not to vary significantly in terrestrial magmas (Wood et al., op.cit.) 

and the use of published Th, Zr and Nb data for volcanic rocks from several known 

tectonic settings did not alter the field boundaries defined by the Th, Hf and Ta 

determinations. The diagram has the advantage of being able to cope with silicic and
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intermediate lavas, as the relative abundances of the three elements employed do not 

change significantly with fractionation. Plotting the more evolved Halmahera samples 

shows that they all (HI, H57, HA7A, HA43, HA59) plot as arc lavas ("magma 

series at destructive plate margins"), whereas H208 and H209 plot as E-type MORB 

(close to the WPB field boundary) and WPB respectively.

5.5.3: Trace element spider diagrams. The trace element characteristics of basalts 

are best illustrated by normalising their abundances to those in a reference system. 

This procedure is analogous to normalising REE abundances to chondritic values 

(see Chapter 3), which are taken to approximate the abundances of the elements in 

the bulk earth. Plotting the normalised abundances of a range of variably 

incompatible trace elements results in a "spider" diagram (Thompson et al., 1984). 

Different workers use different reference systems for normalisation. Wood et al. 

(1979) used an estimated primordial mantle composition, while Sun et al. (1979) and 

Thompson et al. (op.cit.) used chondritic abundances, differing slightly in their 

normalisation constants and in the order of the plotted elements. The value of spider 

diagrams lies in that the various peaks and troughs of the patterns provide valuable 

petrogenetic information about the plotted rock. For example, on chondrite- 

normalised spider diagrams, MORB show a selective depletion in elements such as 

K, Ba and Rb, consistent with the sub-oceanic upper mantle having suffered a 

previous depletion event leading to the generation of the continental crust

Volcanic rocks from different tectonic settings give markedly different spider 

diagram profiles, indicative of different source characteristics. Therefore, spider 

diagrams can be a wider-ranging development of the relatively simple two and three 

element tectonomagmatic discrimination diagrams. Different types of volcanic rocks 

are compared and contrasted most conveniently by normalising their abundances to 

those of "average" MORB, with the resulting plot particularly useful in the 

identification of subduction-related basalts (Pearce et al., 1984), as they are usually 

enriched in the large ion lithophile (LIL) elements (Sr-Ba) and depleted in HFS 

elements (Nb-Yb) relative to MORB, coupled with their exceptionally low Nb (and 

Ta, not analysed in the present study) contents. Profiles of the trace elements plotted 

on MORB-normalised spider diagrams are little affected by fractional crystallisation 

(Pearce et al., op.cit.), the patterns only being displaced vertically relative to MORB, 

and so are applicable to the more evolved rocks of this study. However, the high 

degree of alteration undergone by the Halmahera rocks precludes the use of the LIL 

elements as a discriminant, because of their mobility in hydrous fluids. For example,
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Menzies and Seyfried (1979) demonstrated experimentally the leaching of K and Rb 

from basalts at up to 300°C and the removal of Sr from seawater and its enrichment 

in calcic alteration phases. The distinguishing feature of WPB relative to MORB is 

the selective depletion of Y and Yb, elements considered compatible with the garnet 

phase of a garnet lherzolite source region.

MORB-normalised spider diagrams for six of the Halmahera samples are 

shown in Figure 5.4, with normalising values taken from Pearce (1982). The other 

seven rocks all have prominent negative Nb anomalies and very variable, but usually 

enriched, LIL elements (depleted only in HI and H203). Such Nb-depleted rocks are 

represented on Figure 5.4 by H69 and H99. These examples are enriched in the LIL 

elements (between 4 and 9 x MORB values) and their marked depletion in Nb and, 

to a lesser extent, Ti indicates fractionation of these elements from the LIL, RE and 

other HFS elements (Arculus, 1987) and is evidence of a geochemical "subduction 

component" (Pearce et al., 1984). In contrast, the tephrites H208 and H209 have Nb 

concentrations of around 6 x MORB and no troughs at Ti and hence do not show 

this subduction signature, being significantly depleted relative to MORB only in Y 

and Yb and having the markedly "humped" spider diagram profile typical of ocean 

island alkali basalts. In the other rocks, abundances of the HFS elements are at 

roughly MORB levels except for in H35 and HI 12, which are particularly depleted, 

at between 0.2 and 0.5 x MORB. H35 is depleted in all the incompatible trace 

elements (K is not plotted for this rock due to the large analytical uncertainty) and 

HI 12 is only enriched relative to MORB in Sr-Ba, but these rocks still show 

troughs at Nb and Ti.

Nb and Ta have strong crystal-chemical relationships with Ti through the 

similarity of their ionic radii (e.g. Wood et al., 1979) and therefore their D values 

are increased considerably if a Ti-oxide phase is present in the magmatic system. 

The persistent depletion of Nb (and Ta) relative to other HFS elements (such as Zr) 

in rocks formed above subduction zones has been attributed to the presence of a 

residual Nb- and Ta-bearing titanate phase (such as rutile, sphene, ilmenite or 

perovskite) stabilised by oxidising conditions in either the mantle wedge or the 

subducting slab (e.g. Bloomer & Melchior, 1979; Wood, 1979; Wood et al., 1979; 

Saunders et al., 1980a; see discussion in Arculus & Powell, 1986). Ryerson and 

Watson (1987) attempted to test this postulate through an experimental study of the 

Ti02 contents of rutile-saturated melts at 8-30 kbar and 1000-1300°C, rutile being 

chosen as the Ti-bearing phase as its single essential oxide (Ti02) simplified the 

experimental modelling. The results showed that the presence of rutile in the mantle

151



0.04 r  1------------------1------------------1-----------------1------------------1-----------------1-------------------------------------1------------------------------------1-----------------1 ,.i. —. -j

Sr K Rb Ba Th Nb Ce Zr Sm Ti Y Yb

Figure 5.4: Trace element spider diagram for selected northeastern Halmahera 
volcanic rocks, normalised to a ’’typical" n-MORB analysis (Pearce, 1982).
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source region at the time of melt segregation (i.e. rutile saturation in the melt) 

required Ti02 contents in the resultant arc magma that varied inversely with Si02, 

from 7-9 wt.% in basaltic melts to 1-3 wt.% in dacitic compositions, but that were 

apparently independent of HaO content and had insignificant pressure dependence.

No such control on solubility by melt Si02 content is observed for the LIL or REE 

(Arculus, 1987). These TiOz contents are well in excess of those found in island arc 

rocks and so Ti-Nb-Ta depletion cannot be simply attributed to the presence of 

residual rutile in the magmatic source region. Increased J02 decreases Ti02 saturation 

levels, but not by enough to generate arc volcanic compositions. Residual perovskite 

can also be discounted as a residual Nb-Ta-depleting phase as its stability is 

suppressed in high S i02 and low pressure environments (Arculus & Powell, 1986; 

Ryerson & Watson, op.cit.).

The conclusion of Ryerson and Watson (1987) was that Nb-Ta depletion in 

arc magmas could be explained by rutile-saturated (hence containing low Nb and Ta 

relative to the other HFS), S i02-rich liquids derived from the subducting slab in a 

hydrous, low temperature (< 900°C) environment re-enriching a mantle (depleted by 

the previous extraction of, firstly, the continental crust and, secondly, MORB) in 

species such as the LIL, but not in Nb and Ta, prior to the generation of the arc 

magma. Thus, the residual presence of the titanate phase does not deplete the arc 

magma; rather its role is to prevent re-enrichment of the magma source in Nb and 

Ta. This extends the earlier postulate of Saunders et al. (1980a) that Nb and Ta 

were retained in a titanate phase in the subducting slab. Mass balance calculations 

by Ryerson and Watson {op.cit.) showed that the 5% addition of a slab-derived melt 

to a MORB-depleted source could reproduce the Nb and Ta depletions of arc 

volcanic rocks such as the majority of those from northeastern Halmahera.

5.6: Rare earth element geochemistry

5.6.1: General. REE abundances are a widely used method of examining the 

petrological relationships between and within suites of volcanic rocks. Source 

composition is considered to exert the dominant control on volcanic rock REE 

composition, with pre-eruption crystal fractionation causing no significant change in 

the shape of the REE profile (Smewing & Potts, 1976; Cox et al., 1979; Saunders, 

1984), due to the fact that, in general, the REE are incompatible with respect to 

major fractionating phases. Therefore REE profiles represent a "fingerprint,, of the 

mantle source region of the rock. The usefulness of the REE in petrogenetic studies 

of altered volcanic rocks depends upon the assumption that either they were
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immobile during the alteration processes or that their mobility did not significantly 

affect the chondrite-normalised REE patterns of the rocks. This assumption is crucial 

to the interpretation of the REE patterns of the northeastern Halmahera volcanic 

rocks given the degree of alteration they have undergone.

5.6.2: Mobility o f the REE during low-grade metamorphism. A number of studies 

pertinent to the question of REE stability in ophiolitic and sea-floor rocks have been 

published and various conclusions have been drawn. Smewing and Potts (1976) 

showed that three fresh basalts and nine zeolite facies metabasalts from the Troodos 

ophiolite all gave similar LREE-depleted chondrite-normalised patterns, whereas 

Wood et al. (1976) demonstrated that enrichment in the LREE occurred as a result 

of the zeolite facies metamoiphism of glassy eastern Icelandic basalts, but that the 

HREE remained relatively unaffected. Ludden and Thompson (1978) interpreted La 

enrichment and Ce depletion in the rims of Atlantic Ocean pillow lavas relative to 

the cores to have occurred through the palagonitisation of glass and subsequent 

equilibration with the REE concentrations of seawater. Conversely, Humphris et al. 
(1978) demonstrated the immobility of the REE during the zeolitisation of a volcanic 

flow from the Isle of Mull. This contrast was explained by Humphris et al. {op.cit.) 

in terms of the sites of concentration of the REE; alteration of LREE-enriched glass 

leads to LREE mobilisation not seen in holocrystalline rocks such as those of Mull, 

in which alteration of phases of negligible REE concentration such as olivine gives 

rise to no significant REE mobility.

In their study of metabasalt geochemistry in the Point Sal ophiolite in 

California, Menzies et al. (1977) concluded that the LREE were mobilised in 

zeolitised lavas through prolonged exposure to seawater (negative Ce anomalies and 

possibly enhanced La contents), but that completely altered greenschist facies rocks 

showed negligible change in REE patterns due to shorter time exposure to seawater. 

These conclusions were supported by an experimental study of REE mobility in 

basalts at up to 350°C (Menzies et al., 1979). The minerals characteristic of the 

zeolite facies are unable to accept the substitution of significant quantities of REE 

liberated from a rock on alteration (e.g. Wood et al., 1976), whereas secondary 

phases of the greenschist facies can stabilise primary REE concentrations (Menzies 

et al., 1979). The LREE can be enriched on "spilitisationM through the formation of 

matrix phases such as chlorite which are capable of increasing the rock La content 

through adsorption (Heilman & Henderson, 1977), but Heilman et al. (1977; 1979) 

showed that, although the REE are mobile during prehnite-pumpellyite facies
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metamorphism, altered and unaltered rocks gave generally sub-parallel chondrite- 

normalised patterns, indicating coherent behaviour of the REE with little or no 

LREE fractionation. Eu could, however, be selectively mobilised (Heilman et al., 

1979). Assessment of the generally prehnite-pumpellyite to greenschist 

metamorphism displayed by the northeastern Halmahera volcanic rocks suggests, 

following the results and conclusions of the above works, that their REE 

distributions can be used for non-quantitative petrogenetic interpretation, although 

with a degree of caution with respect to La, Ce and Eu.

5.6.3: Interpretation of the Halmahera REE data, The REE contents of the 

northeastern Halmahera volcanic rocks normalised to the chondrite determinations of 

Nakamura (1974) are plotted in Figures 5.5 and 5.6. The data indicate the presence 

of a number of different magmatic trends. H35 and HI 12 (Fig.5.5) are particularly 

depleted in the REE; they have slightly LREE-depleted patterns at low abundances, 

around 3-6 x chondrite, flattened in the HREE. The scatter in these patterns is 

presumably due to analytical uncertainty at these low abundances. Similar REE 

profiles are found in primitive MORB and in certain island arc rocks, such as some 

boninites and primitive arc tholeiites. HI, H203 and HA24 show roughly flat 

patterns at abundances between 10 and 20 x chondrite with a slight negative Eu 

anomaly visible in the pattern of HA24, possibly due to alteration (Heilman et al., 

1979; Coish et al., 1982). H203 is very slightly LREE-enriched (CeN/YbN = 1.3). 

Altogether, these three rocks have generally similar REE abundances and profiles to 

pillow lavas from the Bay of Islands ophiolite in Newfoundland (Suen et al., 1979) 

and are comparable to the more primitive of the Recent northern Marianas arc lavas 

(e.g. sample no. As-3) analysed by Dixon and Batiza (1979). The majority of the 

basaltic rocks from the Andaman islands in the Sunda forearc, which has been 

proposed as a modem analogue for the Troodos ophiolite (Moores et al., 1984), also 

have similar REE profiles and abundances (Ray et al., 1988), as have the very 

slightly LREE-enriched tholeiites (of similar bulk chemistry to HI) formed within 

the Kumana forearc basin in southwestern Japan (Miyake, 1985).

Figure 5.5 compares the REE profiles of H35 and HI 12 with those of rocks 

from a number of different areas. The patterns are virtually identical to that of a 

boninite series rock (sample 43-2, not plotted on Fig.5.5) from DSDP Site 458 in 

the Mariana forearc (Hickey & Frey, 1982); another from the same location with a 

sub-parallel REE pattern (39-1) is plotted for comparison. However, some boninite 

series rocks dredged from the inner slope of the Mariana Trench (Bloomer &
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Figure 5.5: Chondrite-normalised REE abundances for two sets of northeastern 
Halmahera volcanic rocks, with comparative REE analyses from the literature 
(smaller symbols joined by dotted lines). Open circles - D27-3, an arc tholeiite from 
the southern Mariana Trench (Bloomer & Hawkins, 1987). Open inverted triangles - 
analysis "F", a Troodos basaltic andesite glass (Thy et al., 1985). Open diamonds - 
39-1, a boninite series volcanic from DSDP Site 458, Mariana forearc (Hickey & 
Frey, 1982). Shaded area enclosed by dashed lines - range of normalised REE 
abundances for magma from which cumulus clinopyroxenes crystallised, taken from 
Figure 3.7. All data normalised to chondrite values of Nakamura (1974).
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Figure 5.6: Chondrite-normalised REE abundances for LREE-enriched northeastern 
Halmahera volcanic rocks (three sets: patterns for H208 and H209, group (iii) in the 
text, refer to the axis on the right; the other two sets to the axes drawn to the left). 
Dashed lines enclose the range of REE abundances of the Gowonli River volcanics; 
hatching is field of XRF REE analyses (La, Ce, Nd and Y, plotted at Dy), with 
appropriate error bars, of diorite HI 17 (taken from Fig.4.2). All data normalised to 
chondrite values of Nakamura (1974).
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Hawkins, 1987) and from the Bonin Islands and New Caledonia (Cameron et al.,

1983) are LREE-enriched. The REE profiles of H35 and HI22 are approximately 

parallel (at lower abundances) to an arc tholeiite from the southern Mariana Trench 

(Bloomer & Hawkins, op.cit.) and resemble those of basaltic andesite glasses from 

the Troodos ophiolite (Thy et al., 1985), which were analysed in the same laboratory 

and by the same method as the rocks of the present study. H35 and HI 12 are also 

similar in terms of REE data to most of the (slightly LREE-depleted) Troodos 

basalts and metabasalts analysed by Kay and Senechal (1976) and Smewing and 

Potts (1976) and also to the least depleted samples of the primitive Troodos lavas 

presented by McCulloch and Cameron (1983) and Cameron (1985); the most 

depleted, boninitic, Troodos lavas (see Cameron et al., 1983) have U-shaped profiles 

at very low abundances. Figure 5.5 also shows that H35 and HI 12 are compatible 

with derivation from the magmatic liquid calculated, on the basis of the isotope 

dilution REE analysis of cumulus clinopyroxene separates, to have been in 

equilibrium with the Halmahera ophiolitic cumulate rocks, described in Chapter 3.

The rest of the rocks for which REE data are available are plotted on Figure 

5.6. They are all markedly LREE-enriched, with Ce,/YbN ranging from 2.2 (H69) to 

7.4 (HA7A). Amongst the LREE-enriched samples, three distinct trends can be 

discerned, defined by the following groups of rocks: (i) H69, H99, HA43 and HA59 

(CeN/YbN = 2.2-3.2), (ii) H57 and HA7A = 5.1-7.4), and (iii) H208 and

H209 (CeN/YbN = 3.5-3.9). LREE-enrichment is shown typically by volcanic rocks 

from ocean islands and in many island arcs; basalts from "normal" mid-oceanic 

ridge segments are "invariably LREE-depleted" (Saunders, 1984), although those 

from "plume" segments (E-type MORB) can be LREE-enriched (Sun et al., 1979). 

Island arc basalts can be depleted or enriched in LREE (Cullers & Graf, 1984a) 

although the degree of enrichment tends to be lower than that shown by within-plate 

alkali basalts. Superimposition of the patterns of the three LREE-enriched groups 

from Halmahera illustrates that they cross over each other and suggests that they 

represent distinct magmatic trends which are unlikely to be derived from one another 

by fractional crystallisation processes in either a closed or an open magma chamber 

(e.g. Pankhurst, 1977). Thus either the magmas were derived from different sources 

or from different degrees of partial melting of the same source.

The rocks of group (i), as defined above, range from basalt to dacite in 

composition and all show negative Nb and Ti anomalies on trace element spider 

diagrams (Fig.5.4). They are therefore interpreted as of island arc origin. Depletion 

of Ti relative to Zr in the most evolved members of this group indicates the late
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crystallisation of Fe-Ti oxide and suggests a tholeiitic trend, although LREE- 

enrichment is more typical of calc-alkaline rocks. For comparison, the range of REE 

concentrations for the calc-alkaline volcanic rocks of the Gowonli River province 

(Chapter 6) is also plotted on Figure 5.6 and it will be seen that the northeastern 

Halmahera rocks have, on the whole, lower abundances, but very similar 

LREE/HREE fractionation. This is discussed in section 6.4.5. The sample from 

group (i) with the highest abundances of REE (dacite HA59) has a prominent 

negative Eu anomaly, indicative of the significant fractional crystallisation of 

plagioclase (section 3.4) and a slightly lower LREE/HREE ratio; this could be a 

consequence of the fractionation of apatite, observed as groundmass grains in this 

sample (see section 5.2), as apatite preferentially takes up the LREE (Henderson,

1984).

The two rocks considered to constitute group (ii), H57 and HA7A, show 

parallel patterns over a wide range of REE abundances, with possible slight negative 

Eu anomalies. The dacite HA7A contains abundant siliceous glass, but is markedly 

depleted in incompatible trace elements, including the REE (Table 5.3). The rocks 

show mutually parallel MORB-normalised trace element concentrations with negative 

Nb and Ti anomalies, hence again are interpreted as of island arc provenance. The 

XRF REE data for the Late Cretaceous diorite HI 17 (see Chapter 4), interpreted as 

a late intrusive into the ophiolitic rocks, are plotted for comparison on Figure 5.6 (Y 

determination for HI 17 plotted at Dy) and the similar profiles support the possibility 

that HI 17 is co-genetic with the group (ii) volcanic rocks.

Two rocks are taken to define group (iii): H208 and H209. Their REE 

patterns are distinctly flattened in the HREE and possibly have slight positive Eu 

anomalies. Figure 5.4 shows clearly that H208 and H209 do not have the prominent 

negative Nb anomalies of the other analysed samples. Their "humped" spider 

diagram patterns are indicative of an ocean island origin, similar in profile to alkalic 

basalts from the Azores (Pearce, 1982), and their LREE-enrichment is consistent 

with this interpretation; Azores lavas are strongly LREE-enriched (White et al.,

1979). H208 and H209 also plot as alkaline within-plate lavas on the Ti-Zr-Y 

(Pearce & Cann, 1973), Ti02-Zr/P20 5, Zr-P2Os (Winchester & Floyd, 1976) and Ti-V 

(Shervais, 1982) discrimination diagrams and have similar REE profiles to Eocene- 

Upper Cretaceous alkalic basalts dredged from the Pacific slope of the Mariana 

Trench, interpreted as deriving from the flank of a seamount (Dietrich et al., 1978). 

These Pacific seamount basalts are pillowed, contain up to 20 modal% amygdales, 

are olivine-normative, plot as within-plate basalts on the Ti-Zr-Y diagram and have
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relatively high Ti02 and Nb (up to 2.01 wt.% and 20 ppm respectively), all of 

which are features compatible with H208 and H209. The high proportion of calcite- 

dominated amygdales in H208 and H209 is not thought to have a significant effect 

on their REE patterns as the amygdales presumably formed in equilibrium with 

seawater, which has low concentrations of the REE (e.g. Fleet, 1984). However, they 

might be expected to have inherited a marine REE distribution, including a negative 

Ce anomaly. That no such anomalies can be seen in the chondrite-normalised REE 

patterns of H208 and H209 supports the contention that the amygdales have a 

negligible effect on the host rock REE distributions.

5.7: Implications

5.7.1: General conclusions. Geochemical trace element data suggest the presence 

of at least four, genetically unrelated, volcanic rock groups in the ophiolitic terrain 

of northeastern Halmahera: one of boninitic affinity and two of island arc and one 

of oceanic island/seamount origin. Clinopyroxene data support the interpretation that 

the majority of the rocks are of island arc origin and suggest that HA85 could be a 

member of the ocean island/seamount group. The two rocks taken to define the 

boninitic group, H35 and HI 12, are not boninites sensu stricto (e.g. Meijer, 1980; 

Natland, 1981b; Hickey & Frey, 1982), being relatively low in MgO, Ni and Cr and 

showing no evidence of the crystallisation sequence: low-Ca pyroxene + olivine, 

high-Ca pyroxene, plagioclase (Natland, op.cit.), but their strong overall depletion in 

the HFS (e.g. Ti, Nb, Zr) and REE is suggestive of their being members of a 

boninite series, hence the use of the broad term "boninitic affinity" (e.g. Cameron,

1985).

5.7.2: Correlation with the plutonic rocks. In the absence of field evidence, 

possible relationships between the various volcanic rocks and the dominant plutonic 

rocks of eastern Halmahera need testing by petrological and geochemical data. The 

general similarity of the REE patterns of the calculated plutonic magma and those of 

the boninitic samples H35 and HI 12 (Fig.5.5) suggests a co-genetic origin. The 

Halmahera plutonic rocks are very similar to those dredged from the Mariana Trench 

(Bloomer & Hawkins, 1983) and are interpreted as deriving from the high degrees 

of partial melting of a mantle source region (e.g. Ishiwatari, 1985) characteristic of 

an ophiolite formed above a subduction zone (Pearce et al., 1984); boninites would 

be expected to be among the volcanic relations of such rocks. In Chapter 3, a 

number of parallels are drawn between the Halmahera plutonic rocks and those of

160



the Marum (Jaques, 1981) and Papuan (Davies, 1971; Jaques & Chappell, 1980) 

ophiolites of New Guinea. However, none of the northeastern Halmahera volcanic 

rocks are geochemically similar to the strongly differentiated and LIL-element 

enriched tholeiites (Tumu River basalts) in fault contact with the Marum ophiolite 

(Jaques et al., 1978) or the tholeiitic, LREE-depleted ferrobasalts of the Papuan 

ophiolite (Jaques & Chappell, op.cit.). The first of these examples was concluded not 

to be genetically related to the plutonic rocks and the second to be related by 

extensive prior crystal fractionation, probably upwards of 40% (Jaques & Chappell, 

op.cit.). In contrast, the polygenetic Halmahera volcanic rocks are analogous to those 

described from the Mariana forearc, which include boninites and arc tholeiites with 

both LREE-enrichment and depletion and alkaline volcanic rocks (Bloomer, 1983).

5.7.3: Polygenetic volcanic sequences including boninites. Boninites are invariably 

associated with island arc tholeiites (IAT) in the western Pacific arcs (Meijer, 1980). 

Cameron et al. (1979) postulated that western Pacific boninites represent the most 

primitive arc magmatic liquids, from which IAT eventually evolve; supporting this 
suggestion, Reagan and Meijer (1984) described boninites pre-dating IAT during 

early arc volcanism on the island of Guam in the Mariana forearc and, similarly, the 

volcanic stratigraphy of the Betts Cove ophiolite in Newfoundland records a 

temporal transition from highly depleted, boninitic, lower lavas to Ti-and REE- 

enriched upper lavas (Coish et al., 1982). Boninites dredged from the Mariana 

Trench are also interpreted as representing the earliest phase of subduction zone 

activity (Bloomer & Hawkins, 1987).

In the extrusive sequence of the Troodos ophiolite at least three geochemical 

suites have been recognised; (i) an IAT suite composed primarily of andesite and 

dacite, (ii) an overlying high Si02 and MgO suite composed of basalt and basaltic 

andesite with locally abundant picritic units and (iii) a highly depleted boninitic suite 

(Mehegan & Robinson, 1985). Plagioclase is a phenocryst phase only in the first of 

these groups, which, it has been suggested, are related by increasing degrees of 

melting of a progressively depleted mantle source (Flower et al., 1985; Flower & 

Levine, 1987). A stratigraphy consisting of a lower arc tholeiitic sequence overlain 

by boninitic lavas was also postulated for the Troodos extrusive rocks by Robinson 

et al. (1983), on the basis of the compositions of fresh volcanic glasses. Thus, 

boninites appear to be the final volcanic product in the Troodos ophiolite, but the 

situation seems to be reversed in the Betts Cove ophiolite and in the western 

Pacific.
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5.7.4: A model for the northeastern Halmahera volcanism. The apparent 

correlation of the boninitic affinity volcanic rocks with the similarly depleted 

plutonic rocks, in combination with the indirect age evidence, suggests that the 

boninitic samples pre-date the LREE-enriched volcanic rocks, i.e. the polygenetic 

volcanism recorded by the northeastern Halmahera rocks follows the western Pacific 

pattern. On the initiation of subduction in an oceanic environment, early 

devolatilisation of the downgoing slab would lead to shallow hydrous melting of the 

overlying peridotitic mantle wedge depleted by the previous extraction of a MORB- 

composition partial melt (Sun & Nesbitt, 1978). The presence of H20  (and possibly 

C02) lowers the mantle wedge solidus by several hundred degrees and thus 

facilitates partial melting (e.g. Mysen & Kushiro, 1977). A young and therefore hot 

overriding slab would also serve to precipitate partial melting at a shallower depth 

in the subduction zone, possibly within the depleted lithospheric mantle. A high 

geothermal gradient due to the subduction zone developing at the site of a transform 

fault is suggested in Chapter 9.

Hickey and Frey (1982) suggested that mantle which had produced MORB 

would be variably depleted and, on remelting, could generate boninites from the 

more refractory portions and arc tholeiites from the more fertile. Alternatively, an 

incremental melting scheme is feasible, similar to that proposed by Cameron (1985) 

for the origin of the geochemically variable Troodos primitive lavas. Early melts 

derived from the mantle source could have produced the depleted rocks H35 and 

HI 12, which retain a negative Nb anomaly even at their very low levels of the HFS 

and RE elements and hence reflect some input from the subducting slab (Ryerson & 

Watson, 1987). The LREE-enriched rocks with the arc geochemical signature could 

have been generated by partial melting of the same source area after greater 

subsequent metasomatic enrichment by fluids from the slab bearing dissolved LRE 

and LIL elements (e.g. Bloomer & Melchior, 1979; Hickey & Frey, 1982; Cameron 

et al., 1983; Crawford et al., 1986; Arculus & Powell, 1986) or possibly when the 

zone of partial melting had migrated to a deeper level within a less depleted 

asthenospheric mantle (Reagan & Meijer, 1984; Bloomer & Hawkins, 1987). At least 

two different groups of these rocks, which could reflect different degrees of mixing 

between the enriched and depleted components, were erupted, one of which is 

correlated tentatively with diorites intrusive into the ophiolitic plutonic rocks at 

around 75 Ma (see Fig.5.6).

The nature of the east Halmahera volcanic rocks supports the evidence from 

the plutonic sequence that the Mariana forearc provides an actualistic analogue to
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the Halmahera ophiolitic terrain. The only northeastern Halmahera volcanic rocks 

which do not show evidence of a mande source region modified by a geochemical 

subduction component are H208 and H209. In contrast, these have the chemistry of 

within-plate, alkaline rocks, derived from a mantle reservoir enriched in incompatible 

elements (Pearce et al., 1984) and correlated with Pacific Ocean seamounts (Dietrich 

et al., 1978). Similarly highly vesicular and strongly LREE-enriched alkaline rocks 

have been dredged from the Mariana forearc region (Bloomer, 1981; 1983; Johnson 

& Fryer, 1988) where they are interpreted as having been scraped from subducting 

seamounts and accreted onto the inner trench wall (Bloomer, 1983). This 

interpretation is followed for the occurrence of alkaline volcanic rocks in east 

Halmahera.
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CHAPTER SIX 
THE GOWONLI FORMATION: CALC-ALKALINE VOLCANISM IN

AN OCEANIC SETTING

6.1: Introduction

Although volcanic rocks form a minor proportion of the ophiolitic basement 

in the northeastern arm, the 1987 expedition revealed that the Gowonli River at the 

easternmost end of the southeastern arm (Fig. 1.6) exposes a thick (at least 1000m) 

sequence of volcanic and hypabyssal rocks with intercalated pelagic limestones and 

volcaniclastic sandstones, breccias and conglomerates. The unit was mapped as the 

Gowonli Formation (Hall et al., 1988c). All the microfauna yielded by the Gowonli 

rocks are of Senonian (Late Cretaceous) age, whereas the micropalaeontological ages 

from the sedimentary rocks imbricated within the ophiolitic basement of the 

northeastern arm (the Gau Limestone Formation) range to possible Aptian/Albian 

(see discussion in Chapter 8). The pelagic limestones of the Gau Formation are 

interpreted as deep water carbonates deposited in an equatorial ocean basin, with 

horizons of volcaniclastic siltstones and sandstones indicating active arc volcanism 

proximal to the depositional basin. Although these sediments are found as fault- 

bounded slices within the basement complex, they are interpreted as having been 

originally deposited unconformably upon the ophiolitic rocks (Hall et al., 1988a), 

hence their micropalaeontological ages can be regarded as minimum ages for the 

ophiolite.

Although the lower contact of the Gowonli River sequence is not observed, it 

probably rests unconformably upon the ophiolitic basement. The Middle to Late 

Eocene Paniti Formation exposed in the upper reaches of the Gowonli River 

contains conglomerates dominated by ultrabasic debris derived from the ophiolitic 

basement and also clasts of Senonian pelagic limestone and andesitic volcanic 

material, suggesting the unit overlies the Gowonli Formation unconformably as well 

and emphasising the close spatial relationship of the ophiolitic rocks and those of 

the Gowonli Formation. The sedimentary rocks of the Gowonli River sequence have 

been interpreted as the Late Cretaceous fill of a basin situated on the forearc of an 

active arc and structurally, the rocks of the Gowonli and Paniti Formations are 

interpreted as exposed in the window of a major overthrust with an estimated 

minimum east to west-directed, post-Pliocene contraction of 20km (Hall et al 

1988c) with the result that the basement rocks and overlying Miocene limestone rest
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Plate 6.1: Gowonli River rocks: a) massive dolerite, HR429
b) pillow lavas, HR447
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upon Upper Miocene-Pliocene marl in the southeastern arm.

Sixteen Gowonli Formation volcanic and hypabyssal rocks have been 

analysed by electron microprobe and whole-rock chemical analyses are available for 

four: three basaltic andesites and one microdiorite/dolerite. The analytical data and 

their implications for the evolution of the Gowonli River rocks and their possible 

correlations with other volcanic sequences in the local region are discussed below. 

Samples were collected from outcrops, which were occasionally pillowed, or as 

cobbles in volcaniclastic horizons interbedded with volcanic flows and pillowed 

units. Amygdales are common in the Gowonli volcanic rocks, but do not form a 

high modal proportion of any sample. Amygdaloidal minerals include calcite, zeolites 

(mordenite, phillipsite), analcite, celadonite, silica (probably chalcedony) and chlorite.

6.2: Petrography and mineral chemistry of primary phases 

6.2.1: General. The Gowonli volcanic rocks are highly porphyritic, all containing 

phenocrysts of both plagioclase and clinopyroxene. The phenocryst phases are often 

aggregated in complex glomerocrystalline clots (Plate 6.2c) and are set in a matrix 

dominated by plagioclase microlites and pale brown altered glass. In some rocks 

(e.g. HR434), these microlites define a trachytic texture, typical of textures in lava 

flows, such as from Sarigan in the Mariana arc (Meijer & Reagan, 1981). Olivine, 

orthopyroxene and primary amphibole are not found, but magnesiochromite occurs as 

an inclusion in HR413, the most primitive rock studied, as measured by 

clinopyroxene phenocryst mg#. Fe-Ti oxide occurs as a minor phenocryst phase in 

rocks of both primitive (HR384, HR392) and evolved (HR382, HR434, HR495) 

compositions and in the matrix of all but HR413 and HR447. It is often found 

included within clinopyroxene phenocrysts (e.g. in HR392), but never within 

plagioclase. Quartz occurs as equant, interstitial grains in the more evolved samples, 

demonstrating a tendency toward Si02-oversaturation with differentiation. The 

observed crystallisation sequence is Cr-spinel - plagioclase - Fe-Ti oxide - 

clinopyroxene - quartz. Low contents of MgO and Ni in the bulk analyses (Table 

6.1) are suggestive of the prior fractionation of olivine. The Gowonli River 

hypabyssal rocks are characterised by intergranular textures; small, anhedral to 

subhedral crystals of clinopyroxene and Fe-Ti oxide occupy the interstices between 

modally-dominant plagioclase euhedra that reach 4mm long. Quartz also occurs as 

an interstitial phase (e.g. in HR429 and HR431) and minute needles of apatite are 

found within and at the edges of plagioclase grains in HR431.
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6.2.2: Clinopyroxene. Clinopyroxene occurs as phenocrysts, often clustered with 

plagioclase and/or Fe-Ti oxides in glomerocrysts (Plate 6.2c), and as a matrix phase 

in the Gowonli volcanic rocks and is invariably unaltered. Pigeonite is not found in 

the sequence. Clinopyroxene phenocrysts are pale brown in thin section, subhedral 

and commonly twinned. They rarely exceed 1mm in size and are always modally 

subordinate to plagioclase. Matrix grains are equant and average approximately 

0.1mm across. There is usually a distinct chemical difference between phenocryst 

core and matrix grain compositions in the same rock; matrix grains being richer in 

TiOa, occasionally by more than 0.5 wt.%, and poorer in mg# and Cr20 3, consistent 

with the magmatic Ti02 increasing and MgO/FeO and Cr20 3 decreasing with 

differentiation. On the basis of clinopyroxene chemistry alone, the only possible 

analogues to the Gowonli samples amongst the northeastern Halmahera volcanic 

rocks are H57 and HA38A (see Table 5.1).

Averaged within each analysed volcanic rock, clinopyroxene phenocrysts vary 

in mg# from 83.9 (in HR413) to 66.4 (HR495) and matrix grains from 75.8 

(HR392) to 66.3 (HR495). The extremes of the range in terms of quadrilateral 
components are En^Fs^W o^ (mg# = 85.8) in HR413 and En362Fs2Z1Wo417 (mg# = 

62.5) in HR447. Analyses of 81 matrix and phenocryst phases are plotted on the 

pyroxene quadrilateral in Figure 6.1b, which shows that the bulk of the analysed 

grains are augitic and only a minor proportion plot outside the augite field as either 

salite or endiopside. Salite occurs as phenocrysts only in HR392 (En^-jFs^.j4Wo46̂ g) 

in which the matrix phase is augite (En4M2Fs14Wo44̂ 5). Endiopside occurs as 

phenocrysts in HR413 and as probable xenocrysts in the inequigranular dolerite 

HR493 (En47 3Fs93Wo434), the pyroxene of which is dominantly augite 

(En447Fs142Wo411). The endiopside phenocrysts in HR413 have slightly rounded edges 

suggestive of minor resorption of the crystals by reaction with the liquid (Plate 

6.2a); the only example in the Gowonli sequence of a pyroxene showing a reaction 

relationship with the groundmass. Phenocryst zoning is not extensive, indicating the 

maintenance of near equilibrium crystallisation conditions, and is noted mainly in the 

minor oxides Cr20 3 decreasing and Ti02 increasing from core to rim. Except for the 

probable endiopside xenocrysts in HR493, hypabyssal clinopyroxenes are augitic and 

relatively low in Cr20 3 and A120 3.

Ti02 varies inversely with mg# in the Gowonli clinopyroxenes. Taking mg# 

as a differentiation index, TiOz increases in the magma with differentiation, which 

implies that depletion of the magmatic liquid in Ti through Fe-Ti oxide 

crystallisation was insignificant. However, evidence of phenocrysts in the more
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Figure 6.1: (a) All plagioclase analyses (n = 91) from the Gowonli Formation, 
plotted on the An-Ab-Or ternary diagram;

(b) Pyroxene compositions (n = 81) from the Gowonli Formation with 
compositional boundaries taken from Deer et al. (1978).
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evolved rocks suggests that Fe-Ti oxide was an important and early crystallising 

phase. Fractional crystallisation of Fe-Ti oxide would deplete a magma in Fe as well 

as in Ti, resulting insympathetic behaviour of Ti02 and FeO in phases such as 

clinopyroxene. Thus, the inverse variation of T i02 and mg# in the Gowonli 

clinopyroxenes could be controlled by the association of Fe and Ti through Fe-Ti 

oxide fractionation, rather than reflect the dissociation of Mg and Ti because of their 

magmatic compatibility and incompatibility respectively.

Ti02 reaches an anomalous maximum of 2.21 wt.% in a matrix grain in 

HR447 ("titanaugite", Deer et al., 1978); otherwise it ranges from 0.34 (HR413) to 

0.77 wt.% (HR447) in phenocryst cores and from 0.45 (HR384) to 1.21 wt.% 

(HR446) in matrix grains. Most clinopyroxene analyses contain Ti02 between 0.5 

and 0.7 wt.%. A120 3 shows a wide range from 1.09 (phenocryst in HR495) to 5.57 

wt.% (matrix grain in HR447), but occurs usually at around 2.0 wt.%. Ti02 

correlates positively with total A120 3 in augites, which can be broken down into a 

strong positive correlation with A F  and none at all with A F, suggestive of the 

coupled replacement R2+ + 2SF  = Ti4+ + 2A13* (Deer et al., op.cit.), but the salite 

phenocrysts in HR392 are displaced from the trend at higher A F  values, reflecting 

higher proportions of Ca-Tschermak’s molecule CaAlAlSi06 (Ca-Ts) in the pyroxene 

structure. Such a relationship was reported by Fodor et al. (1975) in Hawaiian 

pyroxenes precipitating from Si02-undersaturated magmas, in which A120 3 correlated 

strongly with the clinopyroxene Wo component, reflecting high Ca-Ts and low Si 

activities. Conversely, a poor positive correlation between A120 3 and Wo in the 

Gowonli sequence clinopyroxenes indicates that S i02-undersaturation did not control 

pyroxene crystallisation in the Gowonli River rocks, a conclusion supported by the 

presence of matrix quartz grains in the more evolved rocks of the sequence, 

suggesting increasing aSi0j with differentiation.

Mortice and Gill (1986) reported a positive correlation between A120 3 and 

Wo in salitic pyroxenes from the calc-alkaline volcanic rocks of the Sangihe arc. Al- 

rich salite, with increased Ca-Ts component, is the dominant pyroxene type in these 

rocks. Magma mixing was one possibility invoked to explain the Sangihe pyroxene 

trend, as S i02-enrichment in the more differentiated members of the suite, as is seen 

in the Gowonli rocks, rules out Si02-undersaturation. Locally enhanced aH 0 , in the 

manner proposed by Conrad and Kay (1984) (see section 3.2.3), can also be 

discounted as an explanation for the precipitation of salite in HR392 as the 

plagioclase phenocrysts in the rock do not have the expected increased An content. 

Alternatively, the formation of Al-rich salite in HR392 could be explained by less
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early crystallisation of Ca-plagioclase in this, more primitive, rock, which would 

result in a relative enrichment in the Ca-Ts component in the melt.

A120 3 increases from phenocryst to matrix grains in most of the analysed 

volcanic clinopyroxenes, often by over 1 wt.%, which is surprising considering the 

high modal abundance of Al-rich plagioclase phenocrysts, which would be expected 

to deplete the residual liquid in A120 3. The increase in A120 3 could be driven by 

increasing given that TiOa is invariably greater in the matrix pyroxenes and 

considering the crystal-chemical relationship between Al and Ti described above and 

by Deer et al. (1978). The correlation of A120 3 and TiOz between phenocryst and 

matrix pyroxenes is particularly marked in HR446, HR447 and HR448, in which 

rocks the matrix phases are strongly enriched in Ti02. However, the reverse 

relationship is observed in HR392; the salitic phenocrysts have considerably higher 

A120 3 than the matrix augites which nevertheless have the usual increased Ti02, 

suggesting that the Ca-Ts relationship takes crystal-chemical precedence over that 

between Al™ and Ti.

Cr20 3 is particularly low in Gowonli volcanic clinopyroxenes, usually around 

0.1 wt.% and only exceeding 0.2 wt.% in phenocryst cores characterised by high 

mg#. This suggests crystallisation from an evolved, Cr-poor liquid depleted by the 

prior fractionation of Cr-rich spinel. Maximum Cr20 3 is 0.58 wt.% in a probable 

xenocryst in the dolerite HR493; in this grain, high Cr20 3 is associated with very 

low A120 3 (1.49 wt.%) and Ti02 (0.43 wt.%), whereas relatively high Cr2Oa (up to 

0.48 wt.%) in endiopside phenocrysts in HR413 correlates again with low Ti02 (0.34 

wt.%), but also with high A120 3 (4.23 wt.%), balancing Al3+ substitution for Si4* in 

the tetrahedral sites (the CaCrAlSi06 molecule). MnO shows a wide scatter between 

0.09 and 0.69 wt.%, but occurs usually at around 0.3 wt.%, correlating negatively 

with mg# and hence positively with FeO, but there is little evidence of a positive 

correlation with TiOz. Unquantified Cu was detected routinely during microprobe 

analyses of volcanic phenocrysts, being concentrated particularly in grains of more 

primitive composition (e.g. in HR413 and HR392). Microprobe peaks corresponding 

to Zn and, infrequently, V were also observed. These three elements were only 

rarely detected in matrix grains, suggesting that crystallisation of the phenocrysts 

rapidly depleted the liquid in the compatible transition metals.

6.2.3: Plagioclase. All the Gowonli volcanic rock samples contains plagioclase 

feldspar as both a euhedral phenocryst phase, reaching 8mm in length, and an 

acicular matrix phase, occasionally "swallow-tailed", indicating rapid growth under
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quench conditions (e.g. in the pillowed rocks HR447 and HR495). It is also the 

dominant modal constituent of the dolerites. The volcanic phenocrysts often contain 

cryptocrystalline patches indicative of incorporation of the rock groundmass during 

rapid crystal growth (Meijer & Reagan, 1981); these ’’melt inclusions" can be 

arranged in discrete zones parallel to the crystal rims (e.g. in HR392: Plate 6.2d). 

This phenomenon was described in detail by Dungan and Rhodes (1978) in 

plagioclase phenocrysts from Mid-Atlantic Ridge basalts and so is not necessarily 

diagnostic of volcanic arc magmas. Plagioclase often displays signs of incipient 

alteration; it can appear turbid and murky and be albitised and partially replaced by 

calcite (e.g. in HR382, HR388, HR392) and/or K-feldspar (HR382, HR388, HR392, 

HR418, HR473) (see section 7.4).

Plagioclase phenocrysts form up to 40 modal% of the volcanic rocks and 

commonly display complex oscillatory zoning (Phemister, 1934), well developed, for 

example, in HR447 (Plate 6.2b). Oscillatory zoning is typical of plagioclase from 

calc-alkaline island arc suites, such as in the Mariana (Stem, 1979; Dixon & Batiza, 

1979) and the Sangihe arcs (Morrice et al., 1983; Morrice & Gill, 1986). Primary 

plagioclase compositions span a wide chemical range, from bytownite (An813: 

HR493) to andesine (An^: HR384, HR388), although few analyses are more calcic 

than An^ and the majority of the rocks contain primary plagioclase varying in 

composition between around An^ and An^. There is no systematic correlation of 

plagioclase phenocryst An content and co-existing clinopyroxene phenocryst mg# in 

the Gowonli volcanic sequence. Primary plagioclase analyses are plotted on Figure 

6.1a, along with those of secondary grains, enriched in the Ab and/or Or 

components. Primary plagioclase compositions define a similar differentiation trend 

of An decreasing and Or increasing (Fig.6.1a) to that reported by Keil et al. (1972) 

from feldspars in Hawaiian tholeiitic to alkalic volcanic rocks, demonstrating the 

increasing magmatic activity of the generally incompatible element K with 

progressive differentiation.

Matrix plagioclase laths are usually more sodic than the phenocrysts in the 

same rock. For example, in HR395 phenocryst compositions span the range An^-^g 

whereas the matrix phase is An48 The Or component is also enriched in the 

matrix grains. Zoning in plagioclase phenocrysts is oscillatory in the volcanic rocks, 

often with the result that the rims are the more calcic, i.e. with an overall reverse 

zoning effect (to the extent of 8 mol.% An in HR447). Both reverse and normal 

overall zoning patterns are observed in different phenocrysts from the same rock 

(e.g. HR392), which suggests mixing of different magma batches prior to eruption.
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However, continuous normal zoning of up to 20 mol.% An is observed in the 

coarse-grained dolerite HR429 and up to 30 mol.% in rare grains up to 5mm in size 

in the generally fine-grained dolerite HR493; the maximum range in the latter 

example, from a core composition of AnglJ to a rim of An514, probably reflects the 

partial re-equilibration of a xenocryst. Total Fe expressed as Fe20 3 (see section 

3.2.5) varies from 0.58 to 1.33 wt.%, but shows no clear correlation with the major 

plagioclase components. In contrast, F e ^  in plagioclase from the Sangihe arc has a 

similar range (0.4-1.3 wt.%), but increases with decreasing An content, a relationship 

contrary to that reported for plagioclase feldspar by Smith (1975) and described in 

section 3.2.5.

62.4: Fe-Ti Oxide. Fe-Ti spinels are found throughout the Gowonli sequence; 

sporadically as equant, sometimes sub-rounded, subhedral to euhedral phenocrysts up 

to 1mm in size and commonly as usually equant matrix grains averaging 

approximately 0.05mm across, occasionally skeletal in form in quenched rocks such 

as HR495. Phenocrysts are often associated spatially with plagioclase and, 

particularly, pyroxene phenocrysts. Fe-Ti oxide occurs ubiquitously as groundmass 

grains and as phenocrysts and microphenocrysts in all but the most Mg-rich Sangihe 

arc volcanic rocks described by Morrice and Gill (1986); its common inclusion 

within clinopyroxene is indicative of its early position in the crystallisation sequence. 
Similarly, the presence of the phase as equant, Ti-poor inclusions up to 0.5mm 

across within clinopyroxene phenocrysts in the Gowonli rocks suggests its prior 

crystallisation, although the rock with the most Mg-rich clinopyroxene phenocrysts 

(HR413) does not contain Fe-Ti oxide as either phenocryst or matrix grains. HR413 

contains only plagioclase as a matrix phase and its endiopside phenocrysts bear rare 

inclusions of magnesiochromite, the chemistry of which is discussed in section 6.2.5 

below.

The Fe-Ti spinels are titaniferous magnetites (Deer et al., 1962b) which have 

been oxidised by secondary alteration (see section 6.3 below). Continuous solid 

solution between magnetite Fe0.Fe20 3 and ulvospinel 2Fe0.Ti02 takes place at high 

temperatures, with exsolution occurring on slow cooling below 600°C for 

compositions containing up to 40 mol.% of the ulvospinel component (Vincent et 

al., 1957). There is no microprobe evidence for unmixed intergrowths between these 

two end-members in the volcanic rocks of the present study, suggesting rapid 

magmatic cooling has preserved chemical homogeneity in the spinels (e.g.

Wilkinson, 1957). T i02 varies between 6.39 and 19.5 wt.% and shows a strong
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negative correlation with A120 3 (r = -0.80), which substitutes for Fe2Oa and ranges 

from 0.52 to 8.70 wt.%. Cr20 3 can also replace Fe20 3 in the magnetite structure, but 

is very limited in the volcanic Fe-Ti oxides (up to 0.30 wt.%), suggestive of 

crystallisation from a Cr-depleted parental liquid. Cr20 3 shows a vaguely positive 

correlation with A120 3. MnO (0.38-3.55 wt.%) and MgO (0.28-3.57 wt.%) both 

substitute for FeO and correlate negatively with each other. Zn, substituting for 

Fe2+, was detected rarely in magnetite grains from more evolved rocks. There are no 

correlations between either MgO and A120 3 or FeO and Cr20 3 such as are seen in 

the Cr-spinels in the Halmahera plutonic rocks.

In the relatively coarse-grained dolerites HR429 and HR431, Fe-Ti oxides 

occur as straight-sided but irregular grains averaging 1mm in size which crystallised 

in the interstices between plagioclase euhedra. These have an "etched" appearance 

under reflected light, suggestive of the presence of complex exsolved sub-grains of 

ulvospinel within the magnetite host. Consequently, analyses of these grains record 

highly variable T i02, from 15.2 to 30.7 wt.% in HR429 and from 17.1 to 51.4 wt.% 

in HR431. The maximum recorded Ti02 in HR431 reflects virtually pure FeTi03, 

with no detected A120 3 or Cr20 3 and minor MnO and MgO, and implies that the 

microprobe beam resolved a discrete ulvospinel intergrowth formed by exsolution 

from an originally homogenous Fe-Ti oxide host during relatively slow hypabyssal 

cooling, and that the other analyses in these two rocks combine unresolved 

composite grains. Analyses of the opaque phase in the other, less coarse-grained 

dolerites (HR388 and HR493) do not show this variability in TiOz and are 

titaniferous magnetites comparable with those in the volcanic rocks. The oxide in 

HR493 is particularly rich in Ti02 (>19 wt.%), whereas that in the relatively 

pyroxene-rich HR388 contains high Cr20 3, up to 0.64 wt.%.

6.2.5: Cr-rich spinel. Cr-rich spinel is found only as a small (cO.lmm), black, 

sub-rounded inclusion within an endiopside phenocryst in HR413 of mg# = 86. The 

Gowonli spinel has values of cr# (67.2) and mg# (52.9) higher than those of spinels 

in the Halmahera ophiolitic cumulate rocks (section 3.2.2) and is relatively low in 

TiOz (0.52 wt.%) and Fe20 3 (5.52 wt.%), estimated on the basis of 12 cations. Such 

a composition makes the Gowonli example a titaniferous magnesiochromite by the 

nomenclatural scheme of Sigurdsson and Schilling (1976). Cr-rich spinel is a low 

pressure liquidus phase in a high-Mg melt (Fisk & Bence, 1980) and is a common 

accessory in MORB (e.g. Sigurdsson & Schilling, op.cit.), often as an inclusion in 

olivine and rarely included within clinopyroxene phenocrysts (Dick & Bullen, 1984).
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This pattern of spinel occurrence was also described by Reagan and Meijer (1984) 

in calc-alkaline arc volcanic rocks from Guam in the Mariana forearc and by 

Mortice and Gill (1986) in the Sangihe arc. Irvine’s (1967) statement that the 

precipitation of Cr-rich spinel is terminated by the appearance of clinopyroxene on 

the liquidus suggests that the Gowonli spinel is a xenocryst formed prior to the 

crystallisation of its pyroxene host, similar to spinel enclosed within postcumulus 

clinopyroxene in the cumulate rocks (section 3.2.2).

The HR413 magnesiochromite is more Cr-rich than spinels from oceanic crust 
basalts (Dick and Bullen, 1984), but has comparable chemistry, in terms of cr# and 

mg#, to spinel in the arc-related, high-Mg augite andesite from the Modoc Plateau, 

northeastern California. It also falls within the compositional ranges (mg# = 0.49 to 

0.54, cr# = 0.54-0.73, T i02 = 0.5-0.7 wt.%) of spinels from the Nauru Basin sill and 

pillow basalt complex in the southwest Pacific (Tokuyama & Batiza, 1981). The 

occurrence of Cr-enriched spinels in island arc lavas was related by Dick and Bullen 

(op.cit.) to the high Si and low A1 of the parental melt, through the strong 

dependence of the spinel/melt Cr distribution coefficient on melt composition.

62,6: Amphibole. Clinopyroxene in the quartz-bearing, albitised dolerite HR431 is 

partly overgrown by a pale greenish-brown, Fe-rich [mg# (with all Fe as Fe2+) = 

45.9-51.8], amphibole of composition varying from actinolite through actinolitic 

hornblende to hornblende (A120 3 = 1.67-4.23 wt.%) and containing high Ti02, 

variable between 0.53 to 1.06 wt.% (cf. primary clinopyroxene Ti02 in HR431 =

0.53-0.66 wt.%). Evidence for the origin of this amphibole is equivocal and 

obscured by alteration to fine-grained chloritic aggregates, but textural relations and 

high TiOz, reaching higher values than in the clinopyroxene (cf. Lippard et al.,

1986), suggest a late magmatic origin, although the microprobe detection of Cl could 

suggest a secondary origin via a marine-derived fluid.

6.3: Alteration

The alteration undergone by the Gowonli River rocks is much less pervasive 

than that described from the northeastern Halmahera volcanic rocks and is 

summarised in section 7.4. Clinopyroxenes are always unaltered, but plagioclase is 

often wholly or partially albitised (e.g. HR434) and/or replaced by calcite, with 

secondary, interstitial grains of K-feldspar providing a reservoir for the liberated K20  

(e.g. in HR392 and HR418). In HR446, the matrix plagioclase laths are albitised 

whilst the phenocrysts preserve their primary calcic composition. Plagioclase
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phenocryst cores can be altered preferentially relative to the rims (e.g. in HR392). 

Excluding the ulvospinel-rich analyses from HR431, Fe-Ti oxides generally give 

microprobe totals between 93 and 95% on distributing total iron between FeO and 

Fe20 3 on the basis of 12 cations, but can invariably be made up to around 100% by 

treating all the analysed iron as Fe20 3. This indicates oxidation of the magnetite 

component to cation-deficient maghemite, as described from HI, H57, HA7A, HA24 

and HA85 in the northeastern Halmahera volcanic rocks (section 5.3.2).

Low-Ti saponite (an Mg-rich smectite) occurs as abundant, pale reddish- 

brown, equant, fine-grained aggregates in the matrix of the relatively primitive rock 

HR392. Saponite is a common low temperature alteration product of submarine 

basalts and usually occurs infilling veins and vesicles (e.g. Natland & Mahoney, 

1981) or replacing interstitial glass and phases such as olivine (Kurnosov et al.,

1981; Alt et al., 1986), but in this case its mode of formation is uncertain. It could 

represent microamygdales or the product of the low temperature replacement of an 

Mg-rich primary matrix phase (?olivine).

The most altered and veined Gowonli volcanic rock is HR473, collected close 

to an outcrop of sheared serpentinite and stream boulders of serpentinite, laterite, 

gabbro and red chert. The matrix titaniferous magnetite phase is commonly 

overgrown by red-brown, Cl-bearing biotite (mg# = 33-35; TiOa = 3.9-4.3 wt.%) 

which itself is partly broken down to pale yellowish chlorite. Microprobe analyses of 

the matrix oxide phase in HR473 always result in significant Si peaks and suggest 

that the biotite partly replaces the magnetite in this rock. Clinopyroxene is unaltered, 

but matrix plagioclase is completely replaced by an assemblage including Ca-bearing 

analcime and K-feldspar and the phenocryst phase (in unaltered parts, An*^) 

variably overprinted by prehnite in the vicinity of veins. Three generations of 

composite veins cut HR473, reflecting equilibration of Ca-rich fluids at progressively 

decreasing temperatures: (i) prehnite surrounded by brown pumpellyite, (ii) prehnite 

and pectolite of pure compositions, and, finally, (iii) natrolite and fibrous, yellow 

?mesolite.

6.4: Whole-rock major, trace and rare earth element geochemistry 

6.4.1: General aspects. Five representative samples were selected for bulk analysis 

(Table 6.1) and brief descriptions of these rocks follow below. Apart from HR395, 

the samples are from outcrop. Although the effects of low-grade metamorphism are 

not as pronounced as in the ophiolitic samples, all the Gowonli Formation volcanic 

rocks are altered by the criteria of Le Bas et al. (1986), containing more than 2
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HR395 H R43 4 HR 44 7 HR 495  H R 4 2 9

wt.% o x id e

S102 52.71 5 9 .2 3 4 9 .7 6 5 2 .5 8 5 3 .3 4
Ti02 0 .98 0 .8 5 1 .08 0 .9 5 0 .7 3
A1203 17.94 1 5 .4 7 1 7 .4 6 17 .0 3 1 9 .1 8
FeO 3 .1 7 2 . 8 5 3 .7 0 4 .9 2
Fe203 4 .0 9 3 .1 7 5 .1 9 3 .9 9 7 .3 5
MnO 0.10 0 .1 2 0.13 0 .1 8 0 . 0 9
MgO 3.90 2 . 5 1 4.54 3 .1 7 3 .8 0
CaO 8 .1 9 4 .7 2 8 .4 6 4 .6 7 6 .6 9
Na20 3 .84 3 .5 2 3 .0 3 6 .0 6 4 .1 4
K20 1 .12 0 .9 4 0 .71 2 . 3 5 1 .2 3
P205 0.24 0 .2 8 0 .25 0 .2 7 0 . 1 9
H20- 1 .6 1 2 . 7 1 3 .93 1 .2 1 1 . 1 0
H20+ 1.74 3 .8 5 1 .73 2 .4 5 2 . 1 7
C02 0 .0 9 0 .5 1 0 .3 1 0 .4 3 0 .1 8

T o t a l 99 .72 1 00 .73 1 0 0 .28 1 0 0 .2 6 1 0 0 .1 9

t r a c e  e l e m e n t s  (ppm)

Li 12 9 28 25 7
Cl - 30 60 - -

Sc 2 7 .6 2 4 .3 3 3 .8 3 1 .0 2 5 .4
V 328 136 396 274 252
Cr 58 .7 3 .2 58 .1 8 .3 2 0 . 0
Co 46 21 29 28 52
Ni 4 2 .6 3 .3 4 0 .9 5 . 5 2 1 . 5
Cu 199 2 5 .5 223 258 126
Zn 75 .5 9 2 .6 8 8 .9 105 5 4 .3
Ga 19.4 1 9 .8 2 1 .9 1 7 .0 2 3 . 5
Rb 10 .2 2 2 . 7 11 .7 2 2 .1 1 4 .7
Sr 304 414 343 458 4 61
Y 2 6 .5 3 5 .7 3 1 .9 3 2 .7 2 1 .8
Zr 150 205 174 106 122
Nb 2 .2 3 .3 2 .7 3 . 0 1 . 4
Ba 7 7 .9 6 7 .7 76 .3 295 118
Pb 5 .1 5 . 6 5 .6 5 . 0 1 . 3
Th 0 .9 2 . 0 1 .1 0 . 5 0 . 7
La 1 1 .6 1 8 .6 1 3 .9 11 .2 7 . 9
Ce 2 8 .5 4 6 .3 34 .3 3 1 .1 2 3 . 0
Nd 1 9 .6 3 0 . 8 23 .2 2 1 .5 1 6 .7

REE (ppm)

La (26.2) (24 .5 ) (2 2 .6 ) (14 .2 )
Ce 28 .5 4 2 .1 3 1 .1 2 9 .3
Pr 3 . 9 5 .3 4 .1 3 . 7
Nd 17 .3 2 3 . 8 19 .0 1 7 .6
Sm 4 .4 6 .0 4 .8 4 . 6
Eu 1 .3 1 .7 1 .4 1 . 5
Gd 4 .7 6 .1 5 .2 5 .2
Dy 4 .3 5 .2 4 .8 4 . 9
Ho 0 . 9 1 .0 1 .0 1 . 0
Er 2 .4 2 .8 2 . 6 2 . 7
Yb 2 .4 2 . 9 2 .8 2 . 7
Lu (0 .4 ) (0 .5 ) ( 0 .5 ) (0 .5 )

r a t i o s

mg# 5 0 .6 4 4 .2 49 .4 4 0 .1 5 0 .9
Ba/La 6 .7 3 . 6 5 .5 2 6 .3 1 4 . 9
La/Nb 5 .3 5 .6 5 .1 3 . 7 5 . 6

MORB-normalised t r a c e > e l e m e n t s ( P e a r c e ,  1982)

Sr 2 .5 3 3 .4 5 2 .8 6 3 .8 2 3 .8 4
K 7.75 6 .6 9 5 .02 1 6 .2 6 8 .4 7
Rb 5.10 1 1 .3 5 5 .85 1 1 .05 7 .3 5
Ba 3 .9 0 3 . 3 9 3 .8 2 1 4 .75 5 .9 0
Th 4 .50 10 .0 0 5 .50 2 .5 0 3 . 5 0
Nb 0 .6 3 0 .9 4 0 .7 7 0 .8 6 0 . 4 0
Ce 2 .8 5 4 .63 3 .4 3 3 .1 1 2 . 3 0
P 2 .0 7 2 . 4 9 2 .2 1 2 .3 4 1 .6 3
Zr 1 .67 2 .2 8 1 .93 1 .1 8 1 .3 6
Sm 1.33 1 .82 1 .45 1 .3 9 1 .0 0
Ti 0 .6 8 0 . 6 1 0 .7 6 0 .6 6 0 . 5 0
Y 0 .8 8 1 .1 9 1 .0 6 1 .0 9 0 .7 3
Yb 0 .7 1 0 .8 5 0 .82 0 . 7 9 0 .6 0

c h o n d r i t e - - n o r m a l i s e d REE (Nakamura, 1974)

Ce 3 2 .9 4 8 .7 36 .0 3 3 .9
Nd 2 7 .5 3 7 .8 30 .2 2 7 .9
Sm 2 1 .7 2 9 . 6 2 3 .6 2 2 .7
Eu 1 6 .9 2 2 .1 18 .2 19 .5
Gd 17 .0 2 2 .1 18 .8 1 8 .8
Dy 12 .5 1 5 .2 1 4 .0 1 4 .3
Er 10 .7 1 2 .4 1 1 .6 1 2 .0
Yb 1 0 .9 1 3 .2 12 .7 12 .3

Table 6.1: Whole-rock geochemistry of Gowonli River rocks. Sample HR429 is 
hypabyssal, the others are volcanic.
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wt.% HjO + C 02, and Cann (1971), having Fe203/(Fe0  + Fe20 3) > 0.4. Furthermore, 

chemical classifications and normative calculations are complicated by the presence 

of silica-filled amygdales in HR395, HR434 and HR495; that the analyses are 

generally Si02-oversaturated (quartz and hypersthene-normative) is therefore 

unsurprising. However, HR447 is also oversaturated in S i02, but does not contain 

silica-filled amygdales, which suggests that S i02-oversaturation is a primary feature 

of the Gowonli volcanic rocks. The "spilitised" rock HR495 is S i02-undersaturated, 

containing 2.9% normative nepheline, presumably due to increased Na through 

metasomatic alteration, which is evident in the thoroughgoing albitisation of the 

HR495 plagioclase. The volcanic rocks are basaltic andesites on the Le Bas et al.

(iop.cit.) alkali-silica classification, except HR434 which is a dacite with 22% 

normative quartz, largely on account of its large silica-filled amygdales.

6.4.2: Brief sample descriptions.
HR395: particularly abundant volcanic type, collected as float along section of variations of 
volcanic conglomerates, volcanic breccias and massive volcanic rocks. Virtually fresh; 25 
modal% plagioclase (AnS9̂ ) phenocrysts up to 5mm long, usually in clots with equant, 
subhedral augite (mg# = 77.9: av.lmm). Groundmass including skeletal Ti-rich (up to 17.3 
wt.%) magnetite, tiny anhedral augite (mg# = 71.3) and plagioclase ( A i v 53) microlites, set 
in chloritised brown glass. Silica abundant in tiny microamygdales, circular in section.

HR434: breccia clast sample from volcanic/volcanogenic breccia transition zone, overlain by 
red, calcareous mudstones. Poorly (10-15 modal%) plagioclase- (An^g) and augite- (mg# = 
72.3) phytic rock with equant microphenocrysts of titaniferous magnetite in a groundmass 
dominated by abundant plagioclase (A1I45.53) microlites aligned in a trachytic texture. Also 
groundmass magnetite and quartz, in pale brown glass. Plagioclase phenocrysts partially 
albitised. Ovoid amygdales (av.lmm across) containing silica and mordenite.

HR447: 2m-diameter pillow overlain by limestones, in turn followed upwards by tuffaceous 
sandstones. 15 modal% plagioclase (An5JW6: up to 8mm long) plus augite (mg# = 77.0) 
glomerocrysts set in matrix dominated by swallowtail plagioclase (A n^) microlites in a 
vaguely trachytic texture with minute grains of variably titaniferous augite and quartz set in 
abundant brown glass. Green Cl-bearing celadonite in rare microamygdales.

HR495: lm-diameter pillow overlain by thin limestones and fine-grained bedded tuffs. 30 
modal% plagioclase plus rare augite (mg# = 66.4) and equant to anhedral magnetite 
phenocrysts in matrix dominated by plagioclase laths (av.0.5mm long). Also rare matrix 
augite, abundant skeletal magnetite, and quartz. Plagioclase all thoroughly albitised. 
Microamygdales of silica, celadonite and rare calcite.

HR429: massive dolerite from monotonous section overlain by sample HR434. 
Approximately 85 modal% zoned euhedral plagioclase (A n^), 3 to 4mm long with small, 
equant, interstitial augites (mg# = 75.1), usually subhedral Fe-Ti oxides and quartz in well- 
developed intergranular texture.
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6.4.3: Major and trace elements. The highly porphyritic nature of the Gowonli 

Formation rocks means that the analyses listed in Table 6.1 do not correspond 

necessarily to liquid compositions. However, the major element bulk rock chemistry 

indicates a calc-alkaline affinity, as no significant Fe enrichment trend is discemable 

over the small number of samples analysed. This interpretation is supported by the 

highly plagioclase-phyric nature of the Gowonli volcanic rocks and the absence of 

two-pyroxene assemblages, although low K^O/Na^ ratios (<0.4) are more indicative 

of a tholeiitic affinity, but are highly susceptible to alteration (e.g. Menzies & 

Seyffied, 1979; Moody, 1979). Similarly, the active volcanoes of the west 

Halmahera arc show "small to moderate" degrees of Fe enrichment and are 

considered typical of a "normal" calc-alkaline oceanic arc (Morris et al., 1983), 

"moderate" Fe enrichment is observed in the calc-alkaline andesitic suite of the 

active volcano of Agrigan in the northern Mariana intra-oceanic island arc (Stem, 

1979) and a "low degree" of Fe enrichment, typical of an "orogenic calc-alkaline 

suite", was noted across the whole of the Mariana arc by Dixon and Batiza (1979). 

Consistently high Fe203/Fe0  ratios suggest primary oxidising conditions in the 

magma, although the susceptibility of this ratio to increase with secondary alteration 

processes is illustrated by the common occurrence of cation-deficient maghemite.

The Gowonli analyses are characterised by high A120 3, ranging from 15.5 to 

17.9 wt.% in the volcanic rocks, consistent with their plagioclase-phyric petrography. 

Low Ti02 contents (0.85-1.08 wt.%) are typical of island arc magmas and compare 

with those (0.8-1.1 wt.%) of the Sangihe arc volcanic rocks (Mortice et al., 1983), 

but are higher than those of the Mariana arc, which average 0.79 wt.% Ti02 (Dixon 

& Batiza, 1979). Cr and Ni show parallel behaviour, but are consistently low in the 

Gowonli rocks. This indicates prior fractionation of olivine and spinel and reflects 

the low Cr20 3 content of the clinopyroxene. Both Ni and Cr correlate positively with 

MgO, which has a narrow range between 2.5 and 4.6 wt.%. V has a wide range 

(136-396 ppm) and has a positive correlation with Ti, which could be explained by 

fractionation dominated by clinopyroxene.

Sr contents are high in the Gowonli Formation rocks (304-461 ppm: cf. mean 

Sr = 301 ppm in the Mariana arc; Dixon & Batiza, 1979). High Zr contents (106 to 

205 ppm) indicate the evolved nature of the rocks, by comparison with primitive 

MORB (37-110 ppm Zr; Sun et al., 1979). In contrast, Zr contents in the lavas of 

the Sangihe arc, which have closely comparable T i02 to the Gowonli volcanic rocks, 

vary between 40 and 80 ppm (Morrice et al., 1983); the particularly low Ti/Zr of 

the Gowonli volcanic rocks are suggests that they have undergone extensive Fe-Ti
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oxide fractionation. Nb is also consistently low (2.2-3.3 ppm), suggesting its 

association with Ti and decoupling from Zr. Cu is variable from 25.5 to 258 ppm 

and has no significant correlation with Zn; microprobe evidence suggests it is 

accommodated in clinopyroxene. Ba/La ratios (Arculus & Powell, 1986) are variable 

(Table 6.1), but are all greater than 3 and thus consistent with an island arc origin, 

as are the high La/Nb ratios (Saunders et al., 1980b; see section 5.5.2), which range 

from 3.7 to 5.6.

MORB-normalised spider diagram trace element patterns (section 5.5.3) for 

the Gowonli Formation volcanic rocks are presented in Figure 6.2. All the rocks 

display profiles humped to the left, indicative of selective enrichment of the LEL 

elements relative to normal MORB, and show prominent negative Nb and smaller 

negative Ti anomalies, implying the decoupling of Ti and Nb from the other HFS 

(as exemplified by Zr) and characteristic of a volcanic arc affinity (Pearce et al., 

1984; Arculus, 1987; Ryerson & Watson, 1987). Na, K and Ba are particularly 

enriched in HR495, which correlates with the aforementioned "spilitisation" of this 

rock and hence could be a product of secondary alteration. However, Stem (1979) 
found a variable enrichment in LIL such as Rb and Ba in fresh Agrigan andesites 

that could not be explained by fractional crystallisation and which suggested a 

selective large cation enrichment process such as vapour transfer, which could 

feasibly explain the chemistry of HR495. The Gowonli rocks cluster within and 

towards the edge of the "arc lavas" field on the Ti-Zr plot (Pearce, 1980) (indicated 

on Figure 5.3), but are too evolved in composition for the application of 

discrimination diagrams designed for basaltic rocks. Nevertheless, Ti-Zr-Y contents 

(as plotted on the discrimination diagram of Pearce and Cann, 1973) are typical of 

calc-alkaline volcanic rocks.

6.4,4: Rare earth elements. Chondrite-normalised REE profiles for the Gowonli 

Formation volcanic rocks are illustrated on Figure 6.3 and compared with the 

northeastern Halmahera volcanic rocks on Figure 5.6. The analysed rocks are all 

markedly LREE-enriched, with values between 10 and 50 x chondrite and CeN/YbN 

ranging from 2.8 to 3.7, typical of a calc-alkaline arc suite. The patterns are parallel, 

indicative of a common source, but that of HR495, the most altered sample 

analysed, crosses the others slightly, which could be a product of relative LREE 

depletion on alteration (e.g. Menzies et al., 1977). Comparison of the analyses of La 

by the XRF and ICP methods (Table 6.1) shows the unreliability of the 

determinations of this element, which is therefore not plotted for the Gowonli
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Formation samples on Figure 6.3. As a consequence, a Ce anomaly, used by 

Menzies et al. (op.cit.) as evidence for seawater interaction, cannot be discerned in 

the REE profile of HR495. The samples all have negative Eu anomalies, indicative 

of plagioclase fractionation, although Eu anomalies can also be caused by alteration 

(e.g. Heilman et al., 1979; Coish et al., 1982). The Gowonli REE patterns compare 

closely with those of the more evolved members of the calc-alkaline Oha Volcanics 

of the southwestern arm of Halmahera (Hakim, 1989), which have REE contents 

between 6 and 54 x chondrite and Cej/YbN averaging 2.6 in phyric and 2.8 in 

aphyric samples.

6.4.5: Comparison with northeastern Halmahera ophiolitic volcanic rocks. The 

andesite H57 is a possible correlative with the Gowonli Formation volcanic rocks on 

the basis of petrography and clinopyroxene chemistry (section 6.2.2), but H57 is 

greatly enriched in Rb, Sr, Ba, Pb and Th and the LREE (Fig.5.6) and hence cannot 

be genetically related to the Gowonli rocks. Direct comparison of REE patterns 

(Fig.5.6) suggests a genetic correlation between the Gowonli River volcanic rocks 

and a basalt-andesite-dacite association (samples H69, H99, HA43 and HA59: group 

i in section 5.6.3) from northeastern Halmahera. However, these rocks are distinct 

petrographically from the Gowonli River samples; Fe-Ti oxide is a rare and late- 

crystallising phase, whereas it is abundant and early-crystallising in the Gowonli 
rocks and the northeastern Halmahera rocks are pyroxene-rich, crystallise 

orthopyroxene and define a clear Fe-enrichment trend, whereas the Gowonli rocks 

are pyroxene-poor, do not crystallise orthopyroxene and show no Fe-enrichment 

trend. These contrasts are manifest in the incompatible trace element contents of 

both groups of samples; a plot of Ce/Zr v. Zr (Fig.6.4), although not conclusive due 

to the presence of "anomalous" samples in both datasets (viz. dacite HA59 has great 

and anomalous enrichment in Zr relative to the other northeastern Halmahera rocks 

and the altered Gowonli sample HR495 appears significantly depleted in Zr and/or 

enriched in Ce), suggests that the Gowonli samples form a distinct linear trend 

indicating magmatic Zr enrichment relative to the LREE in comparison to that of 

the northeastern Halmahera rocks. Thus, the Gowonli rocks appear to have 

crystallised from a magma of similar LREE/HREE, but different LREE/Zr and f 0 2 

(giving rise to the mineralogical contrasts; see section 6.5.3 below) than the basalt- 

andesite-dacite group i, their only possible correlatives amongst the northeastern 

Halmahera volcanic rocks.
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6.5: Implications

6.5.1: General. The petrography, petrology and geochemistry of the Gowonli River 

igneous rocks suggest that they are a sequence of high A120 3, low Ti basaltic 

andesites and associated dolerites/microdiorites that crystallised from an evolved 

island arc magma of calc-alkaline affinity. Every geochemical discrimination 

parameter tested is consistent with this interpretation. Calc-alkaline volcanism is 

more usual in continental volcanic arcs, but is recorded in intra-oceanic island arcs 

around the Philippine Sea region, such as the Mariana arc (Stem, 1979; Dixon & 

Batiza, 1979; Meijer & Reagan, 1981), the Sangihe arc (Morrice et al., 1983; 

Morrice & Gill; 1986) and also the west Halmahera arc (Morris et al., 1983). Fresh 

volcanic rocks collected on the 1984 expedition from the island of Temate in the 

Halmahera arc (e.g. samples TE6, TE11, TE16) are petrographically and 

mineralogically similar to the Gowonli samples, having phenocryst assemblages of 

oscillatory-zoned plagioclase (An51̂ 2) + clinopyroxene + titaniferous magnetite ± 

orthopyroxene set in a matrix of plagioclase microlites aligned in a trachytic texture 

and siliceous glass with K20  around 4 wt.%. However, chemical comparisons 

indicate that the Gowonli magmatism was distinct from any of the magmatic events 

recorded by the northeastern Halmahera volcanic rocks and resulted in the eruption 

of the Gowonli sequence onto the ophiolitic basement somewhere between 90 and 

65 Ma, during an entirely separate volcanic event. This volcanic phase could 

correlate both geochemically and temporally with the earliest phase of volcanism 

recorded in the basement of the active arc of western Halmahera, the basalts to 

basaltic andesites of the probable Late Cretaceous Oha Volcanics, as suggested by 

Hakim (1989). The alteration of the primary igneous mineral assemblages of the 

Gowonli River rocks suggests relatively high heat flow and is discussed in Chapter 

7.

6.5.2: An oceanic plateau sequence? In section 6.2.5 above, the composition of 

the magnesiochromite inclusion within HR413 was correlated with spinels from 

basalts drilled from the Nauru Basin in the southwest Pacific on DSDP Leg 61. The 

floor of the Nauru Basin consists of a voluminous sill and pillow basalt complex 

chemically different from both n-MORB and oceanic island tholeiites and, with 

similar basalts from the Manihiki and the Ontong-Java Plateaux, proposed as "ocean- 

plateau tholeiite" (Tokuyama & Batiza, 1981), generated by a shallow melting 

anomaly in a tensional environment. Recent work has shown oceanic plateaux being 

accreted along the Philippine Trench and suggested that they could become
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"obducted" onto the landward plate margin and preserved as ophiolites (Hall & 

Nichols, in press; Nichols et al., in press); the purpose of this comparison is to test 

the possibility that the Gowonli sequence represents such an onshore oceanic plateau.

The rocks recovered from the Nauru Basin are quartz- and hypersthene- 

normative basalts (Shcheka, 1981; Tokuyama & Batiza, 1981) of similar, but less 

differentiated, major element chemistry to the Gowonli Formation volcanic rocks, but 

with slightly higher Ti02 (0.9-1.6 wt.%). However, there is no evidence for the early 

crystallisation of Fe-Ti oxides in the Nauru Basin rocks and, although trace element 

data are very limited, they are depleted in the LREE (Batiza, 1981; Seifert, 1981) 

and contain low abundances of the LIL elements (Fujii et al., 1981). The data of 

Seifert (op.cit.) indicate no negative Ta-Nb anomaly such that the Nauru Basin 

volcanic rocks are akin to transitional MORB rocks. Basalts recovered from the 

Ontong-Java Plateau at DSDP Site 289 (Stoeser, 1975) are overlain by intercalated 

tuffs and limestones of Early Cretaceous age and are geochemically very similar to 

those described from the Nauru Basin. Thus, chemical data suggest that an oceanic 

plateau setting for the genesis of the Gowonli volcanic rocks can be ruled out.

6.5.3: The calc-alkaline trend. The calc-alkaline differentiation trend of the 

Gowonli rocks appears to be controlled by the fractionation of magnetite, accounting 

for the lack of an Fe-enrichment pattern. Early crystallisation of magnetite is 

apparent in the Gowonli volcanic rocks and is evident in cumulate xenoliths within 

the calc-alkaline rocks of the Sangihe arc (Morrice et al., 1983), in which the modal 

abundance of magnetite parallels the modal proportion of magnetite phenocrysts in 

the volcanic host rock. Tholeiitic rocks from this arc are characterised by a 

significantly lower modal proportion of magnetite (Morrice & Gill, 1986); this and 

the absence of hornblende in tholeiitic rocks are the only mineralogical differences 

between the suites. Experimental work has demonstrated that Fe-Ti oxide stability in 

andesitic liquids greatly increases with increasing magmatic f 0 2', magnetite is stable 

above 1000°C only when JD2 is at the haematite-magnetite (HM) buffer (Helz, 1973) 

and can only co-precipitate with silicate phases under f 0 2 above the nickel-nickel 

oxide (NNO) buffer (Eggler & Burnham, 1973). In tholeiitic volcanic rocks, in 

which an Fe enrichment trend is pronounced, f 0 2 is usually close to the quartz- 

fayalite-magnetite (QFM) buffer (Holloway & Burnham, 1972), i.e. at a less strongly 

oxidising level. Thus, the abundance and early crystallisation of titaniferous 

magnetite in the Gowonli sequence rocks is an indication of highly oxidising 

conditions in the parental magma.
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6.5.4: Possible reasons fo r the lack o f magmatic amphibole and orthopyroxene.

The absence of magmatic amphibole in the Gowonli Formation volcanic rocks 

suggests either crystallisation under low PH0 (Eggler, 1972; Eggler & Burnham, 

1973) or at a temperature above its stability limit (Holloway & Burnham, 1972), 

which decreases with J02 to around 970°C at the HM buffer according to Helz 

(1973). The data of Morrice and Gill (1986) indicate that the occurrence of 

amphibole in the calc-alkaline rocks of the Sangihe arc does not correlate with the 

bulk rock concentration of N a^  or K20 , suggesting that the magmatic activity of 

Na and K has no effect on amphibole stability. Low PHj0 in the Gowonli rocks is 

suggested by the lack of plagioclase of very high An content (Johannes, 1978; 

Arculus & Wills, 1980; Meijer & Reagan, 1981). The occurrence of quartz in some 

Gowonli River samples indicates an Si02-oversaturated magma and high aSi0i 

favours the stabilisation of orthopyroxene (Morrice & Gill, 1986), but neither 

orthopyroxene nor olivine are found in the Gowonli rocks, suggesting low aMg0.

6.5.5: Magma mixing. The growth morphologies of plagioclase phenocrysts in the 

Gowonli River volcanic rocks indicate complex evolutionary histories. Oscillatory 

zoning patterns could be the result of uplift of the magma through a conduit to a 

shallow-level chamber prior to eruption, with the mixing of further magma batches 

from below of more primitive composition, leading to the resumption of cotectic 

crystallisation at a higher temperature than before. The commonly-observed overall 

reverse zoning pattern could be explained by decreasing confining pressure 

throughout crystal growth due to magmatic upwelling (e.g. Meijer & Reagan, 1981). 

Both normal and reverse zoning occurring in HR392 is suggestive of the mixing of 

magma batches. Rapid primary growth is indicated by the incorporation of abundant 

melt inclusions into the growing crystal and is promoted by both mixing with cooler 

magma and enhanced magmatic H20  activity (Morrice & Gill, 1986); locally 

increased aHj0 could also implied by the occurrence of salite phenocrysts (Conrad & 

Kay, 1984). Abundant melt inclusions are a disequilibrium feature of plagioclase 

crystals, indicating resorption by the liquid during a period of corrosion. Such 

textures were interpreted by Dungan and Rhodes (1978) as evidence of magma 

mixing in Mid-Atlantic Ridge basalts; influxes of primitive magma batches causing 

resorption of plagioclase phenocrysts through disequilibrium. Thus, plagioclase 

growth textures in the Gowonli volcanic rocks indicate mixing of magmatic batches 

and, possibly, locally variable aHj0. These growth textures are not observed in
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plagioclase from the dolerites, implying that magma mixing is a very shallow level 

process.

6.5.6: Reasons for oceanic calc-alkaline volcanism. Although a calc-alkaline 

chemistry appears to be a common feature of intra-oceanic arc volcanism around the 

margin of the Philippine Sea, in the Sangihe arc, for example, rocks of calc-alkaline 

affinity are not the exclusive volcanic product. Similarly, on the island of Guam in 

the Mariana forearc, low-K, calc-alkaline series volcanic rocks are a late volcanic 

product, occurring stratigraphically above boninitic and arc tholeiitic volcanic rocks, 

but erupted jointly with both magma types during later stages of arc evolution 

(Reagan & Meijer, 1984). Crystal fractionation modelling cannot generate the Guam 

calc-alkaline volcanic rocks from the other magma types, hence Reagan and Meijer 

(iop.cit.) invoked higher magmatic J02 and lower temperature as explanations of their 

different mineralogy, after generation from a similar degree of partial melting to that 

which gave rise to the arc tholeiitic magmatism.

In the Sangihe arc, exclusively calc-alkaline volcanic suites are found with 

increasing distance from the volcanic front; closer to the trench they are erupted 

jointly with tholeiitic rocks. This suggests that the high f 0 2 calc-alkaline magma is 

generated at greater depths of partial fusion than the tholeiitic type, with a 

significant input of recycled material from the altered, and therefore oxidised, 

subducted oceanic crust. In discussing the spatial variation between tholeiitic and 

calc-alkaline volcanism in the Sangihe arc, Morrice et al. (1983) noted that the 

majority of island arcs containing tholeiitic suites are underlain by subducted 

lithospheric slabs extending to depths of 600km, often characterised by high 

convergence rates or an old age of the subducted crust or both. This, they suspected, 

led to the generation of tholeiitic magmas through relatively high degrees of 

asthenospheric partial melting. Conversely, calc-alkaline suites appear to be generated 

in situations of stronger coupling between the subducting and the overriding plates, 

implying a greater interaction between the mantle wedge and the subducting oceanic 

lithosphere and which, through the greater input of subducted material, could explain 

the higher f 0 2 of the subsequent partial melt. One mechanism for this stronger plate 

coupling is the subduction of young, and therefore hot and bouyant, oceanic 

lithosphere (Morrice & Gill, 1986), suggesting the possibility that the Gowonli suite 

was formed in an arc above young subducting crust, possibly of marginal basin 

origin, rather than ancient, Pacific Ocean-type, lithosphere.
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CHAPTER SEVEN 
METAMORPHISM OF THE OPHIOLITIC AND ASSOCIATED ROCKS

7.1: The general nature of the metamorphism

All ophiolites are "partly to completely metamorphosed" (Moody, 1979) and 

the eastern Halmahera ophiolite is no exception, although an intact metamorphic 

gradation of increasing grade with stratigraphical depth, as documented, for example, 

in southern Chilean ophiolites by Stem et al. (1976), Elthon and Stem (1978) and 

Stem and Elthon (1979), in the Betts Cove ophiolite by Coish (1977) and in the Del 

Puerto ophiolite in the Californian Coast Ranges by Evarts and Schiffman (1983), is 

not evident because of the structural dismemberment. Ophiolite metamorphism can 

reflect processes in the oceanic environment as well as events during or after 

tectonic emplacement and, as metamorphic processes are a function of tectonic 

setting (Liou et al., 1987), can therefore provide valuable information as to the 

tectonic history of the ophiolite.

Few of the igneous rocks of the Halmahera Basement Complex do not show 

alteration of their primary mineral assemblages, but the degree of low-grade 

metamorphism displayed is variable. Secondary mineral assemblages are generally 

heterogenous and patchily distributed, even on the scale of a single thin-section. 

Metamorphic grain boundaries are often ragged and secondary recrystallisation 

occurs preferentially within fractures and cavities. These factors, together with the 

common presence of relict igneous phases (such as clinopyroxenes) indicate a lack 

of textural equilibrium and suggest that conditions of chemical equilibrium (e.g. Zen, 

1963) were attained only very locally, due probably to slow reaction kinetics at low 

temperatures.

Metamorphic processes particular to specific rock types are discussed in 

earlier chapters (e.g. serpentinisation in Chapter 2). In this section, a general survey 

of the metamorphism of the ophiolite as a whole is presented and the conventional 

abbreviations of T and P for temperature and pressure will be used. The Halmahera 

meta-igneous rocks generally lack a penetrative deformation fabric, so that the rocks 

retain their primary igneous textures and appear, unmetamorphosed in the field. This 

is typical of static metamorphic recrystallisation (e.g. Miyashiro et al., 1971; Liou et 

al., 1987) and, in ophiolites, is commonly attributed to interaction between the rocks 

and heated seawater (e.g. Evarts & Schiffman, 1983). Incomplete recrystallisation 

and the local retention of primary igneous phases is typical of this sub-sea floor
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metamorphism. However, some Halmahera rocks of amphibolite grade have a 

conspicuous foliation; the occurrence of these rocks is discussed separately in section 

7.5 below.

Secondary mineral assemblages in the Halmahera rocks represent 

metamorphic facies ranging from zeolite to amphibolite (Fig.7.1). Sub-greenschist to 

greenschist facies alteration of the primary igneous assemblages is ubiquitous in the 

volcanic and doleritic rocks, but the distribution of secondary mineral assemblages in 

the cumulate rocks is erratic, presumably reflecting deceasing permeability with 

depth (Nehlig & Juteau, 1988). Olivine in the ultrabasic rocks is commonly replaced 

by phyllosilicates of the serpentine group plus magnetite and co-existing plagioclase 

by "rodingitic" assemblages including hydrogrossular, prehnite and Mg-chlorite, but 

the effects of metamorphic recrystallisation tend to be lacking in the olivine-free 

cumulate gabbronorites. The presence of apparently fresh gabbros in the deeper 

structural levels of metamorphosed ophiolite complexes is common and has been 

attributed to their stratigraphical position being below the maximum depth of 

seawater penetration (e.g. Stem et al.t 1976; Moody, 1979), but, in the Oman 

ophiolite, fluid inclusion studies have demonstrated the penetration of seawater- 

derived fluids to the base of the crustal sequence and the thorough exchange of 

oxygen isotopes between similarly-preserved cumulus minerals and seawater has 

been demonstrated (Gregory & Taylor, 1981). This indicates that ophiolitic cumulate 

rocks undergo metamorphic P-T conditions at which their primary igneous 

assemblage (usually plagioclase + clinopyroxene + orthopyroxene in the present 

case) is stable.

Mineral assemblages developed during the sub-greenschist facies 

metamorphism of basic igneous rocks commonly contain the hydrated Ca-Al silicates 

prehnite, pumpellyite and epidote, all of which are common in the Halmahera rocks 

and which are typical of the prehnite-pumpellyite, pumpellyite-actinolite and 

prehnite-actinolite metamorphic facies (e.g. Cho & Liou, 1987) (Fig.7.1). The 

prehnite-pumpellyite facies is defined by the co-existence of those two phases, at P 

between 2 and 4 kbar; the lower T limit is marked by the disappearance of 

laumontite (Cho et al., 1986), representative of the upper zeolite facies. Prehnite co

existing with actinolite in the absence of pumpellyite is characteristic of the lower P 

(<2 kbar) prehnite-actinolite facies (defined by Liou et al., 1985), occupying a wide 

P-T field under low acoi conditions at lower T than the greenschist facies (<350°C); 

rocks at this grade are common products of ocean-floor metamorphism, e.g. as found 

in the east Taiwan ophiolite (Liou, 1979; Liou & Ernst, 1979). The transition to the
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Figure 7.1: Sketch petrogenetic grid for Fe-ffee model basaltic system, after Liou 
et al. (1985) and Ernst (1988). Schematic metamorphic gradients from Liou et al. 
(1987): 1) Franciscan, 2) Sanbagawa, 3) ocean floor. Facies abbreviations are: ZEO - 
zeolite, BS -blueschist, PP - prehnite-pumpellyite, PrA - prehnite-actinolite, PA - 
pumpellyite-actinolite, GS - greenschist, A - amphibolite, EpA - epidote-amphibolite. 
Individual boundaries between facies fields are defined by metamorphic reactions.
The co-existence of all the phases (reactant and product) participating in the reaction 
defines a "buffered" assemblage.
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greenschist facies is marked by the disappearance of the prehnite + chlorite 

assemblage. Pumpellyite, epidote and Ca-amphibole, without prehnite, define the 

pumpellyite-actinolite facies at P between around 3 and 8 kbar, transitional between 

the prehnite-pumpellyite and greenschist facies (Cho & Liou, op.cit.). The 

disappearance of the assemblage pumpellyite + chlorite marks the upper T limit (at 

around 350°C) of this facies, as proposed by Nakajima et al. (1977) in their study 

of the pumpellyite-bearing metabasites forming the southern margin of the 

Sanbagawa metamorphic belt in Japan.

The substitution of Fe3* for Al occurs in prehnite, pumpellyite and epidote 

and studies have shown that the resultant Fe3* / ^ 3* + Al) ratios (denoted XFe3+) vary 

continuously with the prevailing metamorphic conditions (e.g. P, T, J02). These 

"sliding equilibria" have been calibrated and can therefore be used to constrain 

metamorphic conditions, utilising the P-T-X petrogenetic grid constructed by Liou et 

al. (1985). However, such use of these Ca-Al phases is restricted to situations in 

which they occur in "buffered" assemblages, i.e. in the presence of all the phases 

necessary to define a metamorphic reaction which varies systematically with P and T 

(Liou et al., op.cit.), because effective bulk compositions within sub-greenschist 

facies rocks can be extremely variable, even on the scale of a single thin-section, 

and the chemistry of individual occurrences of such "index" minerals can be 

critically dependent on bulk composition. Buffered assemblages are, however, 

notoriously difficult to identify (e.g. Bevins & Merriman, 1988).

Fe^-Al solid-solution is possible in prehnites at least up to XFe3+ = 0.30 

(Surdam, 1969; Liou et al., 1987) and in epidotes is continuous at least in the range 

XFe3* (the "pistacite" component) = 0.10-0.33 (Liou et al., 1985). Liou et al. (1983) 

showed experimentally that XFe3+ of prehnite and epidote vary continuously with both 

T and f 0 2; both phases become more aluminous with decreasing f 0 2 and with 

increasing T, as proposed for epidote by Nakajima et al. (1977). The effect of 

increased P on these sliding equilibria is negligible, but there is a complex 

dependence on bulk rock composition (Liou et al., 1985) such that compositions of 

phases in unbuffered assemblages may be unreliable indicators of metamorphic grade 

(Bevins & Merriman, 1988). For example, according to Rose and Bird (1987), 

increased Ca in the metamorphic fluid, supplied by the albitisation of plagioclase, 

favours more Al-rich prehnite and epidote. Application of the concepts of buffered 

assemblages and XFe* sliding equilibria is attempted for certain Halmahera low-grade 

metamorphic assemblages in section 7.3 below.
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7.2: Petrography and mineral chemistry of secondary phases

7.2.1: Phyllosilicates. Clay minerals are generally the first to form during the 

metamorphic recrystallisation of basic igneous rocks. Celadonite, saponite and 

chlorite of variable compositions occur in the Halmahera rocks, and serpentine 

minerals replace olivine and orthopyroxene in peridotites (e.g. Plates 2.4a, 2.5d, 3.3a, 

3.3b, 3.3d). White mica is extremely rare (developed poorly along cracks within 

plagioclase in the dolerite H77 for example) and biotite is restricted to a single 

occurrence in the amphibolite HA89A in the Halmahera rocks, reflecting host rock 

compositions (viz. very low K contents) unfavourable for the formation of micas. In 

the plutonic rocks, orange saponite occurs with serpentine replacing olivine in the 

troctolites HP59 and HP66 and brown saponite-celadonite mixtures (without 

serpentine) partially replace olivine in the vicinity of minor fractures in the largely 

unaltered gabbronorite HA90 (nomenclature after Natland & Mahoney, 1981). Other, 
K-bearing, phyllosilicates occur in the volcanic rocks, e.g. bright green-brown 

celadonite in microamygdales in HA85 (Plate 5.1b) and in the groundmass of HA43 

and hydromuscovite as rectangular groundmass prisms and within amygdales in the 

alkaline tephrite H209. An unidentified green clay mineral occurs as pseudomorphs 

after probable orthopyroxene in HA7A. Both saponite and celadonite have been 

recorded replacing olivine in the upper levels of the oceanic crust and chlorite, 

mixed-layer clay minerals and talc within the sheeted dyke section (e.g. Alt et al., 

1985; 1986).

At low P, chlorite becomes the dominant phyllosilicate at around 230°C 

(Tomasson & Kristmannsdottir, 1972). Pale green chlorite is widespread as fine

grained aggregates in the volcanic and doleritic rocks, often replacing magmatic 

amphibole in the latter (e.g. in HA71A), but analytical data are sparse. Pale 

brownish aggregates of fine-grained, Mg-rich chlorite replace postcumulus 

plagioclase in some olivine-rich cumulate rocks (e.g. Plates 3.3b & 3.3d), associated 

with the serpentinisation of adjacent olivine grains and indicating ionic diffusion 

between olivine and plagioclase. Cho and Liou (1987) reported a co-variation 

between chlorite mg# and metamorphic grade in the Karmutsen metabasites in 

British Columbia, but no such correlation is apparent in the Halmahera rocks 

(Fig.7.2). Chlorite compositions in the dolerites are restricted to mg# between 46 

and 49, but in the cumulate rocks range in mg# from 22 to 78. A range in mg# of 

34 is found within a single chlorite aggregate in the cumulate olivine gabbronorite 

HP59, implying a sensitive compositional dependence on local chemical potentials
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within the hydrothermal fluids. Si/Al ratios are similarly variable. The maximum 

mg# occurs in penninite derived from the retrograde reaction of magnesio-homblende 

in H63 (see section 3.5). The presence of CaO (up to 1.1 wt.%) and K20  (up to

0.82 wt.%) in the analyses of the Fe-rich (mg# = 7) phase in the basalt HA85 

suggests these "chlorites" have mixed-layer structures (Bevins & Rowbotham, 1983),

1.e. minor interlayers of illite and smectite, a feature typical of chlorites formed 

during sub-greenschist facies metamorphism (Evarts & Schiffman, 1983). Such low 

mg# is typical of chlorites formed under low water/rock ratios (Offler & Aguirre, 

1984). The chlorite (brunsvigite) forming narrow amygdale rims in the tephrites 

H208 and H209 is more magnesian (mg# = 0.48-0.63) and aluminous (A120 3 = 17.8-

18.3 wt.%) than that in HA85.

7.2.2; Zeolites. Ca-Na zeolites are characteristic of low-T, low-P conditions in 

metabasites (Liou et al., 1987). They are widespread in the uppermost oceanic crust 

(e.g. Miyashiro et al., 1971) and disappear at around 230°C in the Reykjanes 

geothermal area in Iceland (Tomasson & Kristmannsddttir, 1972). The nature of the 

zeolite is critically dependent on fluid composition. Zeolite minerals occur 

infrequently in the Halmahera ophiolitic rocks and are associated usually with the 

late-stage infilling of fractures and cavities in previously-altered rocks. Late veins in 

HI 12 are infilled by laumontite, by thomsonite in HA85 and by analcime in HI4, 
H92 and HA51. Rare mordenite partially replaces groundmass plagioclase in the 

dacite HA43, reflecting the interaction of an Si02-supersaturated fluid at very low T. 

Natrolite and thomsonite overgrow prehnite in veins in the metadolerite H61 and 

plagioclase phenocrysts in the metadolerite H94 are completely pseudomorphed by 

analcime (with 2 mol.% wairakite substitution), associated with abundant calcite in 

the rock and indicating T below 180°C (Liou et al., 1985), although such Ca-bearing 

analcime could be stable in a quartz-free environment to somewhat higher T (Evarts 

& Schiffman, 1983). Zeolites are rare in the plutonic rocks, but altered plagioclase 

in serpentinised rocks can be associated with the growth of thomsonite (e.g. in H62 

and, with natrolite and prehnite, in H59).

7.2.3: Prehnite. Prehnite is abundant throughout the ophiolitic terrain of eastern 

Halmahera, occurring as bladed crystals in fractures and in irregular "patches" within 

the rocks (Plate 7.1a), associated usually with the hydrothermal alteration of 

plagioclase; occasionally aggregates of prehnite completely pseudomorph plagioclase 

grains (e.g. the gabbronorite H14: Plate 7.1b). Prehnite is relatively restricted in the
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plutonic rocks, occurring, for example, in fine-grained veins associated with 

plagioclase alteration in the cumulate rocks H59 and H64 and as coarse, bladed 

crystals in veins in the gabbronorite HI50, but is virtually ubiquitous in the 

dolerites. Prehnite and calcite are found together in only one rock, metadolerite 

HI 14, and in rocks in which calcite is abundant, such as metadolerite H93, prehnite 

does not occur, indicating its restriction when C02 activity is high (Liou et al.,

1987). XFe* in the Halmahera prehnites, calculated assuming all iron is present as 

F e ^  after Cho and Liou (1987), reflects ophiolite stratigraphy; Fe was detected in 

prehnites from the cumulate rocks in only one analysis (XFe* = 0.02), occurs 

commonly in the doleritic prehnites to a maximum extent of XFeJ+ = 0.04 (apart 

from an anomalous occurrence in HI 14 with XFe* = 0.15; see section 7.3 below) 

and reaches a maximum value of 0.08 in the volcanic rocks (HI 12). This is 

qualitative evidence for increasing metamorphic T (and/or possibly decreasing fOJ  

with increasing depth in the reconstructed ophiolite stratigraphy (Liou et al., 1983) 

and is similar to the stratigraphical variation in prehnite composition in the Oman 

ophiolite documented by Nehlig and Juteau (1988).

7.2.4: Ca-amphibole. Clinopyroxenes in the high-level plutonic rocks are often 

replaced by calcic amphiboles of variable composition (Plate 4.2a), but volcanic, 

and, to a lesser extent, hypabyssal clinopyroxenes are usually preserved. Secondary 

amphibole is found only in one extrusive rock (HI 12, see section 7.3 below), which 

suggests that the metamorphic T was generally lower (<300°C) in the volcanic rocks 

than in the hypabyssal rocks (Evarts & Schiffman, 1983). Ca-poor amphibole is 

found in the Halmahera rocks only in the harzburgite H6 (replacing orthopyroxene, 

described in section 2.5). In the cumulate rocks, the development of secondary Ca- 

amphibole is patchy and associated with local zones of extensive hydrothermal 

alteration. All such amphiboles are pale green in colour and contain low Ti02, 

usually less than 0.25 wt.%, reflecting the low bulk Ti02. The diffusion-controlled 

formation of Al20 3-rich secondary amphiboles in H63, up to 14.7 wt.% A120 3, and 

HA50, up to 10.4 wt.% (Plate 3.3d), is discussed in section 3.5. Two amphiboles, 

magnesio-homblende with A120 3 up to 13.0 wt.% and tremolite with less than 3 

wt.% A120 3, are present in HI60, the latter associated with secondary plagioclase of 
composition An100. Similarly, two secondary amphiboles are present in HA7, 

actinolitic hornblende (<5 wt.% A120 3) and tschermakitic hornblende (>13 wt.% 

A120 3) associated with plagioclase breakdown. Pale green actinolitic hornblende 

replaces clinopyroxene locally in HI4 and HI40; tremolite + prehnite occurs as a

198



vein assemblage in the former rock.

Compositions of secondary amphiboles in the isotropic gabbros and dolerites 

(n = 26) and in the cumulate rocks (n = 26) are plotted in terms of Al™ v. A P  + 

Fe3*' + Ti + Cr in Figures 7.3a and b respectively. For comparison, primary 

amphibole compositions in these rocks are plotted in Figures 4.1b and 3.4 

respectively. Overall, the secondary amphiboles in the cumulate rocks exhibit a wide 

compositional spread between actinolite and pargasite (Fig.7.3b), reflecting the 

substitution 2Si + Mg = 2A P + A P  + Na. Si (atoms per 23 oxygens) varies from

6.3 to almost 8, the theoretical maximum. Calcic amphiboles change composition 

witii P-T conditions, from actinolite in the greenschist facies through to hornblende 

in the amphibolite facies and thus Figure 7.3 could be interpreted as indicating 

higher T parageneses of the amphiboles from the cumulate rocks compared to those 

from the dolerites and isotropic gabbros, i.e. increasing T with depth in the ophiolite 

stratigraphy, as would be expected in ocean floor metamorphism. However, the 

critical dependence of amphibole composition on the chemical potential of Al in the 

fluid phase has been documented in H63 and HA50 (section 3.5) and, similarly, the 

control of amphibole chemistry by bulk composition was reported by Spear (1981) 

and the lack of correlation of amphibole A120 3 with depth in the ophiolite 

stratigraphy by Evarts and Schiffman (1983). The occurrence of two amphiboles 

with a compositional discontinuity points to an actinolite-pargasite miscibility gap, 

said to exist below 720°C at 1 kbar (Oba & Yagi, 1987) and to become narrower at 

higher P (Arai & Hirai, 1985), but, in H160 for example, the low Al phase is 

associated with the growth of secondary plagioclase and high Al amphiboles are 

associated in all rocks with the breakdown of primary plagioclase, evidence for 

disequilibrium due to local fluctuations in aAl. The lack of amphiboles with A1IV 

between 0.75 and 1.0 atoms is perhaps suggestive of a narrow compositional gap.

Textural evidence for the origin of the amphiboles in the isotropic gabbros 

and certain dolerites, whether metamorphic or magmatic, is often equivocal. Euhedral 

to subhedral, petrographically homogenous grains are assumed to be of magmatic 

origin and patchily-developed, fibrous and fine-grained crystal aggregates ("uralite") 

are assumedly secondary (see Pe-Piper, 1988), but this textural criterion can be 

difficult to apply, especially in highly altered rocks and/or where the situation is 

complicated by an actinolitic amphibole overprinting earlier (metamorphic or 

magmatic?) hornblende (e.g. H61, H76). In the dolerites, secondary amphibole tends 

to be weakly pleochroic from colourless to pale green whereas primary amphibole 

tends to be brown in colour and strongly pleochroic. This colour difference is
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manifest in a chemical difference, most notably an enrichment in Ti02 in the darker- 

coloured grains. In the metadolerite HA53 for example, brown, magmatic magnesio- 

homblende (A120 3 > 9 wt.%; Ti02 > 2 wt.%) is replaced sporadically by pale green 

actinolite (A120 3 < 3 wt.%; Ti02 < 0.3 wt.%) and, likewise, the metadolerite HA60 

displays primary, khaki-coloured, magnesio-homblende (Ti02 >1 . 5  wt.%) being 

replaced extensively by actinolitic hornblende (Ti02 < 0.6 wt.%). A120 3 is not a 

reliable guide to amphibole origin in the dolerites; the green, optically heterogenous 

amphibole in H77 clearly forms pseudomorphs after clinopyroxene, but is actinolite 

to magnesio-homblende in composition and hence contains up to 6.8 wt.% A120 3, 

although Ti02 is always below 0.5 wt.%. High Cr20 3 in this phase, up to 0.93 wt.%, 

was probably inherited from the clinopyroxene precursor. H77 is the only example 

of a dolerite or isotropic gabbro with a secondary amphibole of hornblende 

composition; those in the majority of the other rocks are actinolite with rare 

examples of actinolitic hornblende in HI20, HA60 and HP71. Thus, pargasite 

substitution is limited and Si (atoms per 23 oxygens) varies only from 7.25 to 7.85 

(Fig.7.3a), which is typical of metamorphic amphiboles in ophiolites (Evarts & 

Schiffman, 1983).

The common detection of Cl during the microprobe analysis of secondary 

amphiboles suggests a marine-derived metamorphic fluid. However, the optically 

homogenous green actinolite in the isotropic gabbro HR224, which poikilitically 

encloses abundant plagioclase chadacrysts in a typical late magmatic texture, also 

contains detectable Cl, indicating that Cl could have become concentrated in the 

magmatic liquid during the final stages of crystallisation. In the isotropic gabbro 

H25, alteration of clinopyroxene leads to increases in Si, Fe and Mg, slight increases 

in Al and Na, decreases in Ti and Ca and slight decreases in Cr and mg#. This 

pattern of chemical change has been noted in the high-level gabbros of the Oman 

ophiolite (Lippard et al., 1986) with the exception that Ti is increased, and in the 

volcanic layer of the oceanic crust with the exception that Al is decreased (Alt et 

al., 1985), but limited data suggest the clinopyroxene > actinolite replacement in the 

metadolerite H i l l  is marked by an increase in mg#.

72,5: Feldspar. Plagioclase feldspar in the dolerites and volcanic rocks is 

commonly albitised (Plate 4.2a) and contains tiny crystals of epidote, chlorite, 

pumpellyite or calcite, accepting the original An component (CaO + A120 3) of the 

plagioclase. Albite is characteristic of the "spilitisation" of volcanic rocks, replacing 

the original plagioclase topotactically during bulk rock enrichment in NajO through
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seawater interaction (Spooner & Fyfe, 1973) and indicates metamorphism at T above 

the stability limit of analcime (>180°C) in the upper part of the zeolite facies (Liou 

et al.y 1985). Rare K-feldspar in the volcanic rocks presumably grew in response to 

hydrothermal alteration of primary feldspar by K-rich, marine-derived fluids (e.g.

Lee-Wong, 1981). K-feldspar partly replaces plagioclase phenocrysts in some of 

uppermost pillow lavas at DSDP Hole 504B (Alt et al., 1986), is a low-T, early 

replacement phase of plagioclase in the Welsh metabasites described by Bevins and 

Merriman (1988) and has been reported associated with plagioclase alteration in 

ophiolites by Elthon and Stem (1978), Liou (1979) and Evarts and Schiffman

(1983). Petrographic evidence from the gabbroic rocks, such as the retention of 

igneous polysynthetic twinning, indicates that primary calcic plagioclase is commonly 

preserved, suggesting P-T conditions at which it is stable; Liou and Ernst (1979) 

pointed out that epidote is not likely to form from plagioclase breakdown at T 

above 350°C. However, partial replacement by fine-grained, hydrous, calc-silicate 

assemblages (usually including prehnite and Mg-rich chlorite) is observed in some 

olivine-bearing cumulate rocks and is associated with serpentinisation; the same 

pattern has been noted in the Del Puerto ophiolite by Evarts and Schiffman (op.cit.) 

and attributed to late, low T alteration. Albite and Ca-plagioclase within the 

amphibolites are discussed in section 7.6 below.

7.2.6: Epidote. Although epidote is a relatively rare product of sub-sea floor 

metamorphism (M6vel, 1988), in ophiolites it can form up to 90 modal% of 

"epidosite" rocks (base metal-depleted, epidote + quartz ± chlorite metadolerites 

altered metasomatically by interaction with heated seawater at very high water/rock 

ratios), interpreted as channelways within hydrothermal circulation systems. The 

epidote + albite + quartz + subcalcic ferro-homblende "trondhjemite" HP69 with 

approximately 60 modal% prismatic epidote (XFe* = 0.24-0.25) is a possible 

epidosite; similar lithologies have been described from the Zambales ophiolite in the 

Philippines (Geary & Kay, 1983). Epidote occurs as stubby, prismatic grains and in 

irregular fine-grained aggregates replacing plagioclase in the dolerites and also 

replaces diopside along cracks in the diorite HI 17 (see section 4.2.2). Vein epidote 

occurs with prehnite and pumpellyite in the basalt H69, with prehnite in the 

amphibolite HA89A, with calcite in the metadolerite HI 14 and with albite in H i l l .  

However, epidote is not found in the Halmahera gabbroic rocks, possibly due to 

metamorphic T above its upper stability limit (350°C). Epidote is abundant in certain 

thoroughly recrystallised amphibolites, indicating metamorphism within the epidote-
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amphibolite facies, and is discussed in section 7.6 below.

MgO reaches a maximum of 0.31 wt.% in vein epidote in HI 14, but was 

below the microprobe detection limit in the great majority of samples. Minimum 

epidote XFe* in buffered assemblages provides a minimum estimate of the 

metamorphic T (Nakajima et al., 1977). Assuming all iron in epidote is ferric, 

following Cho and Liou (1987), XFe5+ in the Halmahera epidotes shows a relatively 

wide range from 0.11 (metadolerite H i l l )  to 0.30 (basalt H69), probably reflecting 

variable compositions within local domains (Cho & Liou, op.cit.). A wider range in 

XFe* (0.02-0.33) was observed in hydrothermal epidotes in the layered gabbros from 

East Greenland studied by Rose and Bird (1987); a lack of attainment of 

compositional equilibrium attributed to fluctuations in fluid composition (particularly 

Ca concentration) and T during the alteration process.

7.2.7: Pumpellyite. Pumpellyite is widespread in the Halmahera volcanic rocks, as 

sheaves of fine-grained, acicular crystals within the groundmass, probably 

recrystallised from palagonitised glass (Liou, 1979), as inclusions within altered 

plagioclase and within amygdales in the tephrites H208 and H209 (Plate 5.1a). 
However, pumpellyite is not a common product of sub-sea floor metamorphism (for 

example, it is not recorded in either the pillow lavas or sheeted dykes in DSDP 

Hole 504B; Alt et al., 1986), although it is common in onshore metabasites (e.g. 

Surdam, 1969), in which Al-rich compositions are associated with high-P terrains. 

All the ophiolitic Halmahera pumpellyite compositions fall within the high-P field 

(after Evarts & Schiffman, 1983) on the Al-Fetot-Mg ternary diagram of Coombs et 

al. (1976) (Fig.7.4), as opposed to the field of compositions of zeolite facies 

pumpellyites from pillowed metabasalts of the east Taiwan ophiolite (Liou, 1979), 

considered typical of oceanic spreading ridge metamorphism. According to Cho and 

Liou (1987), pumpellyite XFe* is sensitive to local domainal compositions, but both 

Mevel (1981) and Bevins and Rowbotham (1983) reported no correlation between 

pumpellyite XFe* and local host composition, which suggests that Figure 7.4 is a 

valid indication of relatively high P metamorphism in eastern Halmahera. Figure 7.4 

shows that pumpellyites from the volcanic rocks contain consistently higher MgO 

than those from the plutonic rocks. Pumpellyite replacing plagioclase in the diorite 

HI 17 contains very low MgO, plotting on the Al-Fe join on Figure 7.4; similarly, 

pumpellyite included within albitised plagioclase in the study of Coombs et al. 

(op.cit.) was "abnormally" MgO-poor.
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Fe(tot)

Figure 7.4: Halmahera pumpellyite compositions (n = 27) on Al-total Fe-mg 
ternary diagram of Coombs et al. (1976). Fe2+ and Fe3+ calculated using 32 cations 
per formula unit, following Coombs et al. (op.cit.). Dotted line encloses high-P, 
blueschist and pumpellyite-actinolite facies terrains (including Franciscan, New 
Zealand and Switzerland); solid line encloses field of compositions from the east 
Taiwan ophiolite (Liou, 1979). Crosses are from volcanic rocks, circles from 
Gowonli River sample HR473 and triangles from a variety of others including 
dolerites, isotropic gabbros, diorites and amphibolites.
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7.2.8: Sphene. Sphene is the stable Ti-bearing phase during greenschist facies 

metamorphism, usually developing at the expense of Fe-Ti oxide, but is not 

particularly common in the Halmahera rocks. Sphene never occurs in the cumulate 

rocks, but is found as dusty brown aggregates replacing ilmenite in the late-intrusive 

trondhjemites H28 and H30, as a minor groundmass phase in the volcanic rocks 

H69 and H203 and is relatively widespread in the dolerites (e.g. in H61, H77, H93, 

HI 14, HA60, HA71A, HR222 and HR278), in reddish-brown microcrystalline 

aggregates associated with Fe-Ti oxides. The sphene-forming reaction is generally 

incomplete in the Halmahera rocks; the partial replacement of ilmenite and 

development of sphene is indicated by non-stoichiometric Ti-rich, Ca- and Si-bearing 

phases. A120 3 and Fe203 substitute for Ti02 in sphene and occur to the maximum 

extents of 8.9 and 4.9 wt.% respectively; this enrichment in Al and Fe3+ is typical of 

sphenes formed at low T (e.g. Coombs et al., 1976; Offler & Aguirre, 1984).

7.2.9: Grossular/hydrogrossular. Plagioclase altered within olivine-rich peridotites 

can be patchily sub-isotropic, indicating replacement by Ca-hydrogamet (Plates 3.3b 

& 3.3d). This phase belongs to the series 3Ca0.Al20 3.3Si02 -3Ca0.Al20 3.6H20 ,  i.e. 

4H+ substitutes for Si4* in the grossular structure. Analyses of the original 

plagioclase in the partly serpentinised olivine gabbronorite H63 approach hibschite 

3Ca0.Al20 3.2Si02.2H20  in composition, i.e. Ca/Si = 1.2-1.5 (Ca/Si = 1 for pure 

grossular) and analytical totals do not exceed 89.6 wt.% [cf. anhydrous total for 

hibschite published in Deer et al. (1962a) = 91.2 wt.%]. Slightly anisotropic, 

euhedral, sector-zoned, colourless grossular occurs in the metadolerite H80 (Plates 

7.2a & 7.2b) in a vein assemblage with calcite and diopside; calcite indicates that 

the metamorphic fluid was buffered at low Xco2 (Schiffman et al., 1985).

7.2.10: Na-amphibole. Although blue, fibrous amphiboles occur in a number of the 

Halmahera rocks, well-developed, prismatic sodic amphibole is found only in the 

schistose rock HR279 (Plates 7.2c & 7.2d). A number of bluish, deformed and 

poorly schistose, metasedimentary float boulders (e.g. H15, H27, H33 and H34) were 

collected near outcrops of highly sheared serpentinite (e.g. H32) on the 1984 Wasile- 

Talawi traverse in the northeastern arm and similar lithologies were found on the 

Saolat-Jawali traverse (H170, H171), again associated with sheared serpentinite.

These rocks are all very similar, texturally and mineralogically, and H15 exemplifies 

this unusual lithology (Plate 7. Id). The rock is dominated by a granular quartz + 

albite matrix with sutured grain boundaries and the development of mortar texture.
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Yellowish-green pumpellyite, green aegirine [up to 76% acmite by the Papike et al. 

(1974) recalculation procedure] and fine needles (only very rarely prismatic) of 

greenish-blue to blue-mauve sodic amphibole are widespread, but good analyses of 

the amphibole proved impossible to obtain (Si occurring at between 8.1 and 8.3 

atoms per 23 oxygens when the theoretical maximum is 8). Nevertheless, a 

qualitative interpretation of the data is possible: A120 3 is very low, not exceeding 

0.54 wt.% and usually below 0.2 wt.%; NaaO reaches 9 wt.%, but averages around

7.3 wt.%; all Fe as FeO is between 17 and 21 wt.%; MgO between 7 and 11 wt.%; 

CaO below 3 wt.% and K20  and MnO variable from 0.7-1.8 and 0.8-2.5 wt.% 

respectively. The high levels of Na + K (around 2.7 formula units) suggest that the 

A site is occupied and the lack of Al indicates that much of the analysed Fe occurs 

as Fe3+, consistent with the amphibole being a variably manganoan, ferrian 

magnesio-arfvedsonite, the unusual composition being controlled by the unusual bulk 

composition.

Grains of crossite up to 1mm long co-exist in HR279 with epidote, albite and 

quartz (Plates 7.2c & 7.2d), suggesting metamorphism within the epidote-bearing 

portion of the blueschist facies, at higher T than the classical lawsonite-bearing 

blueschist field (Liou et al., 1985; Evans, 1987; Liou & Maruyama, 1987).

Blueschist facies assemblages characterise rocks which have experienced P up to 15 

kbar at T not exceeding 450°C (Liou et al., 1987) and increasing P leads to a rapid 

decrease in sodic amphibole XFe3+ (Maruyama et al., 1986). In HR279, the amphibole 

A120 3 ranges up to 7.8 wt.% such that XFe* varies from 0.34 to 0.49 (mean = 0.40; 

n = 7) and co-existing epidote XFe* ranges from 0.26-0.29, but the absence of a 

buffered assemblage means that the assemblage is unconstrained chemically and the 

quantitative estimation of P is not possible. However, the presence of jadeitic 

pyroxene rather than albite is characteristic of relatively low P within the blueschist 

field (Liou & Maruyama, op.cit.).

7.2.11: Na-pyroxene. Metamorphic Na-pyroxene occurs with green, Al-rich 

pumpellyite and chlorite in the groundmass of H203, the rock of lowest bulk NazO 

amongst the ophiolitic volcanic rocks (see section 5.5.1), and Na-pyroxene of 

ambiguous origin is found similarly in H209 (described in section 5.3.5). In H203, 

unaltered, equant augite phenocrysts (En42̂ 7Fs14.18Wo37Jl3; TiOa = 0.34-0.46 wt.%;

N a ^  < 0.2 wt.%) are distinct from the acicular sodic pyroxenes in the rock 

groundmass. In the metamorphic pyroxenes, Ti02 (0.47-2.67 wt.%) varies 

antipathetically with Na20  (0.92-3.11 wt.%), but A120 3 is always relatively high (6.1-
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9.6 wt.%), such that maximum Xjd, calculated following the method of Papike et al. 

(1974), is 0.18. They occur as solitary grains or within radially-orientated sheaves, 

apparently as pseudomorphs after albite, like the Franciscan jadeites described by 

Maruyama et al. (1985) and Maruyama and Liou (1987), but quartz has not been 

detected and therefore the assemblage is unbuffered and subject to close control by 

bulk composition (Maruyama et al., op.cit.).

72.12: Maghemite. Fe3+-rich, cation-deficient maghemite is widespread in the 

dolerites and common in the ophiolitic volcanic rocks (section 5.3.2), reflecting 

metamorphic alteration of magnetite at high f 0 2. The analogous alteration of the 

magnetite component of Cr-bearing spinel occurs in harzburgites HR243 and HR244 

(section 2.5) and cumulate gabbronorite H60 (section 3.5). This oxidation reaction is 

common in sub-sea floor metamorphism; for example, titanomaghemite replaces 

titanomagnetite in the uppermost pillow lavas at DSDP Hole 504B (Alt et al., 1986).

72.13: Calcite. As noted in section 7.2.3 above, prehnite is very rare in an 

assemblage with calcite, but calcite is commonly associated with analcime, e.g. in 

H92 and H94. Increased aCOj restricts the development of certain hydrated Ca-Al 

silicates and even very low Xco, markedly restricts the stability of the mineral 

assemblages characteristic of the prehnite-actinolite and piehnite-pumpellyite facies, 
promoting instead the occurrence of the calcite-chlorite assemblage over a wide low 

P-low T range (Liou et al., 1987). The petrographic evidence suggests that analcime 

is stabilised by high Xco,.

7.2.14: Pectolite/xonotlite. Manganoan pectolite (MnO up to 17.7 wt.%) occurs as 

colourless, botyroidal aggregates and poorly-developed prisms with turbid cores in 

discrete layers in H15 (Plate 7. Id). Its occurrence presumably reflects the 

metamorphism of an abyssal, manganiferous sedimentary rock. Solid solution 

between Ca and Mn end-members in the pectolite minerals occurs such that the HI5 

example, of intermediate composition with Mn/(Mn + Ca) = 0.44-0.46, is termed 

schizolite (Schaller, 1955). The phase has two perfect cleavages, slightly inclined (up 

to 10°) extinction, moderate to high relief, is length slow and gives a biaxial 

positive interference figure (2V c.60°). MnO-free pectolite Ca4Na2Si60 17.H20  is a 

very minor phase in metadolerite HP71 and a single occurrence of colourless 

xonotlite Ca6(Si60 17)0H2 has been noted in a vein in gabbronorite HI50. Both of 

these minerals occur in Ca-metasomatised rocks (e.g. veins of xonotlite described by
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Bilgrami and Howie, 1960) which oxygen isotope analysis shows formed at low T 

(Wenner, 1984).

7.3: Examples of metamorphic assemblages

Examples of the effects of both low P ocean floor-type metamorphism and 

the higher P metamorphism commonly associated with subduction complexes are 

displayed in the rocks of eastern Halmahera. A few examples to illustrate this will 

be described in this section. H i l l  displays extensive alteration of its isotropic 

gabbro protolith and a number of incomplete metamorphic reactions. Large augites 

(mg# = 74-77; Ti02 = 0.46-0.55 wt.%) are extensively replaced and pseudomorphed 

by fibrous actinolite (mg# = 79.2; A120 3 = 1.7 wt.%; Ti02 = 0.87 wt.%). Plagioclase 

(An53-58) is largely replaced by fine-grained epidote/albite (Ab^) mixtures and 

aggregates of bladed crystals of prehnite (XFe,+ = 0.01). Fe-Ti oxides are partially 

transformed to sphene. Thin veins contain very fine-grained prehnite and epidote 

(XFe3+ = 0.11-0.14) + albite aggregates. Widely-developed pale chlorite is being 

overgrown by minute needles of virtually colourless actinolite. Small grains of pale 

greenish-brown magnesio-homblende (mg# = 68-69; A120 3 = 4.8 wt.%) occur 

sporadically; their euhedral form and homogeneity suggests an magmatic origin, but 

low Ti02 (0.18-0.35 wt.%) seems to indicate otherwise. This metamorphic 

assemblage reflects a reaction transition from the prehnite-actinolite to the 

greenschist facies and the lack of pumpellyite constrains P to below 2 kbar. 

Assuming the vein epidote is part of the buffered assemblage, the conditions of 

metamorphism were between approximately T = 375°C at 1 kbar and T = 325°C at 

2 kbar, using the Liou et al. (1985) P-T-X grid, which could occur on the 

metamorphic gradients of either burial or ocean floor metamorphism (Liou et al., 

1987).

HI 14 is an extensively recrystallised metadolerite found as a thin dyke within 

the isotropic gabbro represented by H i l l ;  rare needles of apatite, associated in the 

rock with prehnite, appear to be the only relict primary phase in the rock, which is 

dominated by equant aggregates of fibrous, pale green actinolite (mg# = 69.3-71.2; 

A120 3 = 2.6-3.0 wt.%; TiO, = 0.19-0.38 wt.%; Cr20 3 = 0.16-0.43 wt.%; K20  < 0.1 

wt.%), presumably occurring as pseudomorphs after clinopyroxene. Prehnite occurs 

in fine-grained aggregates interstitial to the actinolite and, with albite, has replaced 

plagioclase. A single prehnite analysis gave XFe3* = 0.15; the highest value recorded 

in the dolerites. Brown, dusty sphene is intergrown with actinolite, and epidote (XFe3+ 

= 0.25-0.26; MgO up to 0.31 wt.%) forms veins with calcite. The lack of chlorite
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indicates that this is an unbuffered greenschist facies assemblage which reflects T > 

350°C (Liou et al, 1987), but precise P-T estimates based on XFe* are not possible 

and the relatively Fe-rich compositions of prehnite and epidote have no obvious 

petrogenetic significance. The more complete recrystallisation of HI 14 compared to 

H i l l  could be a factor of the finer grain size of the former.

The coarse-grained metadolerite HR222 was collected as float from the mouth 

of the Sagea River. Relict clinopyroxene is rare, but pale-brown euhedra of 

magnesio-homblende (mg# = 47.5-57.5; A120 3 = 5.4-8.6 wt.%; Ti02 = 0.56-1.67 

wt.%; K20  = 0.16-0.30 wt.%), are abundant and suggestive of a magmatic origin. 

They are largely unaltered, but show some internal development of pumpellyite, 

possibly nucleated on plagioclase inclusions, and irregular mantles of yellowish-green 

chlorite (mg# = 46-49). Plagioclase euhedra are outlined by dusty aggregates of 

dark, fine-grained pumpellyite with minor calcite, surrounded by clear albite (Ab100) 

containing needles of apatite. Sphene partially replaces Fe-Ti oxides. Chlorite 

indicates sub-greenschist conditions and the absence of either prehnite + epidote or 

pumpellyite + actinolite suggests metamorphism in the prehnite-pumpellyite facies (T 

< 375°C, P > 2 bar) with the absence of prehnite and the presence of the calcite- 

chlorite assemblage explained by high Xco, in the metamorphic fluid phase (Cho & 

Liou, 1987). Prehnite-pumpellyite facies metamorphism reflects higher P (a lower 

geothermal gradient) than is usual in ocean floor metamorphism (see Fig.7.1).

The volcanic rocks contain varied secondary mineral assemblages, but are 

generally characterised by lower T phases than the hypabyssal and plutonic rocks. 

Three examples will be considered here. The dark green basalt H35 contains 

completely preserved clinopyroxene, but groundmass plagioclase laths are albitised 

(Ab,*). Acicular, yellow pumpellyite (XFe3+ = 0.16) has grown into vesicles and also 

occurs in widespread, fine-grained clusters with probable chlorite in the rock 

groundmass, in which calcite is also dispersed. Prehnite (XFe* = 0.01) is restricted to 

thin veins, probably because of high aco(, and disappears where they cut calcite 

amygdales. This is an unbuffered prehnite-pumpellyite facies assemblage reflecting P 

above 2 kbar at T below 350°C (constrained below the greenschist facies by the 

lack of actinolite). In contrast, all the original clinopyroxene in HI 12 is replaced by 

fibrous actinolite pseudomorphs (mg# = 69-71; A120 3 = 2.1-4.7 wt.%; Ti02 = 

0.11-0.90 wt.%) and the groundmass contains very fine-grained pumpellyite + 

chlorite without obvious prehnite. Amygdales contain albite (Ab^) and calcite, 

yellow epidote is abundant in thin veins and laumontite partially infills wide 

fractures, interpreted as a late-stage paragenesis at T below 180°C. Rare occurrences
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of relatively Fe-rich prehnite (XFe* = 0.08) are restricted to veins. The apparent 

absence of prehnite in the rock groundmass is an indication of higher P conditions 

than in H35 and the assemblage suggests the pumpellyite-actinolite to greenschist 

facies transition, so P > around 3 kbar, but precise delineation of the P-T conditions 

is not possible as epidote compositional data are lacking. Another buffered 

assemblage, but at a considerably lower P, is observed in H69; the co-existence of 

prehnite (XFe,+ = 0.01-0.06), epidote (XFe3* = 0.20-0.30) and pumpellyite in veins, 

and pumpellyite and chlorite in the groundmass indicates the prehnite-actinolite to 

prehnite-pumpellyite facies transition and hence P around 1.75 kbar and T 

approximately 300°C. Therefore, all three of these volcanic rocks have metamorphic 

assemblages unlikely to be the products of ocean floor metamorphism.

7.4: The Gowonli River sequence

Some aspects of the alteration of the Gowonli River volcanic and doleritic 

rocks are described in section 6.3. Assessment of the Gowonli River metamorphism 

is hampered by the lack of index Ca-Al silicates; pumpellyite and prehnite are 

restricted to a single rock, HR473, in which they occur together within early-formed 

veins cross-cut by later prehnite + pectolite veins, overprinted by even later zeolites. 

Prehnite has partially replaced plagioclase phenocrysts in the vicinity of veins 

HR473 and contains detectable Fe, suggestive of high f 0 2 (Liou et al., 1983). 

Epidote, secondary Ca-amphibole and Ca-zeolites such as heulandite or laumontite 

are absent in the Gowonli River rocks. Albitised plagioclase (Abg^) occurs in 6 of 

the 16 rocks studied, often associated with minor K-feldspar (see Fig.6.1a), and 

oxidised Fe-Ti oxide (maghemite) in all but one. Oxidation of magnetite occurs in 

the uppermost oceanic crust at DSDP Hole 504B, but albite is rare above 600m 

beneath the sea floor (Alt et al., 1986). Ca-bearing analcime [Na/(Na + Ca = 0.88)] 

replaces groundmass plagioclase in HR473, but often albitised plagioclase is 

associated with carbonate, suggesting the relatively high Xco2 in the hydrothermal 

fluid.

Amongst the phyllosilicates, green, brown and golden brown saponite and 

celadonite are relatively widespread in the Gowonli River rocks, usually infilling 

vesicles and were probably the first secondary minerals to form (Alt et al., 1986). 

Chlorite overgrows Fe-Ti oxides in HR382 (mg# = 39: diabantite) and HR431 (mg# 

= 36-51: brunsvigite/ diabantite), in which it is also associated with the alteration of 

?primary actinolitic hornblende. Red-brown biotite of high T i02 (3.9-4.3 wt.%) 

appears to replace the Fe-Ti oxide phase in HR473 partially, presumably reflecting
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locally high aTi in the fluid phase (e.g. Offler & Aguirre, 1984) derived from the 

breakdown of the oxide.

Although it is a mineral characteristic of metamorphic assemblages at P 

transitional to the blueschist facies, the occurrence of pumpellyite in HR473 does 

not necessarily indicate high P. Relatively Fe-rich pumpellyite is found in zeolite 

facies metabasites in ophiolites (e.g. Liou, 1979; Geary & Kay, 1983; Cho et al.,

1986) and from the Atlantic Ocean floor (M6vel, 1981). Two analyses of the HR473 

vein pumpellyite are plotted on Figure 7.4, with total Fe as FeO = 1 1  and 16.5 

wt.%, the latter of which is most Fe-rich pumpellyite composition from the 

Halmahera rocks and plots outside the high-P field. The HR473 pumpellyites are 

chemically comparable with the more Al-rich pumpellyites from the zeolite zone of 

the Del Puerto ophiolite (Evarts & Schiffman, 1983).

7.5: Amphibolites

Foliated amphibolites occur in the Halmahera Basement Complex that are 

completely devoid of relict igneous phases or textures. Foliated amphibolites have 

been collected from the Atlantic ocean floor (e.g. Bonatti et al., 1975; Honnorez et 

al., 1984; M6vel, 1988) and the Mid-Cayman Rise (Ito & Anderson, 1983) and 

interpreted as reflecting dynamothermal metamorphic recrystallisation along shear 

zones in the lower oceanic crust. In ophiolites, however, amphibolites are usually 

thought to reflect a syn- or post-emplacement event, but coarse-grained, foliated 

amphibolites are found along fault zones within the Del Puerto ophiolite (Evarts & 

Schiffman, 1983) and have been interpreted as indicating that local dynamic 

metamorphism leading to the formation of amphibolites can occur within the 

dominantly static sub-sea floor metamorphism.

The lack of information on the field relations of the Halmahera amphibolites 

renders their interpretation difficult. Brouwer (1923) reported collecting numerous 

foliated amphibolites, banded with plagioclase- and augite-rich layers, from stream 

float near the north coast of the northeastern arm and none of the amphibolites in 

the present study were found in situ, although all were associated with serpentinite 

exposures. For example, HI8, H19, H224 and H225 were all collected as float 

boulders close to sheared outcrops of serpentinite and metavolcanic rocks; upstream 

along the Jawali River from the latter two samples, approaching the central region 

of the island, exposures of quartz-chlorite-white mica phyllites alternate with the 

dominant serpentinites and metabasites. Textures range from typical flaser-gabbros to 

mylonitic (HA89A) and cataclastic with the development of mortar texture (HI9,
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HA116A) to gneissic, with banding defined by the alternation of amphibole-rich 

layers and layers rich in either plagioclase (HA69), plagioclase + clinopyroxene 

(HA69A, H224) or epidote (H225). Porphyroblasts of polycrystalline amphibole can 

be rotated (e.g. HA89A) or unrotated (e.g. HA89A, in which they contain rare 

biotite); rare plagioclase "augen" up to 2mm across occur in H225. In general, the 

amphibolites record high-T ductile deformation and recrystallisation in the presence 

of a fluid phase induced by stress, with cataclasis suggesting lower T brittle 

deformation, occurring presumably after cooling of the rock. The elongation of the 

amphiboles parallel to the rock foliation suggests they grew in response to the 

prevailing stress field. Some amphibolites are cut by later veins oblique to the 

foliation; infilled with prehnite in HI 8, H19, prehnite and analcime in HA51, Al-rich 

pumpellyite in H224, albite in H225 and prehnite + epidote + albite + an 

unidentified Ca-zeolite in HA89A.

Mineralogically, the Halmahera amphibolites consist of amphibole + 

plagioclase (+ clinopyroxene + epidote + magnetite + ilmenite + sphene).

Amphiboles are of varied composition and range overall from pale green actinolitic 

hornblende (HI8, H19) to dark green edenitic hornblende (HA69A: Plate 7.1c) in 

composition, although the majority are magnesio-homblende s. TiOz is less than 1 

wt.% in all amphibolite amphiboles except the brown magnesio-homblende in H224, 

in which it varies between 1.35 and 1.77 wt.%, KzO is less than 0.3 wt.% except in 

H225 (0.68-0.98 wt.%), HA69 (0.98-1.13 wt.%) and HA69A (0.96-1.03 wt.%) and 

Cr20 3 was detected only in HI8 (up to 0.24 wt.%), H19 (up to 0.22 wt.%) and 

HA51 (up to 0.63 wt.%). Cl was detected in the amphiboles in HA51 and HA69; it 

has been recorded in oceanic amphibolites (e.g. Ito & Anderson, 1983; Mevel, 1988) 

and interpreted as reflecting a marine-derived fluid phase. A porphyroblast in HA51 

is zoned with Si02, Ti02 and Cr20 3 increasing from core to rim and A120 3, Na20  

and mg# decreasing, suggesting growth during decreasing T (Spear, 1981). Co

existing plagioclase is ubiquitous; compositions are albite (AnM3) in HI8 and H19, 

oligoclase (An18_27) in HA69 and HA69A and andesine-labradorite (An^^) in HA51 

and HA89A. The presence of clinopyroxene (in H224 and HA69) seems to bear no 

relation to bulk rock CaO (c/. Jan, 1988). The pyroxene in H224 is salitic (Wo = 

49-50; mg# = 68-70), has A120 3 up to 2.5 wt.% and Ti02 between 0.27 and 0.37 

wt.% and so is quite different to the secondary colourless diopside in oceanic 

amphibolites described by Mevel (op.cit.) as being enriched in Si and Ca and 

depleted in Al, Ti. Abundant, yellow, relatively Fe-rich (XFe3+ = 0.29) epidote is 

segregated into layers in H225. Sphene is abundant as inclusions within the

212



hornblende in H224 (in which anhedral ilmenite also occurs, dominantly in 

plagioclase-rich layers) and HA69A. The uptake of Ti into sphene in H224 does not 

seem to have affected the relatively high Ti02 of the amphibole phase. Ilmenite + 

magnetite are found in HA89A and magnetite in HA51 and, in abundance, in HA69 

and HA69A.

The assemblage albite + chlorite + sphene is replaced completely by 

hornblende + Ca-plagioclase + ilmenite, marking the lower limit of the amphibolite 

facies, at around 550°C and is virtually independent of P (Liou et al., 1974; Moody 

et al., 1983). The amphibolite assemblage hornblende + plagioclase is stable over a 

wide P-T range, but, with increasing P and T, pargasite and tschermakite substitution 

increases in amphiboles and An content increases in plagioclase (Spear, 1981; 
Plyusnina, 1982). However, the primary control on amphibole composition in 

metamorphic rocks is bulk rock chemistry (especially bulk SiOj); Al, Na, K and Ti 

increase with increasing T in constant bulk composition, mg# is relatively insensitive 

to T and Al increases with P (Spear, op.cit.).

Comparison with experimental data suggests that the Halmahera amphibolites 

crystallised over a wide range in T. The Na-plagioclase + actinolitic hornblende 

assemblage in HI 8 and H19 represents the lowest T, constrained above 550°C by 

the absence of chlorite, whereas co-existing clinopyroxene in H224 and HA69 imply 

T > 700°C (Spear, 1981) and epidote in H225 implies higher P (see Fig.7.1), 
although it also stabilised at lower P by high J02 (Moody et al., 1983). The 

generally low A120 3 (not exceeding 11 wt.%) in the amphibolite amphiboles 

qualitatively suggests low P, possibly less than 4 kbar (Plyusnina, 1982) [cf 

amphibolite hornblendes studied by Jan (1988) averaged 14.6 wt.% A120 3 and 

indicated P from 4.5 to 6.5 kbar].

The whole-rock geochemistry of seven amphibolites is presented in Table 7.1. 

All the rocks are rich in Cr, which correlates strongly with MgO (r = 0.88), and are 

low in K20 , Rb and Ba, suggesting igneous rather than sedimentary protoliths (e.g. 

Leake, 1964; van de Kamp, 1968; Jan, 1988). Strong systematic co-variations 

amongst the trace elements (e.g. Ti02, Y, Nb and Cr correlate with Zr such that r = 

0.98, 0.98, 0.92 and -0.98 respectively) indicate that the analysed rocks form a co- 

genetic suite, although, amongst the major elements, Si02 in particular is extremely 

variable which is possibly an effect of the variable metamorphic conditions. The 

REE have approximately flat and slightly convex-upwards distributions for all the 

rocks (Fig.7.5: H19 and HA69 not plotted as they are very similar to HI8 and H224 

respectively), but have much scatter in La and Ce, probably reflecting LREE
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HI 8 HI 9 H224 H225 HA51 HA69 HA89A
wt.% oxide
Si02 53.63 55.14 46.18 47.72 50.01 46.63 49.39
Ti02 0.21 0.20 1.63 1.83 0.61 1.98 0.81
A1203 12.60 12.70 13.88 14.40 14.37 14.37 16.83
Fe203 7.85 7.66 11.96 12.43 9.63 12.83 10.37
MnO 0.14 0.14 0.19 0.20 0.15 0.20 0.18
MgO 9.57 9.00 7.81 6.03 8.95 8.00 6.20
CaO 10.46 10.75 12.24 12.28 10.09 10.95 10.18
Na20 3.19 3.62 2.24 2.76 2. 97 3.02 3.36
K20 0.30 0.14 0.44 0.67 0.19 0.07 0.64
P205 0.04 0.04 0.13 0.19 0.12 0.19 0.11
H20- 0.18 0.07 0.12 0.16 0.30 0.09 0.15
H20+ 1.54 1.11 1.99 1.77 2.33 0.83 1.44
C02 0.07 0.27 0.29 0.06 0.17 0.16 0.17
Total 99.78 
trace elements (ppm)

100.84 99.10 100.50 99.89 99.32 99.83

Li 3 3 10 10 7 6 6
Cl 110 120 - - 280 110 240
Sc 46.2 40.4 51.8 46.9 46.3 51.3 44.1
V 229 222 366 355 289 398 324
Cr 478 468 308 239 373 243 46.1
Co 39 39 45 44 49 42 49
Ni 66.5 63.4 107 127 248 77.7 39.7
Cu 4.6 16.3 56.6 27.0 277 34.6 77.8
Zn 55.4 59.0 114 110 57.8 51.0 79.1
Ga. 9.8 8.8 15.6 18.9 13.2 20.3 15.7
Rb 2.5 0.6 6.1 6.1 3.6 1.0 10.2
Sr 188 73.4 61.1 154 217 179 347
Y 7.1 6.5 39.8 44.1 17.7 43.3 21.5
Zr 28.5 29.5 105 128 48. 6 125 44.8
Nb 0.8 0.3 2.0 3.6 0.4 4.4 1.3
Ba 15.0 7.5 21.4 46.1 17.5 5.1 90.1
Pb 0.9 0.8 1.0 2.2 0.7 0.3 1.2
Th 0.4 0.3 0.5 0.6 - - -

La 0.1 0.5 2.0 1.4 1.7 4.1 0.7
Ce 4.0 3.0 11.5 9.6 6.3 16.7 6.7
Nd 2.1 2.5 10.1 10.5 5.3 13.6 5.8
REE (ppm)
La (4.4) (5.6) 5.1 2.7 4.3 4.5
Ce 3.7 3.7 10.7 6.2 13.7 9.4
Pr 0.7 0.7 1.9 1.2 2.4 2.5
Nd 2.7 2.6 10.6 6.1 11.7 7.4
Sm 0.7 0.7 3.6 1.8 3.3 2.6
Eu 0.3 0.3 1.3 0.7 1.4 1.0
Gd 1.0 0.9 5.5 2.3 5.2 2.9
Dy 0.9 0.9 6.0 2.5 5.8 3.2
Ho 0.2 0.2 1.3 0.6 1.3 0.8
Er 0.6 0.5 3.4 1.4 2.9 1.9
Yb 0.7 0.7 3.8 1.6 3.2 1.9
Lu 0.1 0.1 0.5 0.2 0.4 0.2
Y
chondrite-
La

5.3
normalised

5.0 33.4 
REE (Nakamura, 

15.5
1974)

13.9

8.2

31.1

13.1

18.2

13.7
Ce 4.3 4.3 12.4 7.2 15.8 10.9
Nd 4.3 4.1 16.8 9.7 18.6 11.7
Sm 3.4 3.4 17.7 8.9 16.3 12.8
Eu 3.9 3.9 16.9 9.1 18.2 13.0
Gd 3.6 3.3 19.9 8.3 18.8 10.5
Dy 2.7 2.5 17.1 7.1 16.3 9.2
Er 2.7 2.2 15.1 6.2 12.9 8.4
Yb 3.2 3.2 17.3 7.3 14.5 8.6
Lu 2.9 2.9 14.7 5.9 11.8 5.9

Table 7.1: Whole-rock geochemistry of Halmahera amphibolites.
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mobility at these higher metamorphic T. H18 and H19 have the most depleted bulk 

chemistry, such that they resemble boninites in their low contents of the 

incompatible elements (e.g. Zr < 30 ppm, Ti02 < 0.25 wt.%, Y < 7 ppm) and high 

volatile-free S i02 (54-55 wt.%) and Cr (470-480 ppm), which correlates with their 

low Ti, Al amphiboles.

Winchester and Floyd (1976) proposed that the tectonomagmatic setting of 

basic rocks metamorphosed to the amphibolite facies could be distinguished by 

plotting Nb/Y or TiOz against Zr/P20 5. Utilising this method, all the analysed 

amphibolites show a tholeiitic affinity except HA69 on the latter diagram, on 

account of its enrichment in Ti02. HA69 is also the only rock that does not show a 

marked negative Nb anomaly on a MORB-normalised spider diagram plot (see 

section 5.5.3) and hence is the only amphibolite whose chemistry is permissive of 

formation outside an island arc environment (Pearce, 1982; Pearce et al., 1984), 

although such statements are necessarily tentative as they are based on the 

assumption of the immobility of elements such as Ti and Nb under high-T 

metamorphism, which could well be unreasonable.

7.6: Rodingites

Rodingites are Ca-metasomatised rocks common in ophiolites, in which they 

are usually associated with serpentinites, and have been recovered from fracture 

zones of the Mid-Atlantic Ridge (Honnorez & Kirst, 1975), associated with 

serpentinised ultramafic rocks, metagabbros and basalts. They are widely believed to 

occur through the deposition of Ca in rocks proximal to the serpentinites from 

which it has been leached (Bilgrami & Howie, 1960; Coleman, 1977), although this 

interpretation has been disputed on the basis of REE geochemistry by Hall and 

Ahmed (1984). Stable isotope data (Wenner, 1984) indicate that ophiolitic rodingites 

must form at depth and be subsequently uplifted by tectonic transport, rather than be 

related to the post-emplacement passage of meteoric waters (Golding & Ray, 1975).

A rodingite dyke was found on the Sagea River traverse in 1987 cutting an 

augite-bearing volcanic rock with a cataclastic texture (specimen HP70) and rodingite 

clasts (HA84) were found in a conglomerate overlying serpentinised peridotite in 

1984. Hydrogamets (see section 7.2.9 above) are characteristic of rodingites and 

occur in both Halmahera samples. That in HA84 forms colourless, anhedral grains 

up to 2mm across and is virtually pure grossular, maximum Fe20 3 and MnO are 1.1 

and 0.48 wt.% respectively, Ca/Si varies only between 1.03 and 1.06 and the 

maximum water content estimated from microprobe analyses is just over 2 wt.%.
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The HP70 example is hydrogrossular and forms murky, fine-grained aggregates 

which are typical of rodingites (e.g. Bilgrami & Howie, 1960; Golding & Ray,
1975); microprobe totals do not exceed 92.7% and, correspondingly, Ca/Si ranges 

from 1.36 to 1.47. HA84 contains a pale green salitic pyroxene (mg# = 82.9-83.8; 

Cr20 3 = 0.12-0.48 wt.%; Ti02 = 0-0.20 wt.%; Wo = 46.2-49.9; %Quad up to 98.3) 

whereas HP70 contains pale brown diopside of mg# up to 96.3, Wo ranging from

47.8 to 50.5 and with extremely low concentrations of non-quadrilateral elements, 

such that %Quad reaches 100. Both samples contain large, accessory anhedral grains 

of Cr-spinel, suggesting that the rodingite protolith was probably a peridotite. In 

HP70, they are dark red-brown with cr# = 50-51 and, in HA84, are black, contain

49.9 wt.% total Fe as FeO and have cr# = 78.8, i.e. are of ferritchromit 

composition, as described associated with rodingites in Pakistan by Ahmed and Hall

(1984). Both rocks also contain abundant, fine-grained, colourless to very pale green 

Mg-rich chlorite; penninite to talc-chlorite in HP70 (mg# = 92-100) and clinochlore 

(mg# = 77-81), similar to that analysed by Bilgrami and Howie (<op.cit.), in HA84.

7.7: Synthesis

In general, the Halmahera Basement Complex rocks show the effects of a 

subduction zone metamorphism overprinting an ocean-floor metamorphism (Liou et 

al.y 1987), i.e. recrystallisation within a subduction zone (prehnite-pumpellyite 

through pumpellyite-actinolite to blueschist facies) has followed sub-sea floor 

hydrothermal recrystallisation. Prehnite-pumpellyite facies metabasites are "virtually 

absent" in rocks recovered from the ocean floor, are not recorded in ophiolitic series 

said to typify ocean-floor metamorphism, such as east Taiwan (Liou, 1979) and 

Troodos (e.g. Kurnosov et al., 1987), and are generally diagnostic of a subduction 

zone setting (Maruyama & Liou, 1988). The local occurrence of amphibolites in 

northeastern Halmahera indicates local high-T dynamothermal metamorphism, which 

probably took place along fault or shear zones within the oceanic environment prior 

to the lowering of the geothermal gradient associated with the development of the 

subduction zone. The association of both blueschists and amphibolites with sheared 

serpentinite is suggestive of exhumation of these rocks (of relatively "late" and 

"early" origin respectively) from deep within the forearc along fault zones, possibly 

through the diapiric upwelling of serpentinite. That rocks such as the diorite HI 17 

show a similar, but less intense, metamorphic recrystallisation (i.e. chlorite + 

actinolite + prehnite + pumpellyite + epidote) to the ophiolitic rocks is evidence that 

such arc-related late intrusive rocks were subject to the same, pervasive, supra-
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subduction zone metamorphism as the upper levels of the ophiolite.

Disequilibrium features and metamorphic heterogeneity attest to the 

irregularity of hydrothermal fluid circulation during the ocean-floor metamorphism. 

The availability and composition of these circulating fluids were probably the 

primary control upon the extent and nature of metamorphic recrystallisation. As in 

the Sarmiento complex (Elthon & Stem, 1978), the most thoroughly recrystallised 

rocks are those that formed at the top of the ophiolitic magma chamber, in this 

case, the dolerites. The ophiolitic volcanic rocks are largely albitised, and exhibit 

progressively zeolite -» prehnite-pumpellyite —> greenschist metamorphism, i.e. 

metamorphic effects, as exemplified by the common occurrence of pumpellyite, 

different to those seen in the oceanic crust, e.g. at DSDP Hole 504B in the eastern 

Pacific, where pumpellyite was not found and epidote was confined to veins (Alt et 

al., 1985; 1986). Apart from the occurrence of high-P facies rocks, the 

metamorphism of the Halmahera ophiolite is similar to that of the Californian Coast 

Range ophiolites (e.g. Del Puerto; Evarts & Schiffman, 1983) which are interpreted 

as of marginal basin origin. The occurrence of metamorphic assemblages suggestive 

of relatively high P in environments proximal to volcanic arcs implies that a 

volcanosedimentary cover of arc-derived material is an important factor in giving 

rise to higher P/T conditions than are found at spreading ridges.

DSDP drilling showed that the volcanic basement to the block-faulted 

Mariana forearc is more highly fractured than typical ocean crust (Hussong &

Uyeda, 1981) and the volcanic rocks recovered were "moderately to extensively" 

altered (Natland & Mahoney, 1981). The Mariana forearc is marked by widespread 

serpentinite diapirism (e.g. Fryer et al., 1985) and the forearc basement adjacent to 

such diapirs contains low-grade metamorphic rocks (Johnson et al., 1987). 

Serpentinite is also widespread in eastern Halmahera and, by analogy with the 

Mariana forearc, its upwelling and the associated fault block movement in an 

extensional environment could represent a mechanism for the uplift of high-P 

metamorphic rocks from depth in the forearc basement, where they are likely to 

form through tectonic underplating during subduction (e.g. Platt, 1986).

Blueschists are characteristically developed around the margins of the Pacific 

Ocean, where they are associated exclusively with subducted slabs or related tectonic 

loading (Ernst, 1988). A well-documented example is the Sanbagawa belt of 

southwestern Japan, considered a once-subducted accretionary complex uplifted by 

Late Cretaceous ridge-subduction (Uyeda & Miyashiro, 1974). Progressive 

metamorphism of the Sanbagawa metabasaltic rocks is marked by a facies series
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ranging from prehnite-pumpellyite, through pumpellyite-actinolite to blueschist, 

greenschist and epidote-amphibolite (Nakajima et al., 1977). A similar metamorphic 

gradient is shown by the basement rocks of South Island, New Zealand (Liou et al.,

1987); both these terrains are analogous to eastern Halmahera in the type and range 

of metamorphic facies present.

The common presence of albite in the Gowonli River rocks indicates T above 

180°C, the stability limit of analcime (Liou et al., 1985). The lack of albite in the 

pillow lavas section at Hole 504B (Alt et al., 1986) could therefore indicate that the 

Gowonli River rocks record a higher heat flow than is "typical" of the ocean crust. 

Similarly, Geary and Kay (1983) suggested a particularly steep geothermal gradient 

in the Zambales ophiolite, in which albite is abundant in the pillow lavas. 

Alternatively, higher T could have been generated in the Gowonli River rocks by 

burial of the volcanic sequence beneath a sedimentary pile; albitisation of the 

primary plagioclase in the volcanic member of the Del Puerto ophiolite took place 

beneath a blanket of volcanogenic sediment that accumulated to a thickness of up to 

10km. The prehnite + pumpellyite vein assemblage in HR473 is compatible with 

such a burial metamorphic paragenesis.

Trace element geochemistry suggests that the amphibolites represent the 

relatively high T dynamothermal overprint of a co-genetic suite of rocks of probable 

doleritic/high-level gabbroic protoliths. Comparison with bulk analyses of the 

Halmahera dolerites presented in Table 4.1 shows similarities in trace element 

characteristics to support this interpretation, although the amphibolites range from 

more depleted (e.g. HI8, H19) to more enriched (H225, HA69) in terms of 

incompatible elements than the dolerite samples analysed. Tectonomagmatic 

discrimination (Winchester & Floyd, 1976; Pearce, 1982; Pearce et a l, 1984) 

suggests that only HA69, which is relatively enriched in TiOz (2 wt.%) and Nb (4.4 

ppm), might conceivably have inherited its chemistry from outside an island arc 

environment. ^Ar/^Ar dating on amphibole separates from H19 and HA69A 

(Chapter 8) provide ages within error of each other at c.60Ma. This was presumably 

the time of uplift and cooling of the products of intraophiolitic shear movement that 

took place after the doleritic rocks had cooled below their solidus T and could have 

been related to deep sub-vertical fault zones allowing the penetration of marine- 

derived fluids deep into the ophiolitic basement, which is similar to the model 

invoked by Mdvel (1988) to explain the formation of amphibolites amongst the 

gabbros of Gorringe Bank in the eastern Atlantic.
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CHAPTER EIGHT 
"Ar/^Ar GEOCHRONOLOGY

8.1: The “Ar/^Ar method

The 40Ar/39Ar technique is a variation on the conventional K-Ar radiometric 

dating method. In K-Ar dating, the amount of 40Ar in a sample is measured and is 

assumed, after correcting for atmospheric Ar, to be all derived from the natural 

radioactive decay of ^K, i.e. all the 40Ar is radiogenic ("Ar*). Amongst the 

disadvantages of this method are that it cannot detect "excess" 40Ar introduced into a 

sample from an extraneous source (e.g. Lanphere & Dalrymple, 1976). In the 

^Ar/^Ar method (Dallmeyer, 1979, and references therein), 39Ar is formed from 39K 

by fast neutron irradiation in the core of a nuclear reactor. An age is then calculated 

from the ^Ar/^Ar isotopic ratio, which is measured by mass spectrometry.

Corrections are made for 40Ar introduced from the atmosphere (calculated from the 

corrected 36Ar content of the sample using a measured atmospheric ^Ar/^Ar ratio) 

and for Ar isotopes produced within the sample during irradiation through unwanted 

nuclear reactions with isotopes such as ^Ca (which, for example, produces 36Ar and 

37Ar). Such corrections are important particularly for samples with high Ca/K ratios.

Ar is released from each sample in increments by heating at successively 

higher temperatures for fixed periods of time up to the fusion temperature of the 

sample. This technique is known as stepwise, or incremental, heating. The ratio of 

radiogenic 40Ar to neutron-produced 39Ar is measured in the Ar released at each 

temperature increment, from which a series of apparent ages can be calculated for a 

single sample, after making the apporpriate corrections. These are then plotted 

against the cumulative percentage of 39Ar released to give an "age spectrum" for the 

sample. If the sample contains no extraneous Ar and has been a closed system with 

respect to K and Ar since its formation, then the ratio of 40Ar* to neutron-produced 

39Ar will be the same for each increment of gas released in the stepwise heating and 

the resulting age spectrum will be horizontal. If, however, the sample has not been a 

closed system since formation, because of a chemical or physical disturbance or 

through '“’Ar being incorporated by processes other than in situ radioactive decay of 

^K, the apparent ages of each gas increment will be different and the resulting age 

spectrum will not be internally concordant. K-Ar ages of such samples would have 

little geological significance. The advantage of the incremental heating technique is 

in providing an opportunity to deduce the geological history of the sample from the
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pattern of its age spectrum.

The main disadvantage of the ^Ar/^Ar technique occurs through the necessity 

to evaluate the variation of the neutron irradiation parameters down the reactor. This 

can be circumvented by defining a quantity J which is determined by irradiating a 

sample of known K-Ar age (the flux monitor) together with, the samples whose ages 

are unknown (Roddick, 1983). Several samples of the flux monitor are used at 

known positions in the reactor core between the unknown samples. After irradiation, 

J values are calculated from the measured 40Ar*/39Ar ratios in the flux monitors and 

are plotted as a function of their position in the reactor. The J values for the 

unknown samples can then be obtained by interpolation of the resulting graph 

between the monitor positions and those of the samples.

8.2: Analytical details

The chosen rock samples were crushed using the rotary disc mill in the 

Department of Geology, Birkbeck College, University of London, then washed and 

the 125-180 micron size fraction removed by sieving. Amphiboles were separated 

using heavy liquids (bromoform and methylene iodide diluted to appropriate density 

with acetone) at the NERC Isotope Geology Centre, Grays Inn Road, London. Final 

purification was by hand picking, under the supervision of Mr.Tom Oddy at the 

Department of Earth Sciences, University of Leeds.
The purified and weighed samples were wrapped in high purity Al foil and 

arranged in pure silica vials. Irradiation was carried out at Petten in the Netherlands 

in December 1988. Ar extraction and isotopic analysis was performed at Leeds in 

March and April 1989 under the supervision of Messrs.D.C.Rex and P.G.Guise, 

following the method described by Parsons et al. (1988). The temperature of the 

furnace during step heating was monitored using an infra-red optical pyrometer. 

Heating steps were of 30 minutes duration with the furnace allowed to cool for 15 

minutes between steps. The extracted and purified Ar was analysed using an MS 10 

mass spectrometer with the collected ion beams recorded by a Cary 401M 

electrometer. Interference corrections on the measured mass spectrometer peak 

intensities and error estimations were listed by Parsons et al. (op.cit.).

8.3: Sample selection

K-bearing minerals, such as biotite, hornblende and orthoclase feldspar, are 

commonly selected for ^Ar/^Ar dating. Of these minerals, only hornblende is found 

in Halmahera rocks in concentrations sufficient for separation and analysis, and then
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only in a small number of samples of dioritic composition (Chapter 4). This is true 

of primary magmatic hornblende; secondary amphiboles of compositions varying 

between actinolite and hornblende are abundant in altered rocks. Through detailed 

petrographic and electron microprobe examination, seven samples were selected 

initially for amphibole separation. Three of these samples were inferred on 

petrographical and mineral chemical grounds to contain primary igneous hornblende 

(HI 17, HA25A and HA25B), two to contain secondary actinolite after clinopyroxene 

(H76 and HP63) whilst preserving the primary igneous texture, and two to be 

thoroughly recrystallised metamorphic amphibolites containing hornblende (HI9 and 

HA69A). The primary amphiboles would be expected to date a magmatic 

crystallisation event and the others sub-sea floor and dynamothermal metamorphic 

events. However, two of these samples (HA25A and HP63) had to be discarded 

after the initial amphibole concentration stage due to problems with composite 

grains; in HA25A because the primary late magmatic hornblende included pyroxene 

and plagioclase grains (similarly to HA25B: Plate 4.2b), and in HP63 because the 

secondary amphibole was intergrown on a small scale with other secondary minerals. 

Difficulties in purifying the amphibole separated from HA69A due to the abundance 

of magnetite grains growing on the surfaces of the amphiboles (Plate 7.1c) led to 

only a very small amount of the sample (13.1 mg) being irradiated. The field 

locations of the five irradiated samples are shown in Figure 8.1.

8.4: Sample descriptions and field relations

HI 17: Altered diorite containing diopsidic clinopyroxene, sassuritised plagioclase, 
minor quartz and dominantly fresh, pale brown, moderately pleochroic, subhedral 
amphibole of magnesio- to tschermakitic hornblende composition with between 1.4 
and 2.0 wt.% Ti02, averaging 2mm across and forming 40% of the rock. 
Petrographic evidence of rare actinolite overgrowing hornblende; other secondary 
minerals are prehnite, chlorite, albite, pumpellyite and epidote. Collected from 
sheared and occasionally brecciated exposure, cross-cut by doleritic dykes, close to a 
fault zone.

HA25B: Diorite with zoned plagioclase (An49.56), hypersthene and rare magnetite 
sometimes enclosed poikilitically 25 modal% late magmatic, pale green, weakly 
pleochroic actinolitic hornblende, which is partly replaced (pseudomorphed) by fine
grained, very pale green actinolite. Grain size variable; averaging l-2mm. Found as 
abundant float blocks near exposures of sheared serpentinite and rare, red, fine
grained, silicified mudstones, with occasional gabbros.

H19: Banded and foliated amphibolite with 30% pale green, weakly pleochroic 
amphibole (actinolite to magnesio-homblende) averaging 0.75mm in length, along 
with albitised, turbid plagioclase (Anw); banding defined by varying modal 
proportions of these. Abundant prehnite concentrated in individual thin layers. 
Sampled from float along with flaser-gabbros and Na-amphibole-bearing metacherts,
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Figure 8.1: Sketch map of eastern Halmahera showing locations of analysed samples.
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close to exposures of sheared serpentinite and pumpellyite-bearing volcanic rocks.

HA69A: Fine-grained foliated and banded (by grain size and modal proportion of 
plagioclase) amphibolite with poorly-developed mortar texture: 60 modal% dark 
green amphibole (magnesio- to edenitic hornblende) averaging 0.2mm across; tiny 
ovoid grains of sphene; abundant, equant magnetite and non-turbid oligoclase (An^. 
zj). Example of rare amphibolites found in float in region of variably sheared 
serpentinised harzburgite.

H76; Meta-dolerite; euhedral, partly turbid plagioclase (A n ^ ) and 50 modal% 
intergranular, pale green-brown, optically and chemically heterogenous amphibole 
(actinolitic hornblende to magnesio-homblende) averaging 0.4mm in size. Prehnite 
widespread in narrow, discontinuous veins, associated with pale green chlorite and 
colourless hydrogrossular. Sample from continuous massive exposure, near to outcrop 
of fine-grained and thinly-bedded pelagic micrites dated micropalaeontologically as 
Late Cretaceous.

8.5: Results

The ^Ar/^Ar step-heating data for four of the five irradiated amphibole 

separates (sample H76 was lost; see below) are listed and plotted as age spectra in 

Figures 8.2-8.5. Each bar in an age spectrum represents the increment of 39Ar 

released at a particular temperature step; the two sigma analytical uncertainty is 
indicated by the vertical height of each bar. The resulting geochronological data are 

summarised in Figure 8.6.

In the following discussion of the patterns of incremental Ar release for each 

sample, a "plateau" is defined, following Dallmeyer and Rivers (1983), as a portion 

of a spectrum including at least 50% of the total released 39Ar, with individual 

fraction ages agreeing within analytical uncertainty with the age integrated across the 

plateau. Note that there is no minimum number of extraction steps specified in the 

definition; a plateau could be defined by the gas released from a single heating step, 

providing it amounted to at least 50% of the total 39Ar. In contrast, Feraud et al. 

(1986) defined plateaux as including at least 70% of the 39Ar and containing at least 

three consecutive steps; the plateaux of Ross and Sharp (1988) had to consist of 

four or more extraction steps; those of Blanckenburg and Villa (1988) four or more 

each containing over 10% gas to be "geochronologically meaningful". Such 

definitions are appropriate for samples with high K concentrations on which more 

heating steps can be performed without sacrificing accuracy. The low K20  contents 

of the Halmahera samples meant that relatively few heating steps could be 

performed and that the errors attached to the apparent ages of each step are 

consequently amplified.
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Age CMyr)

200

180

160

140

120

100

80

60

40

20

HI 17 Hnb.

Run 1017 

Integrated Age 

73. 9 ±2. 2 My.

20 40 60
Cum % 39 Ar

80 100

H117 Hnb., run 1017, weight =0.06555
Temp 39K 37Ca 38C1 Ca/K 

{ Vol. *10-9 cc }
745 0.,021 0.,087 0..002 8.,209
860 0.,150 0.,947 0..005 12.,588
945 0.,113 2., 183 0.,004 38.,419
970 0..120 2.,139 0.,007 35..585
1000 0.. 165 2.,921 0..017 35..291
1030 0..563 10.,430 0..064 36..850
1080 1 ..906 35..130 0..183 36.,672
1120 0,,273 5..227 0..028 38.. 140
1215 0.,255 5..524 0..025 43..054
1330 0.,534 11..496 0..051 42..868

gms. J value =0.003937 + /- 2.0 %
*40/39K %Atm Age Err %39

40
5.,374 98. 8 37. 77 198 .67 0,.5
13.,582 95. 9 93. 98 35 .81 3 . 7
7.,851 85. 3 54. 92 16 .22 2 .8

11 ,.170 74. 2 77. 64 9 .91 2 .9
10..854 70. 4 75. 49 8 .43 4 .0
10,.844 55. 2 75. 43 4 .25 13 . 7
10,,388 52. 8 72. 32 1.47 46 .5
11,,368 70. 3 78. 99 7.76 6 .7
10,,005 85. 6 69. 70 9 .54 6 .2
10,.851 83. 5 75. 47 4 .02 13 .0

Integrated values, analytic & J errors(2 sigma) 
Age (My) 73.86 2.20 3.64
*40/39K 10.615 3.04 %
Wt %K = 0.227 ,*40 = 6.64 x 10-7 cc/gm

Figure 8.2: '"Ar/^Ar step-heating data and age spectrum, HI 17.
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Age <Myr>

200

180

160

140

120

100

80

60

40

20

HA25B Hnb.

Run 1015 

Integrated Age 

63. 3 ±.24. 9 My.

20 40
Cum

60 
39 Ar

80 100

HA25B Hnb. , run 1015, weight =0.06973 gms. J value =0.004549 +/- 3.,0 %
Temp 39K 37Ca 38C1 Ca/K *40/39K %Atm Age Err %39

1( Vol. *10-9 cc ) 40
710 0.027 0. 169 0.002 12.508 22.742 99.0 177.612043.29 1. 1
960 0.473 15.482 0.068 65.094 6.687 85.0 54.06 5.90 20. 1
1070 0.929 38.785 0.158 83.116 6.367 57.0 51.51 1.73 39.4
1160 0.426 15.689 0.068 73.358 7.867 63.8 63.43 4.94 18.1
1350 0.500 20.853 0.077 83.026 10.899 82.6 87.30 6.99 21.2

Integrated values, analytic & J errors(2 sigma) 
Age (My) 63.31 24.94 25.22
*40/39K 7.851 40.08 %
Wt %K = 0.106 ,*40 = 2.65 x 10-7 cc/gm

Figure 8.3: 40Ar/39Ar step-heating data and age spectrum, HA25B.
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200 HI9 Hnb.

180

160

Age (Myr)

Run 1014 

Integrated Age 

59. 1 ±.4. 1 My.
140

120

100

80

60

40

20

 L____

20 40
Cum

60 
39 Ar

80 100

H19 Hnb., run 1014, weight =0.07978 gms. J value =0.004052 + /- 2.0
Temp 39K 37Ca 38C1 Ca/K ♦40/39K %Atm Age Err %39

( Vol. *10-9 cc ) 40
740 0.028 2.865 0.003 203.333 28.622 97.9 197.96 556.97 0.7
855 0.036 3.736 0.001 207.729 11.354 90.5 81.15 38.20 0.8
930 0.501 15.910 0.024 63.194 7.813 53.0 56.23 3.29 11.8
1020 1 . 259 28.538 0.063 45.123 7.953 35.9 57.22 0.96 29.7
1085 0.331 7.904 0.016 47.519 7.404 44.6 53.33 5.72 7.8
1155 0.653 15.180 0.032 46.280 8.666 35.6 62.26 1.86 15.4
1360 1 .428 31.759 0.069 44.259 8. 120 47. 1 58.40 1.26 33.7

Integrated values, analytic & J errors(2 sigma) 
Age (My) 59.15 4.08 4.70
*40/39K 8.225 7.02 %
Wt %K = 0.187 ,*40 = 4.37 x 10-7 cc/gm

Figure 8.4: ^Ar/^Ar step-heating data and age spectrum, H19.

227



200 HA69A Hnb.

180
Run 1016

160 Integrated Age

72. 4
140

120

100

80

60

40

20

0 6020 40 80 100
Cum % 39 Ar

HA69A Hnb. , run 1016, weight =0.01310 gms. J value =0.003983 + /- 2.,0 %
Temp 39K 37Ca 38C1 Ca/K ♦40/39K %A tm Age Err %39

( Vol. *10-9 cc ) 40
770 0.036 0.170 0.002 9.313 4.144 99.6 29.53 417.06 1.3
890 0.031 0.209 0.000 13.232 17.394 74.2 120.85 53.28 1 .1
960 0. 133 1 .109 0.001 16.627 12.303 47.9 86.31 9.43 4.8

1050 1 .396 7.490 0.004 10.677 10.616 8.6 74.72 1.37 50.3
1105 0.285 1.605 0.001 11.198 10.011 22.9 70.54 7.53 10.3
1165 0.436 3.266 0.002 14.892 10.379 19.3 73.08 3.02 15.7
1360 0.458 2.917 0.004 12.674 8.760 59.6 61.88 3.32 16.5

Integrated values, analytic & J errors(2 sigma) 
Age (My) 72.42 5.52 6.21
♦40/39K 10.283 7.78 %
Wt %K = 0.759 ,*40 = 21.79 x 10-7 cc/gm

Figure 8.5: 40Pup9Ax step-heating data and age spectrum, HA69A.
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H117 (Fig.8.2): The age spectrum is reasonably concordant, with a total gas 

integrated age (ten steps) of 73.9 ± 2.2 Ma. Release of the first 4.2% of the total 

39Ar in the two lowest temperature steps resulted in very large error bars, low Ca/K 

ratios and an initially low and then high ^Ar/^Ar ratio, interpreted as an effect of 
excess 40Ar, presumably derived from minor diffusion into the HI 17 hornblende of 

radiogenic gas derived from underlying rocks held above their Ar closure 

temperatures (Dallmeyer & Rivers, 1983). Ca/K ratios remain approximately constant 

for the next eight steps. The third step gives an apparent age of 54.9 ± 16.2 for the 

release of 2.8% of the total 39Ar, this could reflect the age of a minor degree of 

lower-temperature resetting of the ^Ar/^Ar ratio. The plateau age across the 

remaining seven steps is 73.8 ±1 . 5  Ma.

HA25B (Fig.8.3): Only five heating steps were performed on this sample due to its 

low K content. The age spectrum is markedly discordant. The first 1.1% of released 

gas has anomalously high ^Ar/^Ar and low Ca/K ratios, interpreted as indicating 

peripheral contamination with an extraneous, ^Ar-rich gas (Harrison & McDougall,

1980). The plateau over the next two steps (59.5% total 39Ar released) gives an age 

of 52.4 ± 2.3 Ma which rises to an older apparent age in the fusion fraction of 87.3 

± 7.0 Ma. The age integrated over the whole spectrum (63.3 ± 24.9 Ma) is therefore 

meaningless. The spectrum displays significant later resetting of the primary 40Ar/39Ar 

ratio.

H19 (Fig.8.4): Seven steps were completed, providing a concordant spectrum and 

an integrated age of 59.1 ±4 . 1  Ma. The same pattern of low temperature Ar release 

occurs in the first 1.5% of the total 39Ar as is seen for HA25B, but this time is 

marked by anomalously high Ca/K values. This is interpreted as marking peripheral 

excess '“Ar contamination. Without these two steps, a plateau age of 57.9 ±0 . 8  Ma 

is obtained.

HA69A (Fig.8.5): An age of 72.4 ± 5.5 Ma results from the integration of all 

seven heating steps. The first three steps show a low temperature liberation of gas 

with low ^Ar/^Ar ratio (and low Ca/K) followed by high and then decreasing 

40Arp9At, probably representing excess 40Ar. The last increment, the fusion fraction, 

gives a significantly lower apparent age (61.9 ± 3.3 Ma) than the plateau age across 

the remaining three steps (76.3% of the total 39Ar) of 73.8 ±1 . 5  Ma. The 

significance of this is not fully understood. Well-defined, anomalously high age
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plateaux can occur in metamoiphic rocks recrystallised under high 40Ar partial 

pressures (Harrison & McDougall, 1980), implying that the lower apparent age 

recorded in the fusion fraction approaches the HA69A hornblende crystallisation age. 

Alternatively, mixtures of two generations of minerals can provide age spectra in 

which the apparent ages decrease in the higher temperature fractions (Montigny et 

al., 1988). In this sample, the plateau could represent the ^Ar* distribution in an 

earlier phase and the fusion fraction provide an estimate of the age of a later phase, 

but there is no petrographic evidence of two intergrown phases in HA69A and so 

the former interpretation is preferred.

H76: This sample was lost due to experimental error; namely, the mass

spectrometer filament was left on a current setting too low, such that the measured 

current ratios could not be used.

8.6: Interpretation

HI 17 provided a well-constrained, Late Cretaceous plateau age at 73.8 ±1 . 5  

Ma, reflecting cooling of magmatic hornblende through an Ar closure temperature of 

around 500°C (Dallmeyer & Rivers, 1983), and a poorly-constrained later age (54.9 

± 16.2 Ma), probably a low-grade metamorphic overprint. This pattern is better 

displayed in HA25B; actinolite partially replaced primary hornblende at 52.4 ± 2.3 

Ma, following Late Cretaceous magmatic crystallisation at 87.3 ± 7.0 Ma. The 

hornblende separates from both HI 17 and HA25B display the effects of peripheral 

contamination with excess 40Ar, a feature common in intrusive igneous rocks 

(Harrison & McDougall, 1980). The fusion fraction of the amphibolite HA69A, 

interpreted as having crystallised under a high 40Ar partial pressure (Harrison & 

McDougall, op.cit.), provides an age (61.9 ± 3.3 Ma) within error of the plateau age 

of the other analysed amphibolite, H19 (57.9 ± 0.8 Ma). This suggests Paleocene 

uplift and cooling of the products of the dynamothermal metamorphism of ophiolitic 

gabbros, as discussed in Chapter 7, which pre-dates the Eocene (c.50 Ma) low-grade 

metamorphic overprint seen in the age spectrum of HA25B and suggested by that of 

HI 17.

The distinct crystallisation ages yielded by the two analysed diorites 

correspond with their different chemical and petrological characteristics, as discussed 

in Chapter 4. The ^Ar/^Ar geochronology indicates that HI 17 and HA25B represent 

two distinct phases of Late Cretaceous, arc-related igneous activity in eastern
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Figure 8.6: Summary of interpretations of the ^Ar/^Ar age spectra. Question marks 
indicate an uncertain interpretation.
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Halmahera. The HFS element-depleted diorite HA25B is older (80-94 Ma: between 

the Cenomanian and Campanian stages) than the LREE-enriched rock HI 17 (72-75 

Ma: Campanian-Maastrichtian). HA25B is representative of a group of "boninitic" 

diorites whose chemical characteristics suggest that they could be the hydrous 
equivalents of the Halmahera cumulate rocks. The minimum age of the ophiolite is 

constrained only poorly by the micropalaeontological dating of the imbricated 

sedimentary rocks in the northeastern arm. The Gau Limestone Formation contains 

pelagic microfauna that indicate a range of ages in the Late Cretaceous that could 

be compatible with HA25B, but also has some possible Barremian-Aptian specimens 

(Early Cretaceous) and even tenuous suggestions of a Jurassic age. This evidence is 

therefore equivocal, but seems to hint that the ophiolite is the older than the diorites. 

Pieters et al. (1979) reported a single K-Ar date of 148 ± 8 Ma (latest Jurassic) 
from "amphibole" separated from an altered, low K20  doleritic dyke on the island of 

Gag (Fig. 1.2), widely interpreted as part of the same ophiolitic "province" as eastern 

Halmahera (e.g. Sukamto et al., 1981). Although the present study has shown that 

K-Ar dates on such rocks are never likely to be reliable and the direct geological 

correlation between eastern Halmahera and Gag is questionable, it is nevertheless 

another indication that the ophiolite pre-dates the "boninitic" diorites. HA25B is 

therefore interpreted as reflecting the earliest post-ophiolitic igneous activity in 

eastern Halmahera for which evidence is available.
It is interesting to note that rocks of similar age to both HI 17 and HA25B 

have been dredged from the Amami Plateau, an irregularly-shaped remnant arc 

situated north of the Daito Ridge in the northernmost Philippine Sea, moved 

northward by rifting in the west Philippine basin over the last 53 Ma (Klein & 

Kobayashi, 1981; Kobayashi, 1983; Ogawa & Naka, 1984). In contrast, no rocks of 

comparable age have been reported from the onshore Philippines (Crispin & 

Fuchimoto, 1980; Geary et al., 1988). Several kinds of igneous rock have been 

dredged from the Amami Plateau (Tokuyama, 1985; Tokuyama et al., 1986), 

including "arc tholeiitic basalts" that provided K-Ar ages of between 80 and 87 Ma 

(comparable with HA25B) and "hornblende tonalite" from which a hornblende 

separate yielded a K-Ar age of 75.1 ± 2.4 Ma (cf integrated ^Ar/^Ar age of HI 17, 

approximately equivalent to a K/Ar age, is 73.9 ± 2.2 Ma). The Amami Plateau 

tonalite contains green hornblende, plagioclase and quartz and bears some bulk 

chemical similarities to HI 17 (e.g. TiOz = 0.58 wt.%; K20  = 0.77 wt.%), but it is 

markedly richer in Si02 (58.4 wt.%) and depleted concomitantly in MgO, CaO and 

F e ^  (cf. Table 4.2). Recent interpretations of plate boundaries (e.g. Hall, 1987;
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Hall & Nichols, in press) have located northeastern Halmahera at the southernmost 

tip of the Philippine Sea plate; this study is a preliminary indication of a 

symmetrical distribution of Late Cretaceous island arc rocks about the axis of the 

west Philippine basin within the Philippine Sea plate.
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CHAPTER NINE 
SUMMARY OF CONCLUSIONS, COMPARISONS AND PROPOSED

MODERN ANALOGUES

9.1: Summary of the components of the eastern Halmahera ophiolite

Rocks representative of each level of a complete ophiolite have been 

collected from eastern Halmahera and their study has indicated a "supra-subduction 

zone" environment of formation. Magma generation probably took place soon after 

the initiation of subduction. The forearc region of a non-accretionary, intra-oceanic 

arc is the most likely tectonic setting for the preservation of the resulting rocks.

Mantle sequence rocks are represented predominantly by harzburgites of 

particularly depleted chemistry (Table 2.4), suggestive of a mantle residue which has 

undergone a greater degree of partial melt extraction than that necessary to create a 

typical mid-oceanic ridge magma. Rare lherzolites of relatively enriched chemistry 

are interpreted as local zones of more "fertile" upper mantle and tire compatible with 

upper mantle after the extraction of MORB. These lherzolites are the only eastern 

Halmahera rocks of petrology and chemistry suggestive of formation at a spreading 

ridge.
Cumulate rocks are abundant and are characterised by limited cryptic 

variation, early crystallisation of both clino- and orthopyroxene, high modal 

abundance of orthopyroxene, low clinopyroxene Ti02 (averaging 0.27 wt.%) and 

calcic (up to Angg) cumulus plagioclase (relative to MOR cumulate rocks). These 

data are compatible with the open-system crystallisation of an arc-related magma 

rich in Si and Mg, poor in Ti and with relatively high aH,o, derived by a high 

degree of partial melting of a lherzolitic source region, leaving a residue represented 

by the depleted harzburgites. That this melting took place in two stages is suggested 

in section 9.2 below.

Volcanism associated with this plutonic activity was restricted; evidence is 

limited to two samples of boninitic affinity. Subsequent, island arc-related, basaltic 

to dacitic volcanism and associated dioritic plutonism occurred in at least two, 

chemically-distinct, pulses in the Late Cretaceous, distinguished on the basis of REE 

fractionation patterns. Comparable igneous activity is represented by rocks now 

found at the northernmost tip of the Philippine Sea plate. "Boninitic" diorites 

represent the earliest phase of post-ophiolitic igneous activity, between 80 and 90 

Ma ago. Rare trondhjemites are not co-genetic with the ophiolite, but represent
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another late intrusive phase. The basaltic andesites of the Gowonli River province 

reflect a distinct phase of post-ophiolitic, low-Ti, calc-alkaline volcanism 

characterised by high magmatic f 0 2 and formed in an arc above probably young 

oceanic crust, possibly of marginal basin origin.

9.2: Partial melting and magma generation

The generation of the Halmahera ophiolitic magma required a high degree of 

mantle partial melting (e.g. My sen & Kushiro, 1977; Jaques & Green, 1980; 

Ishiwatari, 1985) and/or a depleted mantle source. One mechanism for the depletion 

of the source is through the prior extraction of MORB (e.g. Sun & Nesbitt, 1978; 

Duncan & Green, 1980; 1987). Similarly, Jaques et al. (1983) proposed that the 

Marum mantle source had been depleted by the extraction of a liquid of olivine 

tholeiite (i.e. MORB-like) composition. The introduction of H20  and C 02 into the 

MORB-depleted upper mantle on the initiation of subduction in an intra-oceanic 

environment (derived from the dewatering of ocean floor sediments and zeolite 

facies basalts, for example) decreased the solidus temperature sufficiently to facilitate 

partial remelting (e.g. Kushiro, 1972; Green, 1973; Mysen & Kushiro, 1977) and the 

subsequent generation of a refractory magma. This may take place at depths as 
shallow as 30 km (Jakes & Miyake, 1984), depending on the thermal structure of 
the oceanic lithosphere, and would be aided by the overriding plate being young and 

therefore still hot. The fluid liberated from the slab was enriched in LIL and Si and 

possibly the LREE (e.g. Hickey & Frey, 1982; McCulloch & Cameron, 1983; 

Cameron et al., 1983), but not in Ti or Nb (Ryerson & Watson, 1987). Later melts 

generated had greater inputs from these slab-derived fluids and were LREE-enriched.

The composition of the mantle source was probably similar to the Tinaquillo 

spinel lherzolite used in the (anhydrous) melting experiments of Jaques and Green 

(1980). The bulk composition of this rock (Green, 1963) was similar to, but slightly 

less depleted than, that of the Halmahera lherzolite HA52; 5 to 5.5 wt.% A120 3 in 

the Tinaquillo orthopyroxene (cf. Table 2.1) shows that its phase compositions 

follow the same pattern. Approximately 20% melting of the Tinaquillo lherzolite at 

10 kbar (corresponding to 30 km depth) was required to give rise to residual 

mineral compositions approaching those of the average Halmahera harzburgite (Table 

2.4), according to the data in Jaques and Green (op.cit.). Less melting would be 

required of a more depleted precursor, such as HA52. The resulting melt is S i02- 

undersaturated, but the expansion of the olivine stability field during water-saturated 

melting (Kushiro, 1972) would give rise to a more siliceous melt. The boninitic
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volcanic rocks H35 and HI 12 have considerably lower mg# than the experimentally- 

derived melt, presumably a result of fractionation, but it is worth noting that around 

20% melting at very low pressure (2 kbar) produced a liquid much more similar to 

HI 12. Geothermometry (Table 2.3) indicates temperatures around 1000°C for the 

partial melting that produced the harzburgites, considerably lower than that which 

resulted in the lherzolites (1200°C) and compatible with their reflecting hydrous and 

anhydrous melting episodes respectively (Green, 1973; Bonatti & Michael, 1989).

The paucity of volcanic rocks in eastern Halmahera indicates that the second-stage 

ophiolitic melt largely froze in the lower crust The experimental data are therefore 

consistent with the partial melting model proposed here and suggest that the rare 

lherzolites of eastern Halmahera are pristine examples of the mantle source of the 

ophiolitic magma, although not undepleted upper mantle.

Shallow partial melting would probably require a particularly high oceanic 

geothermal gradient, such as occurs beneath an oceanic transform fault. An abrupt 

change in plate motion in the Pacific Ocean could have precipitated the onset of 

subduction at a transform (e.g. Karig, 1982; Bloomer, 1983; Ogawa & Naka, 1984; 
Casey & Dewey, 1984). This plate reorientation event could possibly have been 

related to the initiation of rifting of Australia from Antarctica at between 110 and 

90Ma (Cande & Mutter, 1982; Engebretson et al., 1985; Audley-Charles et al.,

1988). Some authors (e.g. Sharaskin et al., 1980) have suggested that the Mariana- 
Bonin arc-trench system (see 9.3 below) developed similarly in response to a sudden 

Pacific plate reorientation, at around 42 Ma. Although the age of the Halmahera 

ophiolite remains poorly constrained, it could be comparable to that of the Papuan 

ophiolite (see 9.4.4 below), and thus this proposed plate reorganisation event could 

be responsible for the generation of that ophiolite as well.

9.3: Actualistic analogues

Halmahera is related tectonically to the Mariana arc-trench system by the 

margin of the Philippine Sea plate (Fig. 1.1). Bloomer (1981; 1983), Bloomer and 

Hawkins (1983; 1987) and Johnson et al. (1987) have described rocks dredged from 

the Mariana forearc. Rocks representative of all sections of a complete ophiolite 

have been recovered, including serpentinised harzburgite (with rare clinopyroxene, 

F°9U2-92.9 olivine and spinel with mean cr# = 55), lesser lherzolite and cumulate 

gabbros in which olivine is rare and two-pyroxene assemblages are abundant (up to 

30 modal% cumulus orthopyroxene). There are clear petrological similarities with the 

Halmahera plutonic rocks, such as the importance of orthopyroxene as a cumulus
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phase and the depleted nature of the harzburgites. However, the chemistry of the 

Mariana lherzolites (e.g. occurrence of plagioclase, relatively high spinel cr# and low 

orthopyroxene A120 3, cf. Table 2.1) suggests that they are significantly different to 

those of Halmahera and Bloomer and Hawkins (1983) found no clear chemical 

distinction between the spinels from the Mariana harzburgites and lherzolites, which 

were interpreted as harzburgites in which the silicate phases (but not the spinels) 

had partially re-equilibrated with trapped melt.

The Mariana forearc is dominated by normal faulting (Hussong & Uyeda,

1981) and the gabbroic and ultramafic rocks are thought to occur in relatively small 

fault blocks (Bloomer, 1983), which is analogous to the structure of eastern 

Halmahera. Bloomer (op.cit.) reported polygenetic volcanic rocks (boninites, basalts, 

andesites and dacites) in the Mariana forearc, largely of arc origin but including 

alkali basalts interpreted as occurring in thin slivers scraped from subducting 

seamounts and accreted onto the forearc. Rocks of MORB affinity are rare (Bloomer 

& Hawkins, 1987). They were reported by Johnson and Fryer (1988) from 50 km 

west of the trench axis at 19°N, found with rocks of ocean island, arc tholeiitic and 

boninitic affinity and interpreted as reflecting an exposure of trapped oceanic plate 

material. Figure 5.5 shows how boninitic volcanic rocks from eastern Halmahera are 

closely comparable with those from DSDP Site 458 in the Mariana forearc (Hickey 

& Frey, 1982), but no rocks of MORB affinity have been found in the present 

study.

Large seamounts are widespread on the forearc of the Mariana arc-trench 

system, consisting of serpentinite and other low-grade metamorphosed forearc rocks, 

and appear to be related to the the abundance of seamounts on the subducting 

Pacific plate (Fryer et al., 1985). The fluid influx necessary for the serpentinisation 

and diapiric uprise of the forearc ultramafic rocks could arise both from dehydration 

of the subducted oceanic slab and from the extensive system of steep faults acting 

as conduits allowing seawater to penetrate downward into the mantle wedge 

(Bloomer, 1983). This fault system reflects the extensional nature of the Mariana 

forearc (Hussong & Uyeda, 1981) and provided access to the surface for the diapirs 

(Newsom & Fryer, 1987). A variety of igneous rocks are exposed on the basement 

adjacent to the seamounts, many of which have undergone low-grade metamorphism 

(Johnson et al., 1987) and which presumably have been uplifted in fault blocks from 

deep within the forearc (Bloomer, op.cit.) in association with the diapirism. Although 

diapiric structures have not been mapped, the abundance of serpentinised rocks in 

eastern Halmahera (e.g. along fault zones) is broadly comparable to the situation in
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the Mariana forearc; their uplift from depth could provide an explanation for the 

occurrence of high P/low T metamorphic rocks.

The Tonga Trench is another non-accretionary forearc in the southwestern 

Pacific from which rocks similar to those of eastern Halmahera have been recovered 

from dredge hauls (Fisher & Engel, 1969; Bloomer & Fisher, 1987). The Tonga and 

Mariana Trenches are very similar in terms of geometry and regional setting, but a 

major difference lies in the apparent absence of serpentinite diapirism in the former. 

A variety of volcaniclastic siltstones, basalts, dolerites and harzburgites have been 

collected from the Tonga Trench, but gabbroic rocks are rare and boninites have not 

been found. Volcanic rocks dredged from the landward trench slope include altered, 

highly vesicular basalts with high Ba (190-250 ppm), Ti02 (2.0-2.5 wt.%), Zr (122- 

469 ppm) and Nb (36-41 ppm) and low Y/Nb that are interpreted as alkaline ocean 

island/seamount basalts carried into the trench from the subducting plate and which 

closely resemble the eastern Halmahera samples H208 and H209 (see Table 5.3). 

They are clearly different to other volcanic rocks from that part of the trench slope 

which are Nb-depleted and of arc origin. The Tonga harzburgites are fresh, 

clinopyroxene-poor and interpreted as having been emplaced in a fault block on the 

landward trench slope. Their chemistry is summarised in Table 2.4 based on the 

microprobe analyses tabulated and plotted by Bloomer and Fisher {op.cit.) and the 

single bulk analysis published by Fisher and Engel {op.cit.). The data show clearly 

that the Halmahera harzburgites are comparable, but represent a slightly greater 

degree of partial melting than the Tonga example.

A submerged bathymetric high situated in the forearc 20 km west of the 

junction of the Ogasawara (Bonin) and Mariana Trenches has been suggested to 

have had a history of subaerial emergence and hence has been termed the 

"Ogasawara Paleoland" (OPL) (Ishii, 1985). Boninite was recovered from an adjacent 

small submarine volcano landward of the OPL. Rocks dredged from the OPL itself 

resemble those found in eastern Halmahera and include harzburgite, dunite, 

orthopyroxene-rich gabbro, dolerite, amphibolite, basalt (including rare alkaline basalt 

interpreted as seamount fragments), andesite, dacite and tuffaceous sedimentary 

rocks. Harzburgite is the most abundant of these and is usually highly serpentinised, 

lherzolite is absent and volcanic rocks formed a small proportion of the dredge 

hauls, again analogous to the situation in eastern Halmahera. Although data are 

limited, the OPL harzburgites appear to show strong chemical similarities to those of 

Halmahera (olivine Fo = 92, spinel ci# = 55-68). The OPL is interpreted as a 

"proto-ophiolite" reflecting near-trench mantle diapirism related to high degrees of
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partial melting through fluid input at the onset of subduction of old Pacific Ocean 

lithosphere beneath very young Philippine Sea lithosphere (Ishii, op.cit.; Ishii et al., 

1988); overriding hot lithosphere was thought necessary by both Meijer (1980) and 

Cameron (1985) for the generation of a boninitic magma. The evidence suggests that 

a terrain like the OPL could well be preserved as a remnant arc and, on uplift and 

obduction, would form an ophiolite closely comparable to the basement of eastern 

Halmahera.

9.4: Comparison with other ophiolites

9.4.1: Tethyan ophiolites - Troodos and Oman. A general similarity of the 

parental magmas of the eastern Halmahera and Troodos ophiolites is suggested by 

the abundance of orthopyroxene in both plutonic suites and by the REE profiles of 

the Halmahera cumulate rocks and the boninitic volcanic rocks H35 and HI 12 being 

similar to those of Troodos basaltic andesitic glasses (Thy et al., 1985). The 

tectonomagmatic provenance of the Troodos ophiolite is controversial and some 

interpretations have suggested a forearc or incipient arc environment (e.g. Robinson 

et al., 1983). Comparisons with western Pacific ophiolites such as that of Halmahera, 

the palaeotectonic setting of which is much less obscure, are therefore of value. A 

significant difference is that plagioclase in the Troodos cumulate rocks is much more 

calcic (up to An^; Thy, 1987a) than that in the Halmahera rocks, suggestive of 

higher P h2o in the Troodos magma. Conversely, cumulus plagioclase compositions in 

the Oman ophiolite (Browning, 1984) are comparable with those from Halmahera, 

but orthopyroxene is not an important cumulus phase in Oman, suggesting a magma 

of lower asio*. Abundant data (e.g. Pallister & Hopson, 1981; Pallister & Gregory, 

1983) also suggest that the Oman magma was considerably richer in Ti than that of 

Halmahera. The mantle sequence harzburgites of Troodos and Oman are both 

markedly less depleted than that of Halmahera, indicating that the Halmahera 

ophiolitic magma was derived from a greater degree of partial melting than those of 

these two, well-studied, Tethyan ophiolites.

9.4.2: Talaud. Ophiolitic rocks were described as blocks of mappable proportions 

within a scaly clay melange exposed on the Talaud islands in the central Molucca 

Sea (Sukamto, 1979; 1980; Soeria Atmadja & Sukamto, 1979; see Fig. 1.2). The 

Talaud islands occupy a contentious position within the Molucca Sea arc-arc 

collision zone and in plate boundary locations and reconstructions in the Halmahera 

region. For example, they have been interpreted as a northern extension of the
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present Halmahera forearc (Moore & Silver, 1983) and as a southern extension of 

the east Mindanao arc (Cardwell et al., 1980). The Talaud rocks described by Soeria 

Atmadja and Sukamto (op.cit.) included peridotites, gabbros and pillow lavas, major 

element analyses of which were interpreted as suggesting a mid-oceanic ridge origin. 

Similar data were presented by Evans et al. (1983). The rocks in their study were 

said to form a "disrupted but complete ophiolite" of pre-Eocene age and included 

layered olivine and two-pyroxene gabbros (with magnetite, but without Cr-spinel), 

serpentinised, clinopyroxene-bearing peridotites with cr# < 50 spinel and pillow lavas 

of probable MORB chemistry (Ti02 = 0.9-2.1 wt.; Zr = 70-160 ppm). These data 

preclude a correlation between the ophiolitic rocks of Talaud and eastern Halmahera 

and indicate that the Talaud "ophiolite" is not of arc or forearc origin and probably 

represents deformed and uplifted material of MORB affinity. It seems unlikely that 

such rocks would be preserved in a forearc environment.

9.4.3: The Philippines - eastern Mindanao and the Zambales range. The 

Phillipine islands represent a complex, evolving amalgamation of different geological 

units, many of which appear to owe their origin to magmatism associated with 

island arcs (Hawkins et al., 1987). Ophiolitic rocks are notable in the south (eastern 

Mindanao) and the north (Luzon) of the archipelago. Some regional reconstructions 

have linked eastern Halmahera with eastern Mindanao (e.g. Moore & Silver, 1983; 

Hall, 1987; Hall et al., 1988a), largely on the basis of a broadly similar 

lithostratigraphy. Mindanao was mapped at a reconnaissance level by Ranneft et al. 

(1960) and the eastern part of the island was said to be underlain by a pre-Eocene 

"basement complex" dominated by serpentinised peridotite and including gabbro, 

diorite, basalt and andesite. Hashimoto (1980; 1981) extended this basement terrain 

the length of the Philippine archipelago as a continuous "Eastern Belt of Ophiolite 

(East Philippine Rim)", but this was not followed by Mitchell et al. (1986) who 

postulated that an oceanic basin northwest of Mindanao closed in the mid-Miocene 

and led to the oblique collision of an eastern Mindanao/southeastern Luzon terrain 

with northeastern Luzon.

The dismembered ophiolitic rocks exposed on the Pujada peninsula in 

southeastern Mindanao include orthopyroxene-poor gabbros with plagioclase 

compositions ranging from An^ to An70 and polygenetic volcanic rocks, including 

imbricated MORB or backarc basin (1.6 wt.% Ti02, 120-150 ppm Zr) and arc 

tholeiitic (0.7 wt.% Ti02, 60 ppm Zr) types (Wright et al., 1981). Much of the 

Pujada peninsula consists of serpentinised peridotite (olivine Fo = 90-91, spinel cr#
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= 36-43, orthopyroxene A120 3 = 1.7 wt.%: cf. Table 2.4) which is not strongly 

depleted and appears compatible with this part of eastern Mindanao representing a 

composite of a backarc basin ophiolite with arc volcanic rocks (Hawkins et al.,

1987). In contrast, an ophiolitic association exposed on Dinagat Island off the 

northern coast of eastern Mindanao contains more strongly depleted harzburgite 

(olivine Fo = 90-91.5, spinel cr# = 50-60) and dunite (olivine Fo = 93, spinel cr# = 

70-80) and ultramafic, cumulate-textured rocks in which plagioclase is not found 

(Hawkins et al., op.cit.). Microgabbroic dykes cross-cutting the peridotite contain 

quartz and biotite, which is an indication of arc affinity, but are not Nb- or Ti- 

depleted when normalised to n-MORB on trace element spider diagrams. These 

limited data do not rule out an arc or forearc origin for at least part of the basement 

of eastern Mindanao, but suggest that direct correlation of this complex tectonic 

collage with the ophiolitic basement of eastern Halmahera is not yet feasible.

The ophiolitic rocks forming part of the Zambales Range in western Luzon 

contain at least two, chemically-distinct peridotite-gabbro-basalt associations 

separated by a major fault (Evans & Hawkins, 1981; Hawkins & Evans, 1983). A 

northwestern block is interpreted as "nascent” island arc basement and contains a 

refractory, orthopyroxene-rich cumulate section with calcic plagioclase (up to An95) 

associated with strongly depleted harzburgite/dunite [olivine Fo = 89.9-93.3 (mean = 

91.6), spinel cr# = 60-81 (mean = 73)]. In contrast, a southeastern ophiolite block 

contains a less depleted, harzburgite/lherzolite mantle sequence [olivine Fo = 87.6- 

91.7 (mean = 89.9), spinel cr# = 39-62 (mean = 47)] overlain by a cumulate 

sequence enriched in HFS elements relative to the northwestern unit and in which 

plagioclase is less calcic (usually An7M0) and orthopyroxene occurs only as a rare 

reaction rim on olivine. This block is interpreted as of backarc basin origin. In 

summary, the fragmentary published data on the Philippine ophiolites preclude any 

simple correlations with the ophiolitic terrain of eastern Halmahera and serve to 

illustrate the complex evolutionary history of the western Pacific margin and the 

importance therein of the accretion of remnant arc (including backarc and forearc) 

provinces.

9.4.4: The ophiolites of New Guinea. Similar ophiolitic rocks have been described 

from the Papuan Ultramafic Belt at the southeastern end of the island of New 

Guinea (Davies, 1971; 1981; England & Davies, 1973; Jaques & Chappell, 1980) 

and the Marum complex to the northwest (Jaques, 1981; Jaques et al., 1983). K-Ar 

ages on ophiolitic gabbros in the Papuan ophiolite indicate an Upper Jurassic (147-
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150 Ma) age whereas imbricated sedimentary rocks give mid- to Late Cretaceous 

micropalaeontological ages (Davies, 1981). The New Guinea ophiolites have many 

petrological and chemical features in common with that of eastern Halmahera. 

Harzburgites are extremely refractory and clinopyroxene-free, cumulate ultramafic 

rocks are olivine-rich and contain postcumulus pyroxenes, orthopyroxene is a 

prominent cumulus phase in gabbroic rocks (in which cumulus plagioclase is less 

calcic than An,*,) and sheeted dyke complexes are developed at the gabbro-basalt 

boundary only locally (unlike in Troodos and Oman). Parental magmas are inferred 

to have contained low concentrations of the incompatible trace elements including Ti 

and the LREE and to have been enriched in Si and Mg. However, the more 

refractory nature of the Papuan ophiolite (see Table 2.4) compared to the Marum 

and Halmahera examples indicates formation from a greater degree of mantle partial 

melting and precludes simple, direct correlations of these similar terrains around the 

southwestern Pacific margin. Eocene LREE-enriched tonalites intruding the Papuan 

ophiolite, said to represent the earliest stages of island arc magmatism (Jaques & 

Chappell, op.cit.), have chemical similarities to trondhjemites interpreted as late 

intrusive rocks in eastern Halmahera.

The ophiolite complexes in New Guinea have been thrust southeastwards onto 

the Australian continental margin and are flanked externally by remnants of 

Cenozoic island arcs (Davies & Jaques, 1984). The juxtaposition of similar 

lithological units further west in the Indonesian part of the island (Irian Jaya) has 

been recognised at a reconnaissance scale (Pieters et al., 1983). The most likely 

mechanism for the emplacement of the ophiolites is through collision between the 

arcs and the Australian continental margin (e.g. Jaques & Robinson, 1977; Johnson 

& Jaques, 1980; Cooper & Taylor, 1987) and implicit in this model is that the 

ophiolites represent forearc basement at the forefront of the collision. Their 

petrological characteristics are consistent with this origin and support the postulation 

of a similar origin for the Halmahera ophiolite. The northeastern coast of New 

Guinea demonstrates that arc-continent collision is a mechanism for the emplacement 

of a supra-subduction zone ophiolite.
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CHAPTER TEN 
EPILOGUE: A LIST OF MAIN CONCLUSIONS

The first comprehensive petrological survey of the ophiolitic rocks of eastern 

Halmahera has resulted in the following main conclusions:

(1) "Mantle sequence" rocks are predominantly depleted harzburgite (spinel 

cr# = 62, olivine Fo = 91.6, bulk A120 3 + CaO =1 . 2  wt.%), rocks more refractory 

than those of Troodos and Oman and reflecting a mantle residue which has 

undergone a high degree of partial melt extraction. Subordinate lherzolites of 

relatively enriched chemistry (spinel cr# =17,  olivine Fo = 90.4, bulk A120 3 + CaO 

= 4.2 wt.%) reflect local zones of more "fertile" upper mantle compatible with that 

depleted by the extraction of MORB. A two-stage melting model, in which 

precursory lherzolite is remelted on the initiation of subduction to leave a 

harzburgitic residue, best explains the co-existence of the two types of peridotite. 

Comparison with experimental data on peridotite fusion supports this model.

(2) Ultramafic cumulate rocks are dominated by high Fo olivine and high cr# 

spinel; both pyroxenes occur as postcumulus phases in these rocks and crystallised 

prior to plagioclase. The majority of cumulate rocks are olivine-free gabbronorites 

characterised by a high modal abundance of orthopyroxene, approximately 20-25 

modal%. Incompatible trace elements (e.g. Ti02 in clinopyroxene) are very low and 

isotope dilution analysis of separated clinopyroxenes indicates a parental magma with 

very low concentrations of the REE and relative LREE-depletion. Overall, the rocks 

are consistent with open-system crystallisation of a magma rich in Si, Mg and Cr 

and low in Ti and the REE, derived from hydrous partial melting of a depleted 

mantle source; the Halmahera harzburgite is the likely residuum of such a melting 

phase.

(3) "High-level gabbros" are represented by intergranular plagioclase + 

clinopyroxene ± hornblende rocks; although these rocks do not contain 

orthopyroxene, their trace element chemistry is consistent with their being co- 

magmatic with the cumulate rocks. At least three suites of post-ophiolitic plutonic 

rocks are present in eastern Halmahera: "boninitic" diorites particularly depleted in 

HFS elements, but enriched in Si02, MgO, Cr and Ni; arc-related diorites depleted 

in the HFS (especially Nb), but enriched in the LIL and LRE elements, and 

trondhjemites rich in S i02 and with very high Na^O/KjO ratios. ^Ar/^Ar 

geochronology on amphiboles separated from the diorites indicates both groups were
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emplaced in the Late Cretaceous, the boninitic rocks at 80-94 Ma and the LIL- 

enriched rocks at 72-75 Ma; both dates correlate with arc-related rocks now found at 

the northernmost tip of the Philippine Sea plate.

(4) Clinopyroxene chemistry and trace element bulk chemistry indicate that at 

least four, genetically unrelated volcanic rock suites are present within the ophiolitic 

terrain of northeastern Halmahera. One set of boninitic rocks may be correlated with 

the cumulate rocks on the basis of similar strong depletion in the HFS and RE 

elements. LREE-enriched, arc tholeiitic rocks are interpreted as reflecting subsequent 

magmatic events, generated either by partial melting of the same mantle source 

region after greater metasomatic enrichment by fluids derived from a subducting slab 

bearing dissolved LRE and LIL elements, or when the zone of melting and magma 

generation had migrated to a deeper level within less depleted mantle. Alkaline 

volcanic rocks can be correlated with Pacific Ocean seamount material and are 

interpreted as having been accreted with the ophiolitic rocks in a forearc 

environment during subduction.

(5) A Late Cretaceous volcanic sequence well-exposed along the Gowonli 
River at the eastern tip of the southeastern arm of Halmahera has similar 

LREE/HREE ratios to the arc tholeiitic rocks from the northeastern arm, but the 

absence of two-pyroxene assemblages, abundance of plagioclase and early 

crystallisation and abundance of Ti-poor magnetite suggests crystallisation from a 

calc-alkaline magma of particularly high J02 and distinct, in these terms, from any 

represented in the northeastern arm. Similar degrees of partial melting of a similar 

source area to the northeastern arm arc tholeiites is suggested by the comparable 

REE chemistry; the petrological differences are best explained by the more highly 

oxidising nature of the Gowonli magma, perhaps due to a greater input of recycled 

material from altered, and therefore oxidised, subducted oceanic crust.

(6) Most of the rocks within the ophiolitic terrain display the effects of low- 

grade metamorphism; the low-grade metamorphic facies observed can be explained 

by recrystallisation within a subduction zone (prehnite-pumpellyite through 

pumpellyite-actinolite to blueschist facies) overprinting sub-sea floor hydrothermal 

metamorphism. The local occurrence of dynamothermal metamorphism is indicated 

by textures ranging from flaser-gabbro through to completely recrystallised 

amphibolites which have been dated by 40 AtP9 At geochronology at 60 Ma. These 

rocks suggest high-T intraophiolitic shear movement probably related to deep, sub

vertical faults which allowed the penetration of marine-derived fluids into the 

ophiolitic basement.
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APPENDIX ONE

A l and A2 are maps of the traverses undertaken on the 1984 expedition and 
are taken from Hall et al. (1988a). Sample locations are indicated on the enclosed 
maps A4 to A7, which refer to the key map A3, taken from Hall et al. (1988c). 
From the 1987 expedition, 6b is the Sagea River traverse and 8a is the Gowonli 
River traverse.

APPENDIX TWO

Complete microprobe analyses are tabulated on the enclosed microfiche, 
which constitutes Appendix Two. The Halmahera analyses are arranged in the 
following files of associated rocks: MANTLE (mantle sequence harzburgites and 
lherzolites), CUMULATE (cumulate rocks), ISOGABB (isotropic gabbros), 
DOLERTTE (dolerites), DIORITE (diorites), TRONDH (trondhjemites), VOLCANIC 
(ophiolitic volcanic rocks), RODINGIT (rodingites), AMPHIBOL (amphibolites and 
associated metamorphic rocks), GOWONLI (volcanic and hypabyssal rocks of the 
Gowonli Formation). The files BACAN, CYPRUS, GAG, GEBE, TERN ATE and 
WAIGEO contain microprobe analyses of rocks collected from those islands.

Within each file, the mineral analyses are sorted by the number of oxygen 
atoms used to recalculate molecular proportions. These are 1 - glass, 4 - olivine, 6 - 
pyroxene, 7 - analcime, 9 - serpentine, 10 - unidentified minerals, 11 - prehnite,
16 - spinel, 17 - pectolite, 18 - xonotlite, 20 - sphene, 22 - mica, clay minerals,
23 - amphibole, 24 - garnet, hydrogamet, 25 - epidote, 28 - chlorite, 32 - feldspar, 
49 - pumpellyite, 64 - mordenite, 80 - natrolite, thomsonite.

APPENDIX THREE

Details of international standards run with Halmahera samples quoted herein.

(a) XRF trace elements
Samples HI, H57, HA7A, HA24, HR429, HR395, HR434, HR447, HR495, 

HA7, HA70, HA81, HP66, HP72, HR242, HR317 were analysed on Rh tube run 
717 and W tube run 692. All other samples were analysed on Rh tube run 673 and 
W tube run 687. Results of analyses of standards made immediately prior to these 
runs are as follows (ALI - albite, NIMN - norite, NIMP - pyroxenite, MRG1 - 
gabbro, BCR1, BIR1 - basalts, PCC1 - peridotite):

W tube run 686 
ALI NIMN NIMP MRG1 BCR1 BIR1 PCC1

CaO 0.36 11.55 2. 90 14 . 52 6.83 13.08 0. 61
Sc 1.7 40.0 31.5 59.2 29.5 37.8 9.3
Ti02 0.011 0.189 0.208 3. 982 2.252 0. 924 0. 018
La 7.9 2.5 2.7 9.1 27. 6 -0.2 -0.4
Ba 77.1 91.8 35.7 54 .7 714.3 11.2 5.7
V 2.4 212.7 263.0 570. 8 404 .0 306.2 33.4
Nd 7.3 4.1 1.3 18.4 30. 8 3.3 0.9
Ce 14.8 6.2 2.7 29.2 60.0 3.2 0.5
Cr 4.4 31.5 22134.9 496.0 13.1 361. 8 2460.8
Ni 1.2 112.1 566. 4 193.5 14.5 157.3 2433.8
Cu -0.4 13.1 19. 6 134 .1 22. 9 132.3 7.5
Zn 6.8 60. 6 106.7 202.2 120. 3 69.1 46.8
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Rh tu b e  run 672

ALI NIMN NIMP
Pb 3.0 2.7 1.7
Th 9.8 0.4 1.0
Rb 5.9 4.1 3.2
Sr 84.0 259.1 34.3
Y 6.9 6.6 3.5
Zr 40.1 9.4 9.7
Nb 1.6 0.5 0.7
Cl 23.8 -6.1 68.6
Gd. 20.2 16.3 6.3
Ti02 0.008 0.186 0.207
Rh tube run 711

ALI NIMN NIMP
Pb 2.5 2.9 2.1
Th 9.2 0.7 0.4
Rb 5.9 4.0 3.1
Sr 83.7 259.7 33.8
Y 7.1 6.9 3.6
Zr 40.8 9.6 9.6
Nb 1.6 0.5 0.4
Cl 32.4 -4.5 71.1
GgL 20.2 17.9 7.2
Ti02 0.008 0.189 0.209

MRGl BCR1 BIR1 PCC1
5.1 14.1 4.3 8.4
1.0 6.3 0.8 -0.1
6.9 47.0 0.7 0.2

268.0 331.3 109.4 0.7
14.4 37.4 16.1 0.2

105.7 192.5 14.4 0.2
20.2 12.3 0.5 0.2

137.7 68.8 -48.2 404.2
18.8 21.8 15.2 1.2

4.045 2.325 0. 948 0.017

MRGl BCR1 BIR1 PCC1
6.0 14.6 4.3 8.2
1.3 6.2 -0.3 -0.2
7.1 47.5 0.6 0.0

270.5 330.8 109.1 1.0
13.1 37.9 16.6 0.3

106. 6 191.9 14.2 -0.1
20.2 12.3 0.2 0.1
151.0 53.1 -32.3 342.5
15.7 21.7 15.2 1.1

4.061 2.322 0. 957 0.017

REPRODUCIBILITY: reported data are are means ± 2 standard deviations, based on 
analyses of six separate pressed pellets of standard sample SV43:

Pb 3.1 ± 0.8
Th 1.2 ± 0.9
Rb 10.0 ± 0.2
Sr 202.2 ± 1.0
Y 40.1 ± 0.6
Sc 39.4 ± 1.1
La 7.4 ± 1.2
Ba 105.5 ± 2.7
V 295.9 ± 1.5
Nd 13.2 ± 0.6
Ce 14.7 ± 1.3
Cr 58.7 ± 5.9
Ni 23.1 ± 0.5
Cu 117.8 ± 2.0
Zn 87.2 ± 1.5
Zr 91.7 ± 1.0
Nb 4.2 ± 0.3
Cl 74.9 ± 11.9
Ga 18.9 ± 1.0
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(b) ICP rare earth elements
Two standard samples were run with the Halmahera rocks; results are listed 

below, with reproducibility data, monitored routinely using in-house standards:

KC13 KC11 precision

La 60.6 22.9 ± 2.5%
Ce 123.4 50.2 ± 5%
Pr 20.0 7.1 ± 5%
Nd 55.7 27.9 ± 4%
Sm 13.7 5.3 ± 2.5%
Eu 0.6 1.4 ± 3%
Gd 15.3 5.2 ± 2.5%
Dy 17.5 4.7 ± 3%
Ho 3.9 1.0 ± 2.5%
Er 10.0 2.8 ± 5%
Yb 9.8 2.6 ± 5%
Lu 1.3 0.3 ± 10%
Y 125.0 28.0 ± 4%
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