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ABSTRACT 

The late Mesozoic Marum and Papuan ophiolites of Papua New Guinea 

dip from the continental margin towards accreted Paleogene island-arcs and 

appear to represent frontal-arc basement emplaced as a result of mid-

Tertiary continent/arc collision. Both ophiolites comprise thick sequences 

of layered ultramafic and mafic cumulates overlying tectonite peridotite 

and h:ave associated basaltic pillow lavas. The petrology and geochemistry 

of the cumulate sequences are not consistent with an origin from common 

mid-ocean ridge basalts (MORE). Discrimination between mid-ocean ridge or 

marginal basin origins for the Papua New Guinea ophiolites is more dependent 

on accurate dating of the rocks rather than geochemical characteristics. 

The tectonite peridotites (mainly harzburgite) are characterized by 

extremely refractory mineralogy and chemistry, and are believed to be the 

residue from large degrees of partial melting of depleted mantle peridotite 

at low pressure. Relic protogranular textures and mineral assemblages in the 

o 
Marum harzburgites indicate a high temperature (1200-1300 C), low pressure 

« 5 kb) origin followed by deformation and progressive sub solidus re-

equilibration and cooling to much lower temperatures which are recorded by 

the different blocking temperatures of various cation exchange equili"i:Jria. 

A number of cyclic units are superimposed on the gross layering 

(peridotite to gabbro) of the cumulate sequences which together with the 

igneous layering and cumulus textures indicate formation by magmatic crystal-

lization in a large magma chamber(s) from a magma(s) of gradually evolving 

composition. The main cumulus phases - olivine, chrome spinel, clinopyroxene, 

orthopyroxene and plagioclase - show cryptic variation from highly magnesian 

and calcic early cumulates to more fractionated compositions. Various geo-

thermometers and geobarometers, together with thermodynamic calculations 

involving silica buffers, indicate that the Marum cumulates crystallized at 

high temperature (l200-1300oC) and low pressure (1-2 kb) d 1 f d unerowO,an 
2 

subsequently re-equilibrated under subsolid\1s conditions and cooled. The 
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presence of cumulus magnesian (Mg gO) orthopyroxene in the PNG ophiolites 

conflicts w'ith the 101'1 pressure crystallization behaviour of MORB studied 

previously and \<lith that found in an experimental study of a low-Ti olivine 

tholeiite basalt from a marginal basin. The cumulate sequences of these 

ophiolites are inferred to have accumulated from magnesian olivine-poor or 

quartz tholeiite parent magmas rich in Ni and Cr but poor in alkalies and 

other large-ion-lithophile (LIL) elements and high valence cations. 

Fractionated examples of these magmas are found among the lavas directly 

overlying the gabbro layer in the Papuan ophiolite and, although resembling 

HORB in terms of their very low contents of LIL elements, tI;lostly have lower 

abundances of Ti, Zr, and Y than MORB of comparable Mg/(Mg + EFe) ratio. 

Models of formation of oceanic crust based on ophiolites such as 

the PNG examples suggest segregation of magma from residual peridotite at 

shallow depth. An experimental study of the anhydrous melting behaviour of 

two possible upper mantle peridotite compositions at 0-15 kb pressure has 

been carried out to determine the composition of partial melts from peridotite 

at low to moderate pressure and the nature of the residual phases. Partial 

melts at low pressure are saturated to oversaturated in silica, magnesian 

olivine-poor tholeiite and quartz tholeiite, and co-exist with refractory 

harzburgite and dunite, consistent with the evidence from the ophiolites. 

Partial melts in the spinel lherzolite field are richer in normative 

olivine, ranging from alkali olivine basalt at low degrees of partial melt

ing (for pyrolite) through olivine tholeiite and tholeiitic picrite to 

komatiitic compositions at high degrees of partial melting. It is con

cluded that high-alumina olivine tholeiites are not derived by segregation 

from harzburgite at shallow depths « 25 lan). This is consistent Hith 

crystallization studies on 'primitive 1 MORB and the marginal basin basalt 

studied here which suggest that such magmas are derived by fractionation 

of olivine from tholeiitic picrite parents which segregated at about 

60-70 kID depth. 
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INTRODUCTION 

Ophiolites ( as defined by the Geological Society of America's 

Penrose Conference on ophiolites, Anonymous, 1972) are generally held to 

be segments of oceanic lithosphere obducted onto a continental margin. 

As such they should afford opportunity for detailed study of the nature 

of the deeper oceanic crust and mantle not revealed by sampling of the 

ocean basins. Geological and geophysical studies of ophiolites over the 

past decade have emphasized the similarities between ophiolites and 

oceanic crust, and current models of the oceanic crust rely heavily on 

the ophiolite analogue for information on the nature and relationship of 

lower crustal lithologies. While there is general agreement that 

ophiolites form in an oceanic environment doubts have been raised ~s to 

whether they are in fact representative of oceanic crust formed at mid

ocean ridges. It has been argued that many ophiolites fo~med in small 

back-arc basins or marginal seas; others have suggested that ophiolites 

may form in young island-arcs. 

This thesis represents a contribution to the understanding of 

the petrology and petrogenesis of ophiolites in general but with particular 

regard to the ophiolites of Papua New Guinea. Study of the ophiolites of 

Papua New Guinea is attractive in view of their relative youth and well 

preserved state. The Papua New Guinea ophiolites are also of economic 

interest since the peridotites have associated lateritic nickel mineraliz

ation and are a source of chromite-rich (and possibly platinoids) mineral 

sands. An understanding of the mode of emplacement of the ophiolites and 

the subsequent tectonic history of the former plate boundary is important 

in understanding ·the tectonic evolution of Papua New Guinea, and is rele

vant to exploration for hydrocarbons in the sedimentary basins lying to the 

north and east of the ophiolites. 



The thesis comprises four distinct but interrelated 

investigations ~Jhich are presented as separate parts. 
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PART 1 consists of a study of the geology, petrology and geochemistry 

of the Marum ophiolite complex in northern Papua New Guinea. Mapping 

and sampling Here carried out largely while I was employed by the 

Geological Survey of Papua New Guinea. 

PART 2 consists of a petrologic and geochemical study of a representative 

suite of samples from the Papuan Ultramafic Belt in southeast Papua. The 

samples were collected in collaboration with Dr. H.L. Davies. No 

mapping was undertaken. 

PART 3 is an experimental study of the anhydrous melting of two 

peridotites at 0 to 15 kb pressure with the aim of examining the na'ture 

of the melt compositions and of the residual phases formed on melting 

of peridotite at comparatively low pressure. 

PART 4 is a study of the experimental petrology of a marginal basin 

basalt with the aim of comparing the low-pressure liquidus and near

liquidus phases with the mineralogy of accumulate sequences in ophiolites. 

A substantial proportion of PARTS 1 and 2 is devoted to a 

consideration of the petrology and geochemistry of the cumuZate sequences 

in the ophiolites. Study of the cumulate rocks is considered to be of 

importance in understanding the petrogenesis of ophiolites, particularly 

since the Deep Sea Drilling Project (DSDP) program and the French

American-Mid-Ocean-Undersea-Study (FAMOUS) project have resulted in a 

large amount of information on the petrology and geochemistry of the 

basaltic layer of the oceanic crust but have, with some exceptions, 

yielded very little information on the lower crust and mantle. 
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Significantly, both the DSDP and FAMOUS project studies have emphasized 

the importance of low pressure crystal fractionation in the evolution of 

ocean floor basalts, and it is now widely accepted that ultramafic and 

mafic rocks formed by fractional crystallization of mafic magmas comprise 

a significant component of present day oceanic crust . To date however 

few detailed studies of the petrology of the cumulates exposed in ophiolites 

have been made and there has been little opportunity to compare the nature 

of these accumulates with the petrologic or chemical characteristics of 

ocean floor basalts. 

Implicit in popular models of formation of oceanic crust based 

on the ophiolite analogue is the assumption that mid-ocean ridge basalts 

CHORE) form by melting of peridotite at comparatively shallow depth. This 

model of oceanic crust formation is explored in PART 3 where the nature 

of the melt compositions and of the residual phases formed by anhydrous 

melting of peridotite at comparatively low pressure are examined in detail. 

From the results of this study and complementary melting studies of mid

ocean ridge-type olivine tholeiites a model for the petrogenesis of MORE 

and other tholeiitic basalts is developed. 

A number of author~ have pointed out the petrologic and chemical 

similarities between basalts erupted in marginal basins and those formed 

at mid-ocean ridges. Currently marginal basins attract considerable interest 

as possible sites for formation of ophiolites. At present d~rect 

comparison of ophiolite sequences with crustal sections of marginal basins 

is precluded by a lack of fundamental knowledge concerning the petrology 

of the lower crust beneath marginal basins and island-arcs. Sampling of 

marginal basins both in the Western Pacific and, particularly, in the 

South Atlantic region, has revealed that although marginal basin basalts 

lie broadly within the compositional spectrum exhibited by MORE many have 

features transitional with the island-arc tholeiite suite. PART 4 consists 
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of a study of the experimental petrology of a selected marginal basin 

basalt. The liquidus and near-liquidus phases at low pressure of this 

basalt are compared with the accumulate sequences in ophiolites to 

evaluate the proposal that ophiolites such as those of Papua New Guinea 

might have formed in a marginal basin. 

Two published papers are also presented in support of the thesis 

as Appendices 3 and 4 . The first paper describes the continent/island-arc 

collision in northern Papua New Guinea and bears directly on the emplacement 

of the Marum ophiolite. The second discusses technical problems involved 

in conducting partial melting experiments and is relevant to PART 3. My 

contribution to both papers was the greater part of the data and the bulk 

of the writing of each paper. 
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SDrfiiARY 

The Marum ophiolite complex in northern Papua New Guinea 

consists of two main thrust sheets; a larger peridotite-gabbro massif 

and a smaller allochthon of spilitic pillow basalt (Tumu River basalt) 

which lies to the south of, and partly beneath, the peridotites and 

gabbros. The ophiolite dips from the continental margin northwards 

towards an accreted Tertiary island-arc which comprises the northern 

coastal ranges, and was emplaced as a result of collision between the 

continent and the Paleogene arc in the mid-Tertiary. 

The base of the peridotite-gabbro massif consists of weakly 

foliated harzburgite, with interfingering lenses of dunite, characterized 

by extremely refractory mineralogy (olivine Mg 92 , enstatite Mg93 , and 

chrome-rich spinel) and chemistry « 0.3% CaO, Al203 , < 0.1 ppm Rb, Sr, 

> 2400 ppm Ni). Cation exchange equilibria between olivine, pyroxene 

and spinel, coupled with the protogranular textures, suggests an origin 

at high temperatures (1200-1300oC) and low pressure. Superimposed on the 

high temperature origin is a sub solidus history involving varying degrees 

of deformation and re-equilibration recorded by exchange equilibria which 

o show a range of equilibration temperatures from about 900 C down to very 

low temperatures (~ 600oC) which probably represent cooling. 

The tectonite peridotites are overlain by a thick (3-4 kill) 

sequence of layered ultramafic and mafic cumulates, ranging from dunite 

at the base upwards through wehrlite, lherzolite, and pyroxenite to norite-

gabbro. Superimposed on the gross layering are a number of cyclic units 

of variable thickness. Igneous layering and structures, and cumulus 

textures indicate an origin by magmatic crystallization in a large magma 

chamber(s) from a magma(s) of gradually evolving composition. The major 

cumulus phases are olivine, clinopyroxene, orthopyroxene and plagioclase 

and show cryptic variation from highly magnesian and calcic early cumulates 
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to Im-ler temperature end-members, e. g. olivine Mg 92- 78 , Various geother

mometers and geobarometers, together with thermodynamic calculations 

involving silica buffers, suggest that the cumulates crystallized at high 

temperatures (1200-1300oC) and low pressure (1-2 kb) under low fO 
2 

from a 

magnesian olivine-poor or quartz tholeiite parent magma (Mg78 + 2)' Most 

of the layered rocks show textural and mineralogical evidence of subsolidus 

re-equilibration during consolidation of the crystal pile; some rocks are 

foliated and folded with structures indicating deformation in the plane of 

the layering. The sub solidus history is recorded by various cation exchange 

o reactions which indicate progressive cooling to temperatures below 600 C at 

low pressure. Superimposed on the solidus and sub solidus history is a weak, 

sporadically developed greenschist facies metamorphic event. 

The upper portion of the peridotite-gabbro massif has been re-

moved by erosion and/or dismembering during solid-state emplacement·of the 

ophiolite. However volume-composition considerations for the ultramafic and 

mafic cumulates requires the existence of a suite of co-magmatic differen-

tiated (probably iron-rich) basaltic rocks. The geochemistry of the 

cumulates implies that the parent magma(s) were highly depleted in LREE 

and other LIL elements similar to the most depleted MORB (e.g. DSDP Leg 3 

basalts) but had significantly lower abundances of REE, Ti, Zr and Y. The 

spatially associated Tumu River basalts are strongly differentiated and 

range to Tiu2-rich ferrotholeiite compositions. These basalts are en

riched in LREE, Ti, Zr, Y and Nb compared to common MORB, and are genetic-

ally unrelated to the cumulate sequence. 

The harzburgites are considered to represent the refractory 

residue of large degrees of partial melting of depleted mantle peridotite 

under anhydrous conditions at shallow depth (~ 5 kb) which generated the 

olivine-poor tholeiite magmas parental to the cumulate sequence. Shallow 

segregation of melt resulted in a complex relationship between residual 

phases and overlying cumulates. 



CHAPTER 1 

GEOLOGY 

1 1. Discribu tion of ophiolit es in Papua Ne" Guinea 

Ophiolites form a conspicuous belt at the northern and north-

eastern margin of the central cordillera of mainland Papua Ne" Guinea 

extending IJestIJards into Irian Jaya (Fig. 1-1). By far the largest and 

best preserved is the Papuan Ultramafic Belt (Davies, 1971, 1977) IJhich 

extends some 400 km in a 40 km IJide belt along the northern slopes of 

the ~Jen Stanley Ranges in the southeast Papuan peninsula. The next 

largest body, the Narum ophiolite complex, forms a 90 km long north-

IJesterly-trending belt at the northern foothills of the Bismarck Range 

in northern Papua NeIJ Guinea betIJeen longitude 144045' E and 145020' E 

Fig. 1-1). Hest of the Narum complex in the Schrader Range (1440 E) . 

8 

smaller faulted bodies of peridotite (commonly serpentinized), pyroxenite 

and gabbro (dismembered ophiolites) occur as klippen on, and thrust slices 

I-lithin, 10IJ-grade metamorphic rocks. Farther IJest (142-1430 E) in the 

south Sepik region fault-bounded serpentinized ultramafic and mafic 

rocks (April Ultramafics) are associated IJith glaucophane schist and 

10IJer grade metamorphic rocks (Dol' & others, 1972). A small body of 

peridotite (including cumulate IJehrlite) crops out at Nt Turu in the north 

S epik region. 

1-2. Regional geology 

The Narum ophiolite lies at the deformed outer (northern 

and northeastern) margin of the central orogenic belt, one of three major 

geotectonic provinces of Papua NeIJ Guinea. This province is comprised 

mainly of a thick sequence of Mesozoic and early Tertiary geosynclinal 

sediments and volcanics Hhich have been strongly folded, faulted 

(including extensive foreland-type thrusting) and metamorphosed along the 

outer margin. The orogenic belt lies betIJeen sialic crust of the stable 

platform (Paleozoic metamorphic and granitic rocks overlain by Mesozoic 
I 

.1 
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I 

~ 
11 
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, 
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and Cainozoic shelf sediments) to the south, and Cainozic volcanic and 

sedimentary rocks of the island-arc province to the north. A synthesis 

of the regional geology of northern Papua New Guinea is provided by 

Jaques & Robinson (1977) (Appendix 3). The Marum ophiolite has been 

thrust over the low-grade metasediments of the orogenic belt, and is 

separated from the Tertiary volcanic and sedimentary rocks of the 

Adelbert-Finisterre Ranges-Huon Peninsula region to the north by the 

Ramu-Markham fault zone which occupies the alluvia ted Ramu-Markham 

valley and extends some 300 km in a northwesterly direction. 

Emplacement of the Marum ophiolite occurred in the late Oligocene

early Miocene as a result of collision between the Australian continent to 

the south with the Tertiary island-arc which lay to the northeast. Jaques 

& Robinson (1977) (Appendix 3) presented a detailed model of the collision 

proposing a northward-dipping subduction zone associated with the Tertiary 

Adelbert-Finisterre-Huon arc into which a thick welt of sediments at the 

continental margin were subducted, forming a 'choked subduction zone'. The 

ophiolite is thought to be oceanic crust and mantle of the upper plate bear

ing the island-arc, thrust from the arc-trench gap region over the choked 

subduction zone, and probably represents frontal-arc basement to the Tertiary 

arc. Subsequent to emplacement the ophiolite has been affected by faulting 

related to both post-collision compression and late Neogene regional uplift. 

1-3. Geol ogy of the Marum ophi ol i t e 

The simplified geological map of the Marum ophiolite shown in 

Figure 1-2 is based on the 1:100 000 scale preliminary map (Jaques, 1978 

unpubl.), copies of which are available from the Geological Survey of 

Papua New Guinea (GSPNG), Port Moresby, and the Bureau of Mineral 

Resources (BMR), Canberra. The area occupied by the Marum ophiolite is 

virtually uninhabited and access is by foot from the Ramu River valley 

or from Bundi patrol post in the southwest (14So14'E, 5 0 44'S). 
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Outcrop is largely confined to rivers and streams, and the hillslopes are 

clad in tropical rain forest, except for the lower slopes immediately 

adjacent to the Ramu River valley which are covered by kunai grass. 

~illpping and sampling were carried out by the author and C.J. Pigram 

(GSPNG) by helicopter-assisted traverses of 1 to 5 days duration of the 

drainage system in July-September, 1974 with further sampling by the 

author in mid-1975 and 1976. 

The Marum ophiolite complex consists of two major thrust sheets, 

a main peridotite-gabbro massif which covers some 1000 km
2

, and a 

smaller, much-faulted allochthon of spilitic pillow basalt (Tumu River 

basalt) and pelagic sediments. The thrust sheets are faulted against 

low-grade metasedimentary rocks, mostly dark calcareous shale, siltstone 

and mudstone (Asai Shale) of late Cretaceous to Eocene age. To the,south

east and east both the ophiolite and the Asai Shale are faulted against 

indurated graphitic shale, slate and phyllite of the Goroka Formation. 

The peridotite-gabbro massif forms a large northerly-to-northeasterly

dipping thrust sheet bounded to the north by the Ramu-Markham fault zone 

which forms the southern boundary of the Ramu basin, a major Neogene 

sedimentary basin containing some 4000 m of clastic sediments and overlain 

by Quaternary allu~ium. To the south the peridotite-gabbro massif is 

bounded by the Bundi fault zone, a zone of intense shearing and 

anastomosing faults with vertical strata and serpentinite bodies. Windows 

exposed in rivers transecting the ophiolite (e.g. Tumu River) reveal an 

imbricate zone of low-grade metasediments and metabasalt beneath the sole 

of the thrust (Fig. 1-2). The thrust surface dips gently «100
) northeast, 

and the base of the massif is marked by a narrow band (1 m thick) of 

metasomatized peridotite and serpentinite. The sheet-like nature of the 

massif has been confirmed by regional gravity surveys (St John, 1970; 

Milsom, 1975) which also showed that the highest gravity values lie offset 
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to the north of the ophiolite, suggesting subsurface extension of the 

ophiolite beneath the alluvium and Neogene clastic sediments of the 

Ramu Basin. Further evidence for an oceanic floor beneath the Ramu 

valley is the occurrence of Jurassic gabbro-peridotite basement 

unconformably overlain by Neogene sediments at a depth of 2000 m in 

Keram No. 1 wildcat well drilled on the southern margin of the Ramu 

Basin northwest of the Marum ophiolite at 4
0

26' S, 1440 09' E (Jaques & 

Robinson, 1977). 

Faulting is common throughout the ophiolite, particularly within 

the Tumu River basalts. Some faults are considered to be high-angle 

curvilinear thrusts, whereas others are clearly strike-slip. A north-

northwest/east-northeast trending set of fractures may represent 

conjugate shears related to northeast - southwest compression. Normal 

faults on the northern slopes of the ophiolite adjacent to the Ramu 

valley are probably mainly related to late Neogene regional -uplift but 

some may be associated with faulting in the Ramu-Markham fault zone. 

The age of formation of the Marum ophiolite is uncertain but thought 

to be late Mesozoic or, possibly, earliest Tertiary. K-Ar dating of 

plagioclase separates from cumulate gabbros has shown that, because of 

the extremely low K contents of the separates, apparent 'age' depends 

directly on the K level (i.e. the oldest 'ages' are given by rocks with 

the lowest K content). For this reason the youngest age of 173 m.y. must 

be regarded as a maximum age (A.W. Webb, writ. report, 1975). A much 

+ 
younger date of 59 - 2.5 m.y. was obtained from hornblende in a granophyric 

diorite (A.W. Webb, writ. report,1976), suggesting that formation of the 

ophiolite may, in fact, be as young as Paleocene. The age of formation 

of the Tumu River basalts are also not well defined; they are thought to 

be mainly of early Tertiary age since radiolarian argillites overlying 

the basalts are of probable Eocene age, although faunas are too poorly 
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preserved for positive determination CD: Belford, pers. comm., 1976). 

The ophiolite is considered to have been emplaced in the late 

Oligocene or early Miocene, coinciding with the timing of the continent-arc 

collision (Jaques & Robinson, 1977). The age of emplacement clearly post

dates the (?) early Eocene since it is thrust over low-grade metasedimentary 

rocks of late Cretaceous to early Eocene age. An upper limit of middle 

Miocene is suggested by the unconformable relationship between the gabbro

peridotite basement (interpreted as a subsurface extension of the ophiolite) 

and Neogene strata in Keram well. Farther west in the south Sepik region 

stratigraphic evidence indicates that ophiolitic bodies occupying a 

similar tectonic and stratigraphic setting were emplaced in post-Eocene 

and pre-middle Miocene times (Dow & others, 1972). 

1-4. Subdivision of the ophiolit e 

types: 

The ultramafic rocks of the peridotite-gabbro massif are of two 

1) ultramafic tectonite consisting of weakly foliated harzburgite 

and subordinate dunite cut by narrow enstatite-rich pyroxenite 

dykes and veins j 

2) cumulate peridotite - dunite, wehrlite, lherzolite, plagioclase 

lherzolite and olivine pyroxenite which shows cumulate 

layering and textures. 

Poor outcrop precludes clear definition of the boundary between 

cumulate and non-cumulate peridotite. Above the inferred contact layered 

dunite and chromitite show cumulate textures, and features such as 

mineral-graded* layering and cross-stratification. Below the contact 

harzburgite and dunite (present as concordant bands up to 15 cms thick, and 

lenses and tabular bodies up to several tens of metres thick) are generally 

* Defined in Chapter 3 
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c:"r~ strongly deformed and foliated. Du 

is gener:!l1y more deformed and recrystallized than the overlying 

L:lIi::ui:ltL! pyro::l:!l1e-bearing peridotites and some appears transitional to the 

[l-~t...:t:0n.itL! pet~it!otitcs. HOlt/ever, unlike the cumulate peridotites ,,,hich 

<..-'::ili..bit cryptic V':lCL.:1t'ion, the h~rzburgites are of uniform composition and 

11 ;'::11 1 Y rerr"c to ry mineralogy (Chap ter 2). The harzburgi tes therefore appear 

tn form b:!SClIlcnt to the thick sequence (3-l, km) of relatively undeformed 

tlltr3m"fic unci mafic cumulates. The thickness of the harzburgite-dunite 

budy is unknO<Jll but exceeds 400 m. A nickeliferous laterite profile 

Jo.)"c10p"d on the ultramafics in the area between the Marum and Baia Rivers 

is dC!scribed bv Holmes & Hall (1975). 

",afic cumulates, conformably overlie the ultramafic cumulates from 

which thay are distinguished by the presence of cumulus plagioclase.. The 

sequence is layered on a gross scale from troctolite and plagioclase 

pyro::enite at the base through norite-gabbro to ferrogabbro. and anortho

sitic gabbro at the top. Rare microgabbro and quartz dolerite dykes intrude 

the uppermost gabbros, and dykes and veins of gabbro pegmatite or mafic 

pcgmatoid intrude the entire cumulate sequence. The attitude of cumulus 

layering varies from northeastward dips roughly parallel to the base of the 

massif and the gross lithologic layering to steep southward dips; much of 

the layering is arched over a central area (Fig. 1-2). 

Volcanic rocks (Tumu River basalts) lie faulted against the 

peridotite-gabbro massif in the south. The Tumu River basalts consist 

mainly of spilitic pillow basalt, basalt lava and lava breccia with some 

hyaloclastite and intercalated radiolarian argillite. Narrow dolerite and 

basaltic dykes intrude the basalt sequence at a high angle in a number of 

localities, and the sequence is overlain by argillite and radiolarian 

argillite. The argillite sequence becomes tuffaceous higher in the sequence 

;;ith interbedded volcanolithic greywacke, and basalt, trachybasalt and 

trachyandesite occur near the top. 



CHAPTER 2 

TECTONITE PERIDOTITES 

2-1. Structures and textures 

Structures 

The ultramafic tectonite unit consists predominantl y of 

relatively homogeneous harzburgite with subordinate dunite and minor 

enstatolite, and crops out on the northern side of the ophiolite 
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adjacent to the Ramu River between the Marum and Baia Rivers (Fig. 1-2). 

Outcrops in the area southwest of the Marum River are generally of 

massive harzburgite with irregular, interfingering lenses and tabular 

masses of dunite up to several metres thick which appear broadly con

cordant. In the vicinity of the Baia River the harzburgite has a weak 

but pervasive foliation defined by concordant olivine-rich and pyroxene

rich layers from 1 to 15 ems thick (Fig. 1-3A). Contacts between dunitic 

and pyroxenitic layers are commonly sharp due to abrupt change in the 

ratio of pyroxene to olivine. Chrome spinel is sparsely disseminated in 

the harzburgite, and is commonly flattened in the plane of the foliation. 

Small isoclinal and near-isoclinal folds with disrupted limbs and isolated 

hinges (Fig. 1-3B) occur in places. Mesoscopic warps in the foliation and 

minor pyroxene-rich boudins are additional evidence of deformation but, 

overall, the degree of tectonization is low. 

Enstatite-rich pyroxenite dykes intrude the harzburgite-dunite 

mass as dykes and veins from 2 Cms to 3 m wide (Fig. 1-3C), and have sharp 

contacts with the harzburgite. The dykes cut accross the foliation in 

the harzburgite, indicating formation after deformation of the harzburgite. 

Poor outcrop precludes precise definition of the contact between 

the harzburgite-dunite and the overlying cumulus peridotites and gabbros. 

In at least one area the contact is clearly tectonic and accompanied by 

extensive shearing and serpentinization. Elsewhere the contact appears 



Fig. 1-3. Structures and textures in Marum harzburgites . 

_·_· '.""'""'~'.'o· :::"'-:::..::::~ 

A. Orthopyroxene-rich bands (p) in banded harzburgite, lot~er Baia River. 

B. Small-scale isoclinal folding and disruption of orthopyroxene-rich 

bands in peridotite. 

C. Narrow veins and dykes of orthopyroxenite cutting harzburgite, lower 

Baia River. 

D. Photomicrograph showing curvilinear interlocking grain boundaries 

between olivine (OL) and enstatite (OPX) in harzburgite. Sample 

425. Crossed polarizers, x 12. 

E. Photomicrograph showing kink-banding and undulatory extinction in 

xenoblastic olivine in harzburgite . Sample 087. Crossed polarizers, 

x 12. 

F. Photomicrograph showing both subhedral to euhedral (some embayed) 

and interstitial chrome spinel (SP) in harzburgite. Sample 426. 

Plane polarized light, x 12. 
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transitional and marked mainly by an increase in the number of dunite 

lenses towards the cumulus dunite and chromitite. 

Textures 

The harzburgite has a xenoblastic granular texture comprised 
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of interlocking olivine and orthopyroxene grains ranging from 2.5 to 7 mm 

across (average 3-4 mm), and accessory red-brown chrome spinel. The 

orthopyroxene content is generally in the range 15-25% (vol.) but ranges 

up to about 60% (vol.) in pyroxene-rich layers. Some harzburgites contain 

small amounts of chrome diopside, either as exsolved (100) lamellae in 

enstatite, or as small, recrystallized, polygonal grains at the margins of 

orthopyroxene. 

The least deformed harzburgites have a protogranular texture 

(terminology of Mercier & Nicolas, 1975) characterized by curvilinear; 

lobate and cuspate grain boundaries between olivine and orthopyroxene 

(Fig. 1-3D). Olivine grain boundaries are commonly embayed and have thin 

mantles of interstitial orthopyroxene; in some cases small, rounded 

olivine grains are enclosed in orthopyroxene. Both olivine and ortho

pyroxene have suffered mild plastic deformation, and exhibit a moderate 

degree of undulatory extinction, kink-banding, and deformation bands and 

lamellae (Fig. 1-3E). Chrome spinel is of two forms: 1) sub-to euhedral 

grains up to sOOv diameter which contain inclusions of olivine or ortho

pyroxene, and commonly show curvilinear grain boundaries with olivine and 

orthopyroxene, 2) smaller, 2 sOv interstitial grains with amoeboid and 

irregular cuspate grain boundaries (Fig. 1-3F). 

More deformed harzburgites have a weak porphyroclastic texture 

characterized by the presence of elongated, more strongly deformed 

enstatite grains with abundant kink-banding and deformation bands, 

surrounded by smaller, strain-free, polygonal and sub-polygonal grains 

(neoblasts) of olivine and orthopyroxene. Recrystallized grains have 
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straight grain boundaries and commonly intersect at triple junctions . 

Both olivine and pyroxene have preferred orientations and define a weak 

foliation. Enstatite porphyroclasts commonly have fine po lysynthetic 

(100) l amel lae with inclined extinction suggestive of intergrown clino

enstatite ( cf. Boland, 1974). Cl inopyroxene exsolved from orthopyroxene 

forms neoblasts at kink-band boundaries in the orthopyroxene. Spinel 

gra ins define a lineation and commonly show "pull-apart ll texture. 

Dunite also has a xenoblastic granular texture, with inter

loc king olivine grains 2-5 mm across and some 2-4% (vol.) disseminated 

subhedral to euhedral chrome spinel. The degree of deformation is simi l ar 

to that of the harzburg ite, and textures range from protogr anular, with 

ubiquitous curvilinear gr a in boundaries a nd l imited k ink-banding, to more 

pla stical ly deformed dunite with a variabl e degree of recrystall izatton. 

Spinel is generally of smal ler gra insize and more abundant in dunite than 

harzburgite, and generally of sub-to euhedral habit. Spine~ a l so occurs 

as subrounded incl usions within ol ivine grains, a fe a ture which, according 

to Mercier & Nicolas (1975), is characteristic of secondary (i.e. second 

generation) f abrics. In this case the dunites must have under gone 

extensive high tempera ture recrystallization. Alternatively , the dunite 

spinels may have crystallized from a melt since the spinel textures are 

sioilar to those in the overly ing cumulate dunites. 

The pyroxenite dykes and veins intruding the harzb ur gite 

contain coa rse (3-4 mm ) inter l ocking pyroxene with undulato~y extinction 

and kink-banding, and interstitial ol ivine and clinopyroxene su bgrains . 

Contacts with the harzburgite are commonl y marked by a na rrow zone in 

which olivine of t he host peridotite is strongly embayed. 

Interpretation 

Harzburgite-dunite oasses with metamorphic (tectonite) fabric 

comprise the harzburgite SUbty pe of alpine-ty pe peridotites (see Jackson 
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& Thayer, 1972; Nicolas & Jackson, 1972 for definition), and have been 

described from the basal portion of a number of ophiolites where they are 

overlain by ultramafic cumulates (e.g. Davies, 1971; England & Davies, 

1973; Jackson & others, 1975; Menzies & Allen, 1974; Coleman, 1977; 

Halpas, 1978). Detailed studies of harzburgite masses have commonly 

revealed the existence of several phases of high-temperature, plastic 

deformation (e.g. Loney & Himmelberg, 1976), and the tectonite peridotite 

in ophiolites has been, commonly interpreted as a deformed, metamorphic 

basement to overlying magmatic cumulates (e.g. Davies, 1971; England & 

Davies, 1973; Jackson & others, 1975; Coleman, 1977). 

The origin of compositional layering of the Marum harzburgites 

is problematic. Similar layering in alpine-type peridotites is commonly 

ascribed to metamorphic processes (e.g. differentiation during defo~ation 

that produced the foliation, Loney & Himmelberg, 1976: or mineral 

segregation, Sinton, 1977). However, some compositional layering appears 

primary (e.g. Thayer, 1969; Loney & others, 1971; Coleman, 1977). In 

vie« of the lack of any obvious cumulus textures or structures (such as 

chromitite layers with mineral grading)the Marum compositional layering 

might be of metamorphic origin, although the exact nature of the 

process of formation is unknown. Alternatively, the layering might have 

been formed by settling of residual crystals during segregation of a 

basaltic melt (see later). 

Proto granular textures in peridotite, characteri~ed by 

abundant curvilinear grain boundaries and interlocking grains, ,are 

commonly interpreted as resulting from partial melting (Mercier & 

Nicolas, 1975; Menzies & Allen, 1974; Dick, 1977). This interpretation 

is supported by the fact that similar textures in metamorphic rocks are 

generally accepted to indicate resorption of mineral grains or 

dissolution-reprecipitation processes (Spry, 1969). Studies on the 

melting behaviour of felsic gneiss has shown that melting begins at places 



",here three or more grains are in conraGc, and with further melting the 

liquid forms films at each grain boundary (Mehnert & others, 1973). 

Helting of peridotite probably proceeds in a similar fashion and, for 
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all except very small « 5%1) degrees of partial melting, the residual 

phases are completely disaggregated and separated by melt (Arndt, 1977a). 

At higher degrees of partial melting residual phases are subhedral to 

euhedral (PART 3; Appendix 4; Arndt, 1977a). Procogranular textures 

characterized by xenoblastic interlocking grains with curvilinear grain 

boundaries are, therefore, not likely to represent textures formed 

dL~ing partial melting, but could have formed by recrystallization 

involving dissolution-precipitation creep at near-solidus temperatures 

after extraction of a melt fraction. 

Evidence for an origin by recrystallization following a partial 

melting event for the Marum harzburgites includes 1) the abundance of 

curvilinear and lobate grain boundaries of olivine and orthopyroxene, 

2) the mainly euhedral but partly cuspate boundaries of chrome spinel, 

3) the comparatively low degree of plastic deformation, and 4) the high 

equilibration temperatures of the kink-controlled exsolution of clino

pyroxene from enstatite (900oe, see later). Although these features 

appear best explained by partial melting an origin by cumulus-type 

processes with subsequent textural modification and re-equilibration at 

near-solidus temperatures cannot be entirely ruled out. Subsequent 

plastic deformation of the protogranular harzburgites resulted in 

modified protogranular texture, and textures transitional between proto

granular and porphyroclastic. 

2-2. Mineral Chemi str y 

Microprobe analyses were obtained by energy-dispersive (TPD) 

electron microprobe following the method of Reed & Ware (1973, 1975) 

(Appendix 1). NiO concentrations in olivine were measured by JEOL JX 50A 
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wavelength-dispersive crystal spectrometer using an accelerating voltage 

of 25 kV and a specimen current of 60 nannoamps with on-line data 

reduction for ZAF corrections (Griffin, 1979). 

Olivine 

Olivine within the harzburgite has a very restricted range 

of compositions, lOOHg!(Mg+Fe) = 91.6 - 93.8; the mean of 140 analyses 

from 12 harzburgites is 92.3 + 0.4 (1 a). Representative analyses are 

presented in Table 1-1. Individual grains are homogenous and mostly 

show less than 0.5 mol.% variation: where variation exists the rims are 

more Mg-rich. Small polygonal neoblasts were found to be mostly of the 

same compositions as larger grains, except where in contact with chrome 

spinel. Similarly, olivine inclusions in chrome spinel were markedly 

more magnesian (Mg93-93.8) than the large xenoblastic grains, Mg92.2-92.4' 

Cr, }fn and Ca were not detected in any of the analyses. The very low 

Ca contents are typical of olivine equilibrated at comparatively low 

temperature. NiO contents are high, 0.3-0.4%, consistent with the 

magnesian nature of the olivine. 

Olivine in the dunite lenses lies in the range Mg90.0-92.4' 

averaging Mg
91

, and is more iron-rich than olivine in the harzburgite. 

NiO contents are appreciably lower in the dunite olivine, 0.2-0.3%, 

than in the harzburgite (Table 1-1). Small olivine grains in the 

enstatite-rich pyroxenite dykes are generally of similar composition to 

olivine in the dunite lenses. 

The highly uniform magnesian olivine compositions of the 

Marum tectonite harzburgites and dunites are typical of those found in 

harzburgite-subtype alpine peridotites (e.g. Challis, 1965; Loney & 

others, 1971; Medaris, 1972; Himmelberg & Loney, 1973; Dick, 1977), and 

from harzburgitic basement in other ophiolite sequences (e.g. England & 

Davies, 1973; Irvine & Findlay, 1972; Menzies & Allen, 1974; Jackson & 

others, 1975; Sinton, 1977; Malpas, 1978). Such compositions are more 
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magnesian than olivine crystallized in most stratiform intrusions 

(\·lager' & Brolm, 1968), but in the Marum ophiolite the compositions of 

olivines in the harzburgites overlaps that of olivine in the overlying 

cumulates (see Chapter 3). 

Orthopyroxene 

Representative orthopyroxene analyses are presented in 

Table 1-2. Orthopyroxene compositions from the harzburgites have 

100Ng/(Hg+Fe) ratios in the range 92.3-94.5; the mean of more than 100 

analyses is 92.8±0.4 (10). A feature of the Marum orthopyroxenes is their 

uniformly 1m, CaO and R
2

0
3 

contents; A1
2

0
3 

contents are mostly less than 

0.6% but range up to 0.9% in the cores of some of the least deformed 

harzburgites. CaO contents lie within the range 0.1-0.9% and vary 

sympathetically "ith A12~ contents. Cr20
3 

contents are less than 

0.4%. Compositional variation exists between the cores and rims of the 

larger xenoblastic grains, and between the xenoblastic grains and 

secondary polygonal neoblasts. Rims and neoblasts are poorer in Al and 

Ca than the xenoblast cores. CaO and A1
2

0
3 

contents show a correlation 

Hith Hg-value (Fig. 1-4), and with the degree of plastic deformation and 

recrystallization. Orthopyroxene from protogranular-textured harz

burgites with little deformation have the highest Al 20
3 

contents 

(0.6-0.9%) whereas those from more deformed harzburgites have much 

10\oler A1
2

03 . Neoblasts and orthopyroxene grains with kink-controlled 

exsolution of clinopyroxene have very low Al and Ca contents compared 

to the primary orthopyroxene hosts (Fig. 1-4). The decrease in A1 20
3 

content bet"een orthopyroxene in protogranular-textured harzburgite 

and orthopyroxene in more plastically deformed porphyroclastic harz

burgite is consistent with recrystallization under lower temperature 

(see 2-3). Orthopyroxene from enstatite-rich dykes is slightly less 

magnesian than that in the harzburgite but has comparable CaO and R203 
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content. 

Compared to orthopyroxenes from alpine peridotites orthopyroxenes 

from the Marum harzburgites are characterized by higher lOOMg!(Mg+Fe) 

ratios and decidedly lower A120
3 

and CaD contents (Fig. 1-5). Ortho-

pyroxenes from harzburgite-subtype alpine peridotites typically have 

A1
2

0
3 

contents in the range 1.3-3% (e.g. Himmelberg & Loney, 1973; Dick, 

1977). Orthopyroxenes in the Marum harzburgites are also more magnesian 

and have lower R
2

0
3 

content than orthopyroxenes from harzburgite in the 

majority of other documented ophiolites (Fig. 1-5; Sinton, 1977; Dick, 

1977) although the Marum pyroxenes are not as refractory as enstatites 

from tectonite harzburgite in the Papuan Ultramafic Belt (See PART 2). 

Clinopyroxene 

Rare clinopyroxene occurs as exsolved lamellae parallel to (100) 

direction and at kink-band boundaries in enstatite, and as small 

(50-100~) polygonal grains, both at kink-band and grain boundaries, in the 

more plastically deformed harzburgites. The exsolved lamellae and 

recrystallized neoblasts are of similar composition, i.e. magnesian chrome 

diopside (Table 1-3) with the compositional range MgsO_S1Ca48_46Fe2_3' 

The clinopyroxenes are highly magnesian, Mg
94

_
96

, and have very low Al
2

0
3 

contents, comparable with that of eo-existing orthopyroxene. Co-existing 

pyroxenes are shown by tie lines in Figure 1-6. Ti0
2

, MnO and Na
2

0 

contents are very low and were not detectc:.d in any of the analyses. 

Consistent with the orthopyroxenes, Marum "1" ~ Lnop~roxenes are 

more magnesian and have lower R20
3 

content than clinopyroxenes from 

alpine-type peridotites (e.g. Medaris, 1972; Himmelberg & Loney, 1973) 

and from tectonite peridotite in most other ophiolites, but are comparable 

with exsolved clinopyroxenes in the tectonite harzburgites from the 

Papuan Ultramafic Belt (England & Davies, 1973), 
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triangle 

octagons 

Red Mo untain, N.Z. (S i n ton, 1977), 

Burro Mou ntain , U. S. A. (Loney & others, 

1971 ) , diaroonds :::: Vul can Peak , U.S.A. (Himmelber g 

& Loney . 1973). Note that the PNG examples are 

the most magnesian and AI- poor of t h e popul at ion. 
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TABLE 1-3 . REPRESENTATIVE CLINOPYROXENE ANALYSES FROH TECTONITE 
PERIDOTITES 

Harzburgite Pyroxenite Dunite 

488 492 425 49l 257 414 " 

5i02 
55 . l 7 54 . 33 54 . 62 55 .00 54 . 70 53 . 62 

A1 20
3 

0 . 37 0.37 0 .88 0 .6l 0 . 3l lol3 

Cr
2

0
3 

0 . 50 0 . 72 0.6 l 0.83 0.82 lo 25 

FeD 1.43 lo 56 1.56 lo55 1. 97 1.71 

HnO <0.09 <0 .09 <0 .09 <0 .09 <0 . 09 <0 . 09 

NgO l8 . 65 l8 .09 l8.58 17 . 89 l8 . 18 17 .03 

CaO 24.36 23.93 23.92 24 . 90 23.71 25.07 

Na20 <0 . 17 <0 . 17 <0.17 <0 . 17 <0 . 17 <0 . 17 

Total LOO . 48 99 .00 LOO .17 100 . 78 99 .69 99 .82 

Cations per 6 oxygens 

Si 1.986 1.987 1.972 1 .980 1. 988 l.957 

Al 1V 0 . Ol4 0.Ol3 0.028 '0 . 020 0 .012 0 . 043 

AI
V1 0 .002 0 .003 0 . 010 0 . 006 0 .001 0.006 

Cr 0 .014 0 .021 0.017 0.024 0.024 0 .036 

Fe 0 .043 0.048 0 . 047 0.047 0 . 060 0 . 052 

Nn 

Ng 1.001 0 . 986 l. 000 0 . 960 0.985 0.926 

Ca 0 .939 0 . 938 0 . 925 0 . 96 1 0 . 923 0 .980 

Na 

Total 3.999 3. 996 4.000 3.995 3.993 4.001 

100 Hg 
95.9 95 . 4 95 . 5 95 . 3 Hg+Fe 94 . 3 94 . 7 

Ca 47 . 4 47 . 6 46 . 9 48 . 8 46 . 9 50 . 0 

Hg 50 . 5 50 . 0 50 . 7 48.8 50.0 47.3 

Fe 2 . 2 2.4 2.4 2 . 4 3 . 0 2. 7 
I 

I 

1; indicates inclusion in chrome spinel . All Ti02 <0 . 07%. 
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Fig. 1-6. Portion of pyroxene quadrilateral showing 

co-existing pyroxenes in Marum harzburgites. 
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Chrome-rich diopside (Table 1-3) also occurs as inclusions 

(up to 50~) in chrome spinel in dunite 414. The inclusions ha ve var iabl e 

A1
2

0
3 

contents (0.44-1.18%) and contain between 1.05 and 1.45% er 203 , 

A1 cpx /,Al sp 
The distribution coefficient ~, where ~ = eer) ~ eer) ,varies 

bet~,leen 1. 2 and 3. The most likel y expl anation of these chromian 

pyroxenes is by reaction of trapped basaltic melt with the chrome spinel 

host according the reac tion; 

Chrome spinel + l iquid = chromian pyroxene. 

Clinopyroxene in the pyroxenite dykes is extremely Cr-rich, 

containing up to 2% er203 , and co-exists with tiny , chrome-rich spinel. 

Chrome spinel 

Chrome spinel comprises about 0.5-2 vo l ume % of the harzbur gite 

and u p to 4% of the dunite. Representative analyses are presented in 

Tab l e 1-4. Iron t~as determined as FeO and distributed among FeO and 

Chrome spinel in the harzburgite is highl y chrome-rich with 

Cr/(Cr+Al) ratios of 0.65-0.86, and of uniform com position (Table 1-4). 

Variation among the harzburgite spinel s is dominated by Cr-Al substitution 

Figs. 1-7, 8) ; Mg/(Mg+Fe2+) ratios are relatively constant (Fig. 1-7a). 

3+ 
Calcul ated Fe contents are low , 0.04 or l ess, and vary litt l e with 

Hg/(Mg+Fe2+) (Fig . 1-7b). Sp inel compositions show a direct correl ation 

with orthopyroxene compositions; spinel Cr/(Cr+AI ) ratios vary directly 

t ... ith both t he Mg and t he a l umina content of t he co-existing pyroxene (Fig. 

1-9). The most chrome-rich spinel s, Cr/(Cr+AI ) 0.86, are associated 

~ ... ith the most magnesian olivine (Mg
93

.
8

) and most Mg-rich, AI-poor 

pyroxene (Fig. 1-9), and the more AI-rich spinel with more a l uminous, 

l ess magnesian orthopyroxenes of the l east-deformed protogranul ar harz-

burgites. The rims of most spinel grains are consistent l y more Al-rich 

. 3+ 
than the cores, and commonly less magnesian but have h~gher Fe . 

, 
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Fig. 1-7. Variation in composition of spinels from Marum tectonite peri

dotites in terms of lOOMg/(Mg+Fe2+) versus lOOCr/(Cr+Al), and 

lOOFe3+/(Fe+Cr+Al). Circles = harzburgite, crosses = dunite. 

Note the higher Fe3+ and lower lOOMg!(Mg+Fe 2+) of the dunite 

spinels. 

Fig. 1-8. Ternary plot of trivalent cations showing compositional 

variation exhibited by Marum tectonite spinels. Note Cr-Al 

trend of harzburgite spinels and higher Fe3~ of dunite spinels. 
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The irregularly shaped spinels are commonly (but not exclusively) more 

Al-rich than the larger sub-to euhedra. 

Chrome spinel from the dunites are compositionally distinct 

from those of the harzburgite by virtue of their appreciably higher Fe3+ 

content (0.09-0.12) and more variable Mg/(Mg+Fe 2+) ratios (Figs. 1-7, 8). 

On a trivalent ion (Cr-AI-Fe3+) plot the dunite spinels show a trend 

tOHards Fe3+ enrichment compared to the harzburgite spinels which show 

only Cr-AI variation. Spinels in the dunite also have higher Cr/(Cr+AI) 

ratios than many of the harzburgite spinels. This might suggest a mag-

matic origin for the dunites since Cr-enrichment would be favoured by the 

. 3+ 3+ 3+ 
large octahedral slte preference energy of Cr compared to Al and Fe 

(Burns, 1970). Spinel in the pyroxenite dykes is highly chrome-rich 

. 3+ (Table 1-4) and has a hlgh Fe content. The low 100Mg/(Mg+Fe2+) ratios 

suggests extensive subsolidus re-equilibration. 

The Marum harzburgite spinels are more Cr-rich than spinels 

from most alpine peridotites (cf. Irvine & Findlay, 1972; Himmelberg & 

Loney, 1973), and from harzburgites in many ophiolites (e.g. Sinton, 1977; 

Malpas & Strong, 1975; Menzies, 1975). The more Cr-rich spinels of the 

tectonites compositionally overlap the more Cr-rich spinels of the over-

lying cumulate peridotites hut, compared to the cumulate spinels show 

only limited Cr-AI substitution and are more Mg-rich. 

~S~e~c~o~n~d~a~r~y~ ________ a_l_t_eration 

The harzburgites and dunites have been affected by variable 

degrees of serpentinization. Near fault zones peridotites are extensively 

serpentinized but elsewhere the degree of serpentinization is low (~ 10%) 

and consists of fine irregular veinlets with disseminated secondary 

magnetite and traces of secondary sulphides, mainly pentlandite and 

pyrrhotite. In more strongly serpentinized peridotites secondary magnetite 

forms ragged rims on chrome spinel. In strongly altered harzburgites and 
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pyroxenite dykes orthopyroxene is altered in part to bastite, and clino-

pyroxene is replaced by tremolite . 

?- 3. Hineral equilibria and conditions of equilibration 

Olivine-spinel 

Irvine (1965) showed that the Fe
2

+_Mg partitioning between 

olivine and spinel could be expressed by an equation which related the 

olivine and spinel end-members: 

( 1) 1:iFe2Si04 
sp 

+ YCrMgCr204 
sp 

+ YA1MgAl.2 04 
+ 

sp 
Ype3+MgPe

2
0

4 
= 

liHg2si04 
sp 

+ YcrFeCr204 + 
sp 

YAIFeAl Z04 + sp 
YFe 3+Fe3 04 (d) 

in spinel and ycSPr + ySP + ySP3+ Al Fe 1. 

Assuming ideal solid solution among end-members, the equilibrium constant 

for this equation at equilibrium can be written (Irvine, 1965) -

= 
xo1 XSP2+ 

rng Fe 

X;;2+ X:~. 

1n l), + y SP In K + Y;~3+ In Kf Cr e 
= 

01 
where XMg = mol e fraction Mg/(Mg+F e) in olivine, etc. and K is the 

equilibrium constant for the corresponding exchange reaction; 

(b) 

(e) 

(f) 

Irvine (1965) shO\-led that, if solid solution behaviour is 

ideal, olivine and spinel at equilibrium should define a plane in 

1nKd - ySP _ y SP 3+ space at constant T. 
Cr Fe Whe r e Y;:3+ is approximately 

constant a linear relationship should exist between 

slope of which, InKe , is dependent on t empe rature . 

lnKd and y~~, the 

The value of InK will 
e 

be greater than 1 for natural assemblages and will approach unity with 

increasing temperature (Irvine, 1965) . Pressure effects are expected to 



be very small since ~v's for the olivine-spinel exchange reactions are 

negligible for Al-rich assemblages and only slightly greater for higher 

ySP (Irvine, 1965; Robie & Waldbaum, 1968). Since y;~3+ is low in the 
Cr 

Narum harzburgite spinels, olivines and spinels, if equilibrated at the 

same temperature, should display a near-linear relationship in a plot 

sp 
of lnKd versus YCr. 

Olivine and spinel data from Tables 1-1 and 1-4 have been 

25 

plotted in the lnK
d 

versus Y~~ diagram (Fig. 1-10). Despite the restricted 

range of Y~~ values, olivine and spinel cores from the harzburgites 

approximate a linear relationship, suggesting an approach to equilibrium 

under similar temperatures. Rim compositions for harzburgite olivine-

spinel pairs, and olivine-spinel pairs from the dunites, are displaced to 

higher lnK
d 

values, indicating equilibration at lower temperatures. 

Olivine inclusions in chrome spinel indicate final equilibration under even 

lower temperatures. 
2+ 

The range of Mg and Fe partitioning between olivine 

and spinel cores, rims and inclusions, and preservation of the lnKd versus 

Y~~ relationship between cores, is evidence that partial re-equilibration 

has occurred under varying temperatures, and that equilibrium partitioning 

of Mg and Fe
2+ under the final P-T conditions has been achieved only 

locally. 

There is considerable uncertainty in estimating actual 

equilibration temperatures. Jackson (1969), following Irvine (1965) 

2+ 
assembled thermochemical data to enable calibration of the Fe -Mg 

partitioning between olivine and spinel as a geothermometer but noted 

that, because of the nature of the thermochemical data, uncertainty in 

o 
the calibration may be as high as 300 C. Subsequent use of the geother-

rnometer has yielded temperature estimates for a number of alpine 

peridotites which were in apparent agreement with temperature estimates 

based on other geothermometers (e.g. Medaris, 1972; Sinton, 1977; Varne & 

Brmm, 1978) but resulted in excessively high temperature estimates for 

, , 
, I 
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volcanic rocks (e.g. Evans & Wright, 1972). Evans & Frost (1975) 

claimed that the temperature dependence of InK
d 

is probably greater 

than implied by Jackson's (1969) calibration and proposed a semi-

empirical recalibration of the geothermometer. Comparison of the Marum 

data 1-lith the isothermal surfaces for olivine-spinel equilibria obtained 

by Hedaris (1975) using the thermochemical data of Jackson (1969) would 

suggest quasi-magmatic equilibration temperatures (~ 1200-12s0oC), 

"hereas much lower temperatures are implied by comparison with the semi-

empirical isotherms of Evans & Wright (1975). 

Roeder & others (1979) have recently re-evaluated the geo-

thermometer and shown that more realistic temperature estimates can be 

obtained for volcanic rocks by using alternative free energy values for 

o 
Use of these lower ~Gf values also results in substantially 

lower nominal equilibration temperatures for olivine-spinel pairs from 

plutonic rocks and alpine peridotites which Roeder & others (1979) suggest 

are a reflection of extensive subsolidus re-equilibration. 

Nominal equilibration temperatures for olivine-spinel pairs 

using both Jackson's (1969) equation and Roeder & others' (1979) revised 

geothermometer are presented in Table 1-5. Equilibration temperatures 

for the core compositions range between 1150 and 12900 C (mean = 1236+430 C) 

using Jackson's (1969) equation, and much lower temperatures, 6s0-710oC 

- 0 
(x = 684±20 C) using Roeder & others' (1979) revised equation. Nominal 

equilibration temperatures obtained for the rims were lower, 1090-1200o
C 

- 0 0 - 0 (x = 1150 C) or 600-650 C (x = 640 C) using the respective equations. 

Similar or slightly lower temperatures were obtained from inclusions within 

spinel. Nominal temperatures obtained for olivine-spinel pairs in the 

dunite are also similar to, or lower than, those obtained for the 

mineral rims in the harzburgite. 

The very low equilibration temperatures suggested by Roeder & 

others' (1979) equation imply extensive re-equilibration of both cores and 



'L\!lLE l-5. ;':O~!HML EQUILIDRlI TiON TEHPERATURES FOR CO-EXISTING 

OLIVINE-SPINEL PAIRS FROH THE TECTONITE PERIDOTITES. 

S:;lmp1eo No. Ro~ d~r 
1 

Jackson 
2 

cor~ rim core rim 

Harzburgite 

087 655 634 1245 1205 

490 695 639 1276 1157 

488 678 615 1217 1087 

492 697 659 1290 1216 

425 708 690 1271 1218 

425 '" 622 1110 

423 701 1250 

423''< 627 1120 

473 697 648 1239 1138 

418 698 643 1253 1141 

489 682 608 1230 1181 

474 662 641 1169 1122 

046 649 617 1153 1091 

Dunite 

410 603 1111 

411 575 1-061 

414 637 1123 

1. Roeder refers to temperatures calculated following Roeder & others, 

(1979) . 

2. Jackson refers to temperatures calculated following Jackson (1969) . 

• Indicates olivine inclusion in chrome spinel. i 
j,; 

" 
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rims at temperatures Hell beloH the solidus. These temperatures are sub-

stnntiill1y lo,.Jer than those suggested by the pyroxene salvus method for 

kink-cant rolled ex so lution of pyroxene which clearly occurred during 

plClstic deformation of the protogranular-textured harzburgite. Co-existing 

orthopyroxene and exsol ved clinopyroxene in harzburgites 492, 488 and 425 

indicate equilibration temperatures of 891, 896 and 934°C respectively 

using Hel1s f (1977) recalibration of \.Jood & Banna's (1973) two-pyroxene 

salvus to include data for Mg-rich pyroxenes in multicomponent systems. If 

the nominal equilibration temperatures indicated by Roeder & others' (1979) 

modified geothermometer are correct then they must indicate partial re-

equilibration in response to cooling. At such low temperature however, 

assumptions regarding ideality of solid solutions might no longer be valid. 

PYroxene-spinel 

The solubility of Al
2

0
3 

in pyroxene in equilibrium with spinel 

is dependent on T and P (e.g. OrHara, 1967; Green & Ringwood, 1970; 

NacGregor, 1974). The Al20
3 

content of orthopyroxene (opx) can be 

expressed as MgA1
2
Si0

6 
(Mg-Tschermak's component of opx solid solution), 

and, ",hen in equilibrium with olivine and spinel, the following reaction 

can be ,,rritten: 

opx ss 

+ 

spinel 

At equilibrium the standard Gibbs free energy is 

-RT In 

+ 

\'lhere ai is the activity of component i in phase j. 

olivine 

Activity-composition relationships used are defined in Appendix 1. 
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In the simple system HgO - Al
2

0
3 

- Si02 the Al 20
3 

content of 

orthopyroxene in equilibrium Hith olivine and spinel is fixed at any 

pnrticular T and P, and MacGregor (1974) defined Al203 isopleths for 

orthopyroxene as a function of P and T. Hore recent experimental studies 

and thermodynamic considerations of reactions involving pyroxene in 

the HgO - Al 20
3 

- Si02 and CaO - MgO - Al20
3 

- Si02 systems have shown 

that Al 20
3 

solubility in spinel peridotite is much lower than originally 

claimed (e.g. Presnall, 1976; Obata, 1976). Stroh (1976) has shown that 

addition of Cr and Fe to the simple system drastically affects the 

activities of phases at equilibrium. 

Considering the simple system for complete coupling of 

tetrahedral and octahedral substitution, AlAI = MgSi, the amount of 

Tschermak's component in pyroxene can be approximated by AI/2 for 6 

oxygens per formula unit. Sinton (1977) used this approach to show 

that a strong linear relationship exists between the Al content of co

existing pyroxenes and spinels from the Red Mountain peridotite. The 

cores of pyroxenes and spinels from the ~furum harzburgites show a similar 

linear relationship between Al in pyroxene and spinel (Fig. 1-11), 

despite the fact that the analyses in Table 1-2 suggest a strong site 

preference of Al for the tetrahedral position, as do most orthopyroxenes 

from alpine peridotites (Stroh, 1976). This linear relationship, 

indicating constancy of partitioning between pyroxene and spinel, suggests 

equilibration under similar P, T conditions. Figure 1-11 also clearly 

ShOHS the enhanced partitioning of Al into spinel from pyroxene exhibited 

by the mineral rims. Experimental studies show that preferential 

partitioning of this nature is favoured by a decrease in temperature (e.g. 

~fucGregor, 1974; Herzberg & Chapman, 1976). It is also apparent that the 

more AI-rich pyroxenes in the least deformed protogranular harzburgites 

lie displaced from the general linear trend, and that the pyroxene-spinel 

rims of these peridotites show enhanced partitioning to more AI-rich spinels 
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emu AI-poor pyroxenes of similar composition to the pyroxene-spinel cores 

Dr tilE! other harzburgites. In vieH of the fact that the bulk compositions 

of these least-deformed protogranular harzburgites are not markedly more 

aluminous thcIn those containing less aluminous pyroxene (see Table 1-6) 

these p~ridotites are considered to preserve a mineral assemblage 

"h.lch indicates equilibration at higher temperatures than the bulk of the 

h3r~burgites. This is discussed further beloH. 

Stroh (1976) derived an equation for calculating pressures 

of equilibration of reaction (2) using a simple mixing model of olivine, 

aluminous orthopyroxene and spinel based on that of Wood & Banno (1973), 

and the experimental data of }~cGregor (1974). Equilibration temperatures 

must be knmm or calculated independently. Application of Stroh's (1976) 

equation to the Marum harzburgites using data from Tables 1-1, 2, 4 for 

mineral cores results in pressure estimates of several hundred bars, 

assuming the equilibration temperatures obtained from olivine-spinel pairs 

using Roeder & others (1979) equation, or, up to 1.5 kb assuming the higher 

equilibration temperatures derived using Jackson's original geothermometer. 

Nominal equilibration pressures of 0.4, 0.7 and 0.8 kb were obtained for 

peridotites 488, 425 and 492 respectively assuming equilibration 

o 
temperatures of 900 C based on co-existing pyroxenes. These nominal 

equilibration pressures are very low but are in keeping with the low 

pressure style of deformation in the harzburgites. 

Varne & Brown (1978), following Stroh (1976), constructed a 

plot of InK versus P and T for reaction (2). Comparison of calculated 

lnK(2) values for the Marum harzburgites within the P-T grid suggests 

that the more deformed harzburgites apparently equilibrated at temperatures 

beloH 1000
0

C. The less deformed harzburgites with the more AI-rich 

pyroxenes, hOHever, apparently equilibrated at much higher temperatures 

(and possibly pressures), mostly in the range 1200-1300
0

C, depending on 

pressure. A much 10Her lnK(2) for harzburgite 473 suggests equil ibration 
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at even higher temperatures, 1400-15·00 0 C. 

The above considerations therefore point to a high temperature 

(1200-1300oC) origin for the Marum harzbur gites which is recorded by the 

pyroxenes and spinels in the least deformed protogranular peridotites. 

Superimposed on the high temperature origin is a sub solidus history 

involving varying degrees of deformation, and re-equilibration. This sub-

solidus history is recorded in the different cation exchange equilibria 

between co-existing phases which show a range of equilibration temperatures. 

This range of equilibration temperatures is considered to represent the 

temperatures o f closure to e ffective cation exchange of each equilibri a , 

which probably depends on relative diffusion rates. Thus, geothermometers 

based on Ca and Al partitioning record the highest equilibration 

temperatures whereas those based on Fe-Mg partitioning between olivine 

and spinel record progressive re-equilibration (coolin g) to very low 

temperatures. The final local re-equilibration (cooling) between the 

Marum spinel and olivine rims took place at very low temperatures, 

possibly ~ 6000 C. 

2-4. Geochemistry 

Major and trace elements have been determined for 7 harz bur-

gites, a dunite, and an enstatite dyke from the tectonite peridotites 

(Table 1-6). All elements except Na and K (atomic absorption spectros

+ copy) and H20 and FeO (wet chemistry) were determined by X-ray fluorescence 

spectrometry. Analytical methods are described in Appendix 1. 

Ha10r el ements 

The harz bur gites are extremely magnesian and strongly depleted 

in lithophile e l ements. Bulk rock mg(mg = 100Mg/(Mg+rFe ) * (see page 31 

for explanation) values are in close agreement with olivine Fo contents, 

indicating that the Fe 203 contents shown in Table 1-6 are the result of 
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surficial oxidation and/or oxidation accompanying serpentinization. This 

conclusion is also supported by the direct correlation of Fe
2

0
3 

and H
2

0+ 

contents. Al
2

0
3 

and CaO contents are very low and correlate directly with 

the modal abundance of pyroxene and, to a lesser extent, bulk rock mg 

(Fig. 1-12); the lowest Al20
3 

and CaO contents are associated with the 

highest bulk rock mg and most AI- and Ca-poor pyroxene. Ti02 and alkali 

contents are extremely low « 100 ppm), and clearly indicate the highly 

depleted nature of these peridotites. 

The enstatite-rich dyke is highly magnesian but contains 

appreciably higher contents of all lithophile elements. CaO and alkalies 

are markedly higher than the harzburgites and dunites, and the bulk 

composition has pyroxene stoichiometry. 

Trace elements 

The Marum harzburgites and dunites are marked by extreme 

depletion in all large-ion-lithophile (L1L) elements and high valence 

cations (Table 1-6). Ni and Cr contents are high, reflecting the highly 

refractory mineralogy. Ni shows a positive correlation with bulk rock mg 

(and increasing abundance of olivine), whereas Cr varies with modal 

abundance of chrome spinel and pyroxene. Ti and V contents show an over-

all positive correlation with modal abundance of orthopyroxene and 

negative correlation with the bulk rock mg (Fig. 1-12). Rare earth 

element (REE) abundances in the harzburgites are extremely low; incomplete 

* The ratio mg = Mg/(Mg+ZFe) where EFe is total iron calculated as Fe
2
+ 

is used for ultramafic rocks since the Mg
2
+ of these rocks is very high 

and the original Fe 3+ is very low but unknown. For basaltic compositions 

Mg-value (= 100Mg/Mg+Fe
2
+) is more appropriate since the Fe3+ content is 

much greater and is important in consideration of Fe-Mg partitioning 

between crystals and liquid. 
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spark source data for harzburgite 087 suggest a relatively unfractionated 

pattern at about 0.04 times ex) chondri tic abundance or less. 

Abundances of all incompatible elements* are higher, and Ni 

contents lower, in the pyroxenite dyke than the harzburgites and dunites 

(Fig. 1-12). The clear displacement of the pyroxenite dyke from the 

harzburgite trends on the CaD versus mg-number and Ni versus mg-number 

diagrams (Fig. 1-12) strongly suggests a separate origin, consistent with 

the field evidence for late emplacement. 

Compa.risons 

Harzburgite-subtype alpine peridotites (Jackson & Thayer, 1972) 

and harzburgite-dunite masses in ophiolites are highly depleted in litho

phile elements compared to present estimates of the upper mantle (e.g. 

Ringvood, 1975, 1979; Harris & others, 1967; Maaloe & Aoki, 1977; see also 

PART 3), and are generally interpreted as the residue remaining after 

extraction of a basaltic melt fraction (e:g. Green & Ringwood, 1967a; 

Dickey, 1970; England & Davies, 1973; Himmelberg & Loney, 1973; Menzies 

& Allen, 1974; Coleman, 1977, and others). The Marumharzburgites are 

decidedly more magnesian and more depleted in lithophile elements than 

alpine peridotit es, and are also more refractory than most harzburgites 

from other ophiolites (d. Irvine & Findlay, 1972; Montigny & others, 1973; 

Menzies & Allen, 1974; Coleman, 1977 p. 33), with the exception of the 

Papuan Ultramafic Belt (see PART 2). In particular, the higher ferro

silite and Ca-Tschermak's (and jadeite) components of pyroxenes in alpine

type peridotites (particularly lherzolite-subtype peridotites) are 

reflected by higher FeD, A12D3 and CaD contents in the bulk rock chemistry. 

Incompatible elements are those whose ionic radius and/or valance 

does not readily permit substitution in the major phases of the 

mantle and are strongly partitioned into any co-existing melt. 
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The high rng-numbers and extreme depletion in lithophile elements 

clearly sets the Marum harzburgites aside from the overlying pyroxene-

bearing cumulates. However~ the field relations~ the overlap in olivine 

compositions and trace element correlations (e.g. Ti-V~ Fig. 1-38; Ni-Ti~ 

etc) suggest a genetic relationship between the cumulate and non-cumulate 

peridotites. 

2-5. Marum harzburgites as the residue from partial melting 

The protogranular textures~ lack of cumulus textures and the 

uniform, highly refractory mineralogy and chemistry of the Marum harz-

burgites suggest an origin as the residue from partial melting of a less 

refractory peridotite. The mineralogy of the harzburgites is unlike the 

overlying cumulate peridotites which range from dunite and chromitite 

upwards through wehrlite~ lherzolite to plagioclase lherzolite. The 

composition of pyroxenes in the cumulate peridotites is unlike those in 

the harzburgites~ being distinctly richer. in Fe~ Al and Ca (Chapter 3) 

and, unlike the olivine compositions, do not overlap those of the harz-

burgite. The highly magnesian olivine and orthopyroxenes with low Al203 

content of the harzburgites are unlike olivine and orthopyroxenes crystal-

lized from basaltic melts. Moreover, low pressure crystallization of 

magnesian olivine and orthopyroxene in the ratio 85:15 would seem to be 

precluded by the olivine-orthopyroxene reaction relationship; as observed 

by Irvine & Findlay (1972)~ cumulates of this constitution are not abundant 

in any of the documented stratiform intrusions. 

Harzburgite with magnesian olivine and orthopyroxene in this 

proportion occurs as residue from partial melting of peridotite (PART 3). 

Melting of per1dotite results in progressive elimination of residual 

phases with increasing degrees of melting (Fig. 3-1). o 
At about 75-100 C 

above the peridotite solidus (~ 10-20% melting) clinopyroxene is 

exhausted~ and the residual phases are olivine~ orthopyroxene and chrome 

spinel. With increasing temperature and degree of melting orthopyroxene 



34 

is progressively melted until a dunitic residue is reached at about 

150-200
o

C above the solidus, corresponding to more than about 35% 

melting, depending on the composition of the peridotite and the pressure 

at which melting occurs. Data obtained on the compositions of residual 

phases (PART 3, Tables 3-4 to 3-8) show that residual phases become 

increasingly more refractory with increasing degrees of partial melting; 

olivine, orthopyroxene and spinel become more magnesian, chrome spinel 

more chrome-rich, and pyroxene progressively poorer in A1 20
3 

and CaO 

(Figs. 3-4, 5, 6). The compositions of the residual phases from 

melting of spinel lherzolite at low pressure are very similar to those 

of the least deformed protogranular harzburgites in terms of both the 

low Al 20
3 

content of the pyroxenes, and the high Mg of the phases. 

Differences exist in terms of the high chrome content in the pyroxenes 

(due to the high Cr content of the experimental peridotite compositions), 

and the higher Fe3+ content in the experimental spinels. 

In addition to similarity of mineral compositions, similarity 

between the Marum harzburgites and the harzburgitic residues formed 

during experimental melting of peridotite is apparent in the compositions 

of the harzburgitic residues (Table 1-7), and the compositional trends 

shown by the residues. Data for the harzburgitic residues from partial 

melting of peridotite plotted in Figure 1-13 show that with increasing 

degrees of partial melting the bulk compositions of the residues become 

progressively more magnesian and depleted in CaO and A1 20
3

• At 

comparatively higher pressures (10-15 kb) the residue at low to moderate 

degrees of melting retains high A1 20
3 

and CaO content (due to the higher 

proportion of orthopyroxene to olivine and higher CaO and A1 203 content 

of the orthopyroxene). The trend of residual compositions formed during 

experimental melting of peridotite at tow pressure are very similar to 

those of the Marum harzburgites. These features suggest that the Marum 

harzburgites represent the residues of extensive degrees of partial melting 



'fAilLE 1-7. CmlPAR I SON Of /-L\Rtr-1 AND PAPUlIN HARZBURCITES WI TIl 

IL\RZBURC I T I C RESIDUES fRO~ 1 PARTIAL HE LTINC Of 

PERIDOTITE ( PART 3) 

2 J 4 5 

S 102 43 .6 (1 .2) t+4.0 (0 . 2) 42.0 42,7 43 .1 

Ti0
2 

0.01 0,02 0.01 

,U
2

0
3 

0 . 2 (0 .1 ) 0.05 (0 .01) 0 .1 3 0.29 0 . 25 

FcO ~' 7.2 (0 . 4) 5 . 9 (0.25) 7.6 7. J 7 . 2 

}lnO 0.12 (0 .01 ) 0 . 12 0.16 0 .1 6 0 .1 6 

}lgO 48 .7 (1 .17) 48.9 (0.4 ) 50 .0 49 .3 49.0 

ColO 0.2 ( 0. I) 0.04 (0.01 ) 0.17 0.21 0 .17 

Na 0 
2 

100 N'j 
92 .3 

~:g + Fe 92 .7 92 .1 92 .3 92 . 4 

1. Average 7 ~~rum harzburgites (10 deviation) 

2. Average 4 Papuan harzburgites 

3, Harzburgitic residue, partial melting 0 f !1nilquillo lherzolite 

4 , Harzburgitic residue, partial melting of T1naqu111o lherzolite 

5. Harzbur g itic residue, partial mel tin g of !1naquillo lherzoli te 

;+.: To tal iron as f eO . 
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of mantle lherzolite under high temperatures and shallow depths 

(~ 5 kb) which have subsequently re-equilibrated at lower temperatures 

and suffered mild plastic deformation. 

Dunite bodies intercalated with the harzburgites differ from 

the harzburgites in terms of their more Fe-rich olivine compositions and 

the higher Fe3+ of their chrome spinels. Olivines in the dunite lenses 

overlap the compositions of olivine in the overlying cumulate dunites. 

This and the apparent increase in abundance of dunite lenses towards 

the overlying cumulates suggests that the dunite lenses might form from 

olivine precipated from magmas feeding the overlying cumulates, and 

concentrated by crystal settling or filter-pressing within the subjacent 

harzburgite. An origin of this nature appears plausible for some but not 

all of the dunite lenses. Some of the dunites contain chrome spinel 

with higher Fe3+ contents than spinel in the overlying cumulates, and 

define a trend toward Fe3+ - Al enrichment distinct from the predominant 

Cr-Al trend shown by the cumulate spinels (Figs. 1-8, 17). 

Formation of the pyroxenite dykes clearly post-dates 

formation of the foliation and banding in the harzburgites and, judging 

by the coarse grain-size and lack of chilled margins, must have formed at 

comparatively high temperatures. The bulk rock compositions (see later) 

sho" higher abundances of lithophile elements than the harzburgites, and 

it is suggested that the pyroxenites might represent material sweated 

out from less depleted harzburgite, possibly in the presence of a hot 

fluid phase. 

2-6. Conclusions 

Weakly foliated harzburgite with interfingering lenses 

and tabular masses of dunite underlie the thick sequence of ultra

mafic and mafic cumulates, and are intruded by narrow, coarse-grained 

pyroxenite dykes which post-date the foliation in the harzburgites. 



The harzburgites are characterized by highly refractory, uniform 

mineralogy - olivine Mg
92

, enstatite Mg
93

, and chrome-rich spinel -

and chemistry, with marked depletion in all lithophile elements. 

Partitioning between olivine, pyroxene and spinel, coupled with the 
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widespread protogranular textures suggest an origin at high temperatures 

o 
(~ 1200-1300 e) and low pressures. The harzburgites have subsequently 

re-equilibrated at lower temperature (~ 900
0 e and lower, possibly to 

~ 600oe), and undergone limited plastic deformation prior to solid-

state emplacement. The textures, uniform mineralogy, and highly 

depleted chemistry of the harzburgites are consistent with an origin 

as a refractory residue formed by large degrees of partial melting of 

mantle peridotite at low pressure. 

The lenses of dunite within the harzburgite appear genetically 

distinct from the harzburgites; some appear to represent small 

segregations of cumulate olivine from magma associated with the over-

lying cumulate dunite and chromitite. Pyroxenite dykes intruding the 

harzburgite postdate the foliation, and are inferred to have formed at 

high temperatures, possibly by sweating out of material from less depleted 

harzburgite in the presence of a hot fluid phase. 



37 

CHAPTER 3 

PETROLOGY OF THE CUMULATE PERIDOTITES AND GABBROS 

3 1. Stratigraphy of the l ayer ed sequence 

A diagrammatic representation of the stratigraphy of the 

sequence of layered cumulates directly overlying the harzburgite-dunite 

is presented in Figure 1-14. 

Dunite unit (olivine, chrome s pi nel cumulates) - (Sample Nos. 567, 497, 

421, 221, 477, 1046, 092, 428, 059, 504) 

Relatively undeformed dunite some 300-500 m thick with minor 

chromitite layers overlies the harzburgite. Apart from zones of faulting 

or strong jointing the degree of serpentinization is low and fresh dunite 

is exposed in river sections. Chromitite layers are thin (mostly 0.5 to 

2.5 ems, rarely up to 10 ems thick) and commonly show fine-scale rhythmic, 

mineral-graded>': and size-graded layering (grainsize 0.5-1 mm) conformable 

with rhythmic layering in overlying cumulate perido"tite (Fig. 1-15A). 

Reverse mineral-graded layering found in several localities is thought to 

reflect settling overlap (cf. Goode, 1976) rather than overturning of 

strata. 

'f. The terminology used to describe cumulus structures and layering 

follows Jackson (1967). 

Mineral-graded l ay ering - a layer characterized by a gradual strati

graphic change in proportions of two or more cumulus pha~es. 

Isomodal layer - a layer characterized by a uniform proportion of one 

or more cumulus minerals. 

Size-graded layering - a layer characterized by a gradual strati

graphic change of grain size of one or more cumulus minerals. 

Phase contact - a horizon (former surface of deposition) marked by 

the appearance or disappearance of a cumulus mineral 

Ratio contact - a horizon marked by a sharp change in the proportion 

of two cumulus minerals. 
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Fig. 1-14. Diagrammatic representation of the stratigraphy of the 

Marum layered sequence showing range of mineral compo-

sit ions (schematic only). Solid lines indicate presence 

01 = as a cumulus phase, dashed lines as postcum~lus. 

olivine, Sp = spinel, Cpx = clinopyroxene, Opx = or tho-

pyroxene, Plag = plagioclase, Fe-Ti = Fe-Ti oxides, 

S = sulphides, Qtz = quartz. 



Fig. 1-15. Structures and textures in the cumulate sequence. 

A. Fine-scale rhythmic layering of chromitite in dunite, tributary to Baia River, 

S037'S, 14s0 1s'E. 

B. Rhythmic layering of pyroxene-rich (dark) and pyroxene-poor (lighter) bands in 

norite-gabbro, tributary to Nep River, S028'S, 144°s3'E. Note mineral-graded 

layering and small-scale sedimentary-type structures. 

C. River boulder showing isomodal, rhythmic layering of olivine (dark) and 

plagioclase (light) in troctolite. 

D. Streaky layering resembling flow-layering in norite-gabbro, YOlrri River, 

S033'S, 14s
0

01'E. Note extensive fracturing and secondary veining at high 

angle to layering in this outcrop. 

E. Photomicrograph showing allotriomorphic granular-textured norite-gabbro. Note 

exsolution lamellae (orthopyroxene) in clinopyroxene host. Sample 010. 

Crossed polarizers, x 12. 

F. Contact between two small cyclic units, marked 1 and 2, in tributary to Baia 

River, S039'S, 14s
0

1s'E. Rhythmically layered norite-gabbros (ng) of unit 1 

are overlain by dunite (d) of unit 2 which passes upwards through wehrlite (w), 

lherzolite (1), plagioclase lherzolite (pI), and troctolitic norite-gabbro (t) to 

rhythmically layered norite-gabbro. 
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The dunite is an isomodal olivine adcumulate, consisting of 

xenoblastic olivine (Mg90 -
93

) 3-5 mm across and smaller allotriomorphic 

granular subgrains and neoblasts, and a small amount (1-5%) of subhedral 

to euhedral chrome spinel. Chromitite layers consist of coalesced chrome 

spinel grains, commonly partially rounded with interstitial olivine 

altered to serpentine and/or kammererite. Secondary magnetite rims 

chrome spinel grains in strongly serpentinized dunite and olivine 

chromitite. 

Post cumulus poikilitic calcic pyroxene (Mg48_50Ca47_50Fel_3)' 

is present in small amounts in the uppermost portion of the dunite unit 

(olivine Mg
90

) enclosing olivine and spinel. 

Peridotite unit (olivine, chrome spinel, clinopyroxene , orthopyroxene 

cumulate) - (Sample Nos. 186, 415, 189, 238, 502, 503, 168, 166, 271, 441, 

203) 

Layered olivine-pyroxene cumulates directly overlie the dunite, 

separated by a phase contact with the appearance of cumulus pyroxene. In 

most sections olivine-clinopyroxene cumulate (wehrlite) is overlain by 

lherzolite in which orthopyroxene (bronzite) is first a postcumulus and 

later a cumulus phase. Postcumulus bronzite commonly forms poikilitic 

grains up to 5 cm diameter enclosing resorbed and embayed cumulus olivine, 

and, to a lesser extent, cumulus clinopyroxene. In a number of outcrops 

the postcumulus bronzite grains are nearly spherical and have marked relief 

on weathered surfaces. 

Plagioclase lherzolite i.e. olivine-clinopyroxene-orthopyroxene 

cumulate with postcumulus anorthitic plagioclase (An ) occurs in the 
92-97 

upper portion of the peridotite unit. The plagioclase commonly forms 

poikilitic plates enclosing, or aggregates of interstitial crystals 

between, subhedral to euhedral cumulus olivine and pyroxene. 
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Throughout the unit cumulate textures are well preserved and, 

except where a reaction relationship exists, cumulus phases are mostly 

subhedral to euhedral. Postcumulus material apparently formed by two 

means ; 1) by crystallization from an intercumulus liquid ( clinopyroxe ne , 

plagioclase); 2) by reaction of cumulus olivine with the intercumulus 

liquid (orthopyroxene and to a lesser extent clinopyroxene). 

Pyroxenite unit (bronzite, augite ± olivine, plagioclase cumulate) 

(Sample Nos. 051, 249, 264) 

A unit of pyroxene-rich cumulates of variable thickness 

discontinuously overlies the cumulate peridotite: with increasing 

plagioclase content pyroxenite grades upwards into norite-gabbro. Two

pyroxene pyroxenite (websterite) predominates; olivine and plagioclase 

are additional cumulus phases. Pyroxenite is commonly interlayered with 

olivine-rich pyroxenite near the base of the unit and plagioclase-rich 

pyroxenite and gabbro near the top. Isomodal and mineral-g~aded layering, 

and rhythmic layering with layers 10-15 cms thick, is common; some show 

sedimentary-type structures such as load casts and slumping. The 

pyroxenite i s mo s tly a llotriomorphic granular in t extur e with a grain s i ze 

of about 1 rom. 

Norite-gabbro unit (plagioclase, augite, bronzite ± olivine, magnetite, 

ilmenite cumulate) - (Sample Nos. 191, 225, 073, 1020, 008, 123, 163, 

128, 148, 162 , 131, 129) 

The norite-gabbro unit, de fined by the presence of cumulus 

plagioclase, has a phase contact with the peridotite and a transitional 

contact with the pyroxenite unit. The thickness of the unit probably 

exceeds 2.5 lcrn . The lower portion is well layered with rhythmic isomodal 

and mineral- graded layers of pyroxene and plagioclase + olivine ranging 

from several centimetres to more than a me tre in thic kness (Fig . 1-15B). 

Rhythmic pyroxene-rich layers (mostly webst erite , some bronzite and c lino

pyroxenite) are typically inter layered with plagioclase-rich layers 
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Cleucogabbro and anorthosite) which become more abundant higher in the 

sequence. 

Isomodal, and near-isomodal, olivine-rich layers (troctolite) 

are interlayered with plagioclase-rich layers (anorthosite) in some 

horizons forming fine-scale rhythmic layering (Fig. 1-1SC). Lenticular 

bands, load-casts and slumped blocks of pyroxene-rich rocks into plagioclase

rich bands are relatively common. High in the norite-gabbro unit layering 

becomes streaky and lenticular (Fig. 1-15D), and resembles the 'flow 

layering' described by Thayer (1963, 1967) from alpine peridotite-gabbro 

complexes. 

Magnetite and ilmenite occur as cumulus phases in the upper 

part of the unit commonly forming mineral-graded layers. 

Textures in the norite-gabbro unit are mostly allotriomorphic 

granular (grainsize mostly ~ 1 mm) with no interstitial material (Fig. 

1-15E), suggesting extensive adcumulus growth and/or secondary 

recrystallization (see later). Cumulus textures are only poorly developed; 

in some norite-gabbro elongated plagioclase defines a weak lamination. 

Gabbros with streaky or flow-type layering have a marked foliation and 

some have a lineation in the plane of the foliation. Other gabbros have 

a marked tectonite fabric (see later). 

Non-cumulus rocks 

Granular microgabbro- dolerite . Fine-grained hypidiomorphic granular to 

subophitic quartz microgabbro and quartz dolerite occur in several 

localities in the upper part of the cumulate sequence. In at least two 

areas quartz dolerite occurs as narrow dykes discordant to the layering 

in norite-gabbro. Both the microgabbro and dolerite have undergone low 

temperature alteration; plagioclase is commonly albitized, Fe-Ti oxide 

altered to leucoxene and pyroxene partly uralitized. 
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Nafic pegmatite (Sample Nos. 150, 431, 543). Narrow (mostly 0.2-0.5 m) 

dykes and veins of very coarse grained (1-5 em) mafic, iron-rich pegmatoid 

intrude all units of the cumulate sequence. Contacts between pegmatoid and 

ultramafic cumulates are sharp, and the pegmatoid dyke or vein is generally 

surround~d by a zone of serpentinization and Ca metasomatism. Some 

pegmatoids have a fluidal fabric at the margin and a coarser-grained, 

pegmatitic texture at the centre of the dyke or vein. In many cases crystals 

are orientated perpendicular to the margin of the dyke. Contacts with the 

norite~gabbro, particularly the upper levels of the unit, are commonly 

diffuse and gradational. The pegmatoids consist of calcic plagioclase 

(An92_ 96 , commonly altered to clinozoisite), hypersthene Mg60- 65 , augite 

Hg38_40Ca40_46Fe14_19 (commonly altered to actinolite Ca26Mg53Fe21)' and 

titanomagnetite or magnetite with 'exsolved' ilmenite. 

Granophyric diorite (Sample No. 578). Minor granophyric-to pegmatitic

textured orthopyroxene-plagioclase-actinolitic hornblende-qua~tz-magnetite 

dykes and veins occur sporadically in the upper part of the norite-gabbro. 

Relations ,..-ith the cumulate sequence are both concordant and discordant 

~dth contacts ranging from sharply intrusive to gradational. Although 

these rocks bear some similarities with the more mafic examples of the 

plagiogranite suite of other ophiolites (Coleman & Peterman, 1975) they 

are not end-stage differentiates and more likely result from filter pressing 

of trapped intercumulus liquid from the cumulate pile. 

3-2. Primary structures 

Cyclic uni ts 

Superimposed on the gross layering of the cumulate sequence (i.e. 

dunite - peridotite - pyroxenite - norite-gabbro) are at least three major 

cyclic units or macro cycles of crystallization (terminology of Campbell, 1977), 

and an undetermined number of smaller cyclic units (Fig. 1-15F). The 

cyclic units occur at all levels above the dunite unit and are essentially 
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conformable with thicknesses ranging from several hundred metres to about 

10 metres. The crystallization sequence in each of the cyclic units is 

essentially the same, commencing with olivine cumulates at the base and 

passing upwards through pyroxene- to plagioclase-rich cumulates. Cyclic 

units are well documented in stratiform intrusions (e.g. Jackson, 1970; 

Irvine, 1970) and have also been recognized in other ophiolites 

(Jackson & others, 1975, Church & Riccio, 1977). Formation of cyclic 

units is generally believed to result from periodic influxes of 

fractionating batches of magma. However, the absence of truncated units 

or of disruption of underlying cycles suggests that if the Marum cyclic 

units result from influxes of magma, such influxes were only of small 

volume compared to the size of the magma chamber. Alternatively some of 

the smaller cyclic units might represent convective overturn in a magma 

chamber as suggested by Wager & Brown (1968). 

Crystallization Sequence 

The crystallization sequence both in the gross layering and 

in the cyclic units is: olivine (01) + Cr spinel; 01 + clinopyroxene (cpx) 

+ Cr spinel; 01 + cpx + orthopyroxene (opx) + Cr spinel; 01 + opx + cpx 

+ plagioclase (plag); plag + cpx + opx; plag + cpx + opx + Fe-Ti oxide 

(± quartz). The crystallization interval 01 + cpx 01 + cpx + opx is 

brief, and in at least one of the minor cyclic units is reversed. The main 

crystallization sequence is very similar to that deduced for the Troodos 

ophiolite by Greenbaum (1972), and to that found in the Papuan ophiolite 

except that in the latter it appears that orthopyroxene may have preceded 

clinopyroxene (Davies, 1971). The Marum cumulate sequence differs from 

that documented in~ a number of other ophiolites (cf. Church & Riccio, 1977; 

Jackson & others, 1975; Hopson & others, 1975 cited by Coleman, 1977) with 

respect to the relative order of appearance of clinopyroxene, orthopyroxene, 

and plagioclase. 
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Layering 

Small-scale rhythmic layering is common throughout the cumulate 

sequence with individual layers ranging from 0.5 cm thick chromitite layers 

in dunite to pyroxene-rich and olivine-rich layers tens of centimetres 

thick in pyroxenite and norite-gabbro. Small-scale layering in the dunite 

unit consists of sparse, thin, mineral-graded and size-graded layers of 

chromitite. In the peridotite unit layering commonly consists of rhythmic, 

isomodal and mineral-graded layering with ratio contacts. Layering in the 

pyroxenite and norite-gabbro units consists of alternating conformable 

pyroxene-rich and plagioclase-rich layers. Thin mineral-graded, rhythmic 

layers of olivine-rich cumulates, some with sharp ratio or phase contacts, 

occur at the base of each unit. In the norite-gabbro unit small-scale 

layers may be either mineral-graded or isomodal. Contacts between some 

plagioclase-rich layers (anorthosite in places) and the overlying pyroxene

rich bands range from sharp ratio or phase contacts to graded contacts. 

Layered Fe-Ti oxide-bearing cumulates commonly show strong mineral and 

size-grading, and the top of the oxide layer commonly has a sharp ratio or 

phase contact with the overlying oxide-free norite-gabbro. 

Additional depositional structures observed include slumping 

resulting in rocks resembling sedimentary-type breccia, load casts, 

settled blocks, scour structures, and, rarely, small angular unconformities. 

Cumulus textures and igneous layering, together with many of the 

other features described above, are commonly ascribed to gravitational 

settling of crystals in a magma chamber (e.g. Wager & Brown, 1968). The 

prime role of gravitational settling in the differentiation of layered 

intrusions has recently been questioned. Campbell (1978) has shown that it 

is unlikely that plagioclase will sink in Fe-rich tholeiitic liquids and 

has suggested that features such as small-scale rhythmic layering result 

from in situ rhythmic crystallization from a super-cooled liquid at the 
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f l oor of the magma chamber. Naaloe (1978) has a lso proposed that rhythmic 

layering is due to rhythmic nucleation in a slightly supersaturated magma 

,,.,here crystallization of one primocryst phase in turn modifies the magma 

composition and in f luences the nucleation rates of other primocrysts. 

}JcBirney & Noyes (in press), in a recent detailed review o f crystallization 

and l ayering of the Skaergaard Intrusion, have also rej ected gravitational 

settling as the prime agent of differentiation in favour o f in situ 

nucleation and crystallization in a static boundary layer that was 

normally outside a zone in which the magma moved by l aminar flow. They 

ascribe layering to an oscillatory process dependent on relative rates o f 

thermal and chemical d iffusion. Irvine (1978), on the other hand, has 

suggested from experiments involving flow structure that l ayer formation 

may be due to current deposition . 

While many of the primary structures of the Marum ophiolite, 

particul arl y those in the lower part of th·e sequence, are not inconsistent 

with an origin by gravity settling, the thick sequence of rhythmic ally 

layered gabbros is probably best explained by in situ rhythmic crystal

lization. The extent to which magmatic current activity influenced 

differentiation is not knotvn: the presence of magmatic currents in some 

parts of the Marum cumulate succession is suggested by strong igneous 

lamination in some fe l dspar-rich cumulates, and by the loc al disruption 

and scouring of individual layers by succeeding horizons. It would 

appear that the primary small-scale structures in the Marum' sequence are 

best explained by a combination o f all three mechanisms, gravity 

settling, rhythmic nucleation and , to a lesser extent, magmatic currents. 

3-3. Secondary def ormation 

Superimposed on the primary textures is a variable but mostly 

weak metamorphic fabric. Almost al1 rocks show some evidence of secondary 

recrystallization, and most gabbros and pyroxenites have been recrystal -
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lized to equigranular granoblastic textures. Many of the dunites have a 

weak foliation defined by a preferred orientation of olivine grains which 

commonly show undulose extinction and kink-banding. Olivine grains in 

more strongly deformed dunite commonly have a preferred orientation which 

defines a weak foliation and lineation; this preferred orientation locally 

reflects that of former large olivine grains. The size of the neoblasts 

and subgrains suggest extensive recrystallization under low pressure, 

possibly only several hundred bars CA. Nicolas, pers. comm. 1977). Some 

transitional dunites show two phases of deformation; a high temperature 

phase characterized by slow strain rates overprinted by a low temperature, 

fast strain rate deformation which is presumed to be related to emplacement 

of the ophiolite (P. Chopra, pers. comm. 1979). 

In layered pyroxenites, norite-gabbros and gabbros a weak 

foliation, approximately parallel to the primary layering, has resulted 

in a streaky foliation, commonly with boudins of pyroxenite. This layering 

closely resembles the flow layering described by Thayer (1969), and is 

interpreted as resulting from high temperature deformation involving flow 

of the cumulate pile. 

Despite their well developed layering the bulk of the 

pyroxenites and norite-gabbros have a granoblastic texture and cumulus 

textures have commonly been obliterated. 

Adcumulus textures resembling those of high grade granulites 

are not uncommon in layered basic intrusions (e.g. Jackson, 1961; Weedon, 

1965; Cameron, 1969; Vernon, 1970) and are commonly ascribed to post

cumulus addition of intercumulus material involving diffusion of elements 

between the intercumulus liquid and the overlying magma (Hess, 1960; 

Wager & Brown, 1968). The extremely low abundances of incompatible elements 

in the Marum cumulates (Chapter 4) requires continued pore connection and 

extremely efficient diffusion throughout the layered sequence for this 

mechanism to be a viable means of producing the granoblastic textures in 
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the Narum sequence. This seems unlikely and an alternative explanation, 

sintering of the cumulus phases in the solid state and expulsion of the 

interstitial liquid (Voll, 1960; Vernon, 1970), is preferred. In this 

process, essentially static annealing, the grains would grow together 

under the influence of interfacial free energy, and annealing would occur 

by diffusion at grain boundaries. Heat required for this process would be 

provided by the slow cooling of the thick cumulate pile, periodic 

injections of fresh magma, and possibly, from subjacent mantle diapirism 

and partial melting. 

In several localities small meso scopic folds (amplitude less 

than 50 ems) are developed in layered norite-gabbro and gabbro. Flaser 

gabbro formed in the folded rocks passes directly into streaky gabbro with 

lenticular flow-layering and then into regularly layered gabbro. The 

flaser gabbro has a gneissic texture with augen of plagioclase in a 

recrystallized matrix of plagioclase, pyroxene, and commonly; magnetite, 

ilmenite and quartz. Foliation in the tectonite gabbro is generally 

parallel to the primary layering suggesting stress and flow in the plane 

of the primary layering. 

More strongly tectonized gabbro - mylonite gabbro - has a well 

developed mortar texture and the same anhydrous mineral assemblage, 

commonly with strained quartz, feldspar or pyroxene porphyroclasts in a 

granulated matrix. These features are indicative of high temperature 

anhydrous cataclasis. 

It is concluded that while meso scopic and macroscopic primary 

features, e.g. rhythmic layering, are preserved, the development of 

secondary textures and structures (including flow layering) indicate 

extensive subsolidus recrystallization under anhydrous conditions at high 

temperatures. Superimposed on the sub solidus recrystallization is a weak, 

sporadically developed low grade (greenschist) metamorphism which has 

resulted in incipient saussuritization of feldspar, uralitization of 
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pyroxene, and serpentinization of olivine. 

3-4. Hineral Chemistry 

Approximately 2500 complete mineral analyses from some 50 

representative rock samples from the cumulate sequence were obtained by 

energy dispersive TPD electron microprobe. Selected bulk pyroxene analy

ses (host plus lamellae) were obtained by rapid, reduced-area scans (100-

250'1-1) using a JEOL JX SOA microprobe-scanning electron microscope withEDAX 

energy dispersive system (Appendix 1) . Representative analyses of phases 

are presented in Tables 1-8 to 1-16, and sample descriptions and localities 

given in Appendix 2. Unless otherwise stated all iron is reported as FeD. 

Olivine 

Olivine compositions (Table 1-8) vary with lithology and range 

from Ng
97 

in olivine chromitite to Mg
78 

in olivine-bearing norite-gabbro 

(Fig. 1-14). Compositions are mostly homogeneous (± 1 mol. %) although 

some grains, particularly within olivine chromitite, show reverse zoning 

of 2 to 3 mol. %. Olivine compositions in the dunite unit lie in the 

range MggO-93.S and average Mg91 . S ' The most magnesian olivine Mg96 . 8 is 

likely to reflect sub solidus re-equilibration within the olivine chromitite 

rather than a primary liquidus composition since Irvine (196S, 1967) has 

shmvu that not only is the Fe-Mg partitioning between olivine and chrome 

spinel dependent on temperature (the Fe/Mg ratio of olivine decreases while 

that of chrome spinel increases with falling temperature), but the final 

composition of olivine and spinel depends upon their modal proportions in 

the rock as well as the original compositions. The most magnesian primary 

cumulus olivine composition in the dunite unit is Mg
92 

but more magnesian 

olivine, Mg
93

.
S

' occurs in dunite transitional to tectonite peridotite. 

These compositions are more magnesian than olivine from the base of 

cumulate stratiform intrusions such as the Bushveld and Stillwater 

intrusions (cf. Wager & Brown, 1968) but similar to olivine in basal 



TABLE 1-8. REPRESENTATIVE A}lAL:tSES OF CUMULUS OLl'lIllE 

Si0
2 

r,o 

HoO 

HSO 

Total 

Si 

F< 

'" 
H, 

Total 

100 MglMg+Fe 

:a PP;Q. 

2211 497
1 DUN!!!': 

567 421 1046 '" 504 2 059 2 

41.76 41.22 41.30 41.13 40.88 40.81 40.67 40.44 

4.49 5.75 6.51 7.92 8.72 9.09 9.59 9.72 

<0.09 <0.09 <0.09 <0 . 09 <0.09 <0.09 <0.09 <0.09 

53.72 52.65 52 . 24 50.95 50.57 50.01 50.04 49.1!0 

99.97 99.62 100.05 100.49 100.17 99.91 100.30 99.56 

0.998 0.995 0.996 0.998 0.994 0.997 0.992 0.995 

0.090 0.116 0.131 0.161 0.178 0.186 0.196 0.200 

1.914 1.894 1.877 1.843 1.834 1.821 1.820 1.811 

3.002 3.005 3.004 3.002 3.006 3.003 3.008 3.005 

95.5 94.2 93.5 92.0 91.2 90.7 90.3 90.1 

2500 2490 3540 1960 

All CaO, A1203 and T102 contents <0.07% 

1. Olivine. in chroclitite layer 

2. Rock contains poikilitic clinopyroxene 

PERIDOTITE 
209 186 415 180 51)2 211 218 166 
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cumulates from other ophiolites (e.g. England & Davies, 1973; Jackson 

& others, 1975; Irvine & Findlay, 1972; Church & Riccio, 1977; Malpas, 

1978). 
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The cumulus olivine compositions overlap those from the non

cumulus peridotite which lie in the range Mg91.6-93.8 (Chapter 2). The 

overlap in the ~~rum olivine compositions contrasts with the Papuan 

ophiolit e in which England & Davies (1973) found a compositional hiatus 

betHeen cumulus and non-cumulus olivine. 

Olivine in cumulus peridotite overlying the dunite unit ranges 

from Hg 89 . 8 to Hg83 . 5 and are thus more iron-rich than olivine in the dunite 

unit. Olivine in dunite horizons at the base of cyclic units are of 

similar composition to the most magnesian olivine at the base of the 

peridotite unit (Mg89-89.5) and also more iron-rich than olivine in the 

dunite unit. Olivine in olivine pyroxenite, troctolite and olivine 

norite-gabbro is more iron-rich, of smaller grainsize and str-ongly embayed 

or resorbed indicating extensive olivine-liquid reaction. 

Minor element concentrations are low. CaO contents are all 

less than 0.07%, typical of olivine equilibrated at low temperature. MnO 

content increases with Fa component from less than 0.09% to 0.2% (Table 

1-8). Ni concentrations range from about 3500 ppm in Fo-rich olivine in 

the dunite unit to about 2000 ppm in the peridotite unit to about 1000 ppm 

in olivine norite-gabbro. This overall progressive decrease in Ni content 

with increasing Fa content of olivine is typical of fractional crystal

lization occurring in stratiform intrusions. In detail however Ni contents 

do not decrease regularly with Fa content of olivine, and olivines of 

similar Mg from different levels in the sequence commonly have different 

Ni con ten ts . 

The most iron-rich olivine Mg78 •5 , from an olivine-bearing 

norite-gabbro, is replaced or partially replaced by orthopyroxene-magnetite 

symplectites in Hhich magnetite forms intricate patterns. Cumulus olivine 
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in this rock lies in the range Mg7S.5-S0 and cumulus orthopyroxene 

Mg77.6-S0.0· 
Orthopyroxene in the symplectite is slightly more magnesian, 

Mg , and in equilibrium with the symplectite olivine, MgSO . O· 
SO.9 

The co-

existing magnetite is characterized by a high Fe20
3 

content. The textural 

evidence strongly suggests that the replacement of olivine by orthopyroxene-

magnetite symplectites occurred as a result of olivine-liquid reaction 

rather than by subsolidus oxidation as suggested by Goode (1974). The 

small difference in composition between cumulus and symplectite ortho-

pyroxene also argues against an oxidation origin since orthopyroxene pro-

duced by oxidation should be more magnesian due to oxidation of the Fa 

molecule of the cumulus olivine. Moreover the occurrence of intercumulus 

magnetite indicates that the intercumulus liquid was capable of crystal-

lizing both orthopyroxene (inferred from the adcumulate texture) and 

magnetite of similar composition to the symplectite phases. The preferred 

explanation of the symplectite is that it is a eutectic-like ·texture due to 

simultaneous crystallization of orthopyroxene and magnetite as a result of 

reaction of cumulus olivine with a silica and iron (including Fe3+) en-

riched intercumulus liquid. 

Chrome Spinel 

Chrome spinel is a minor cumulus phase comprising about 

1-3 vol. % in the dunite and peridotite units. Discrete chromitite layers, 

mostly 0.5-2.5 ems thick, are restricted to the lower sections of the 

dunite unit; elsewhere chrome spinel is present as a dissem~nated accessory. 

Textural relations indicate that olivine and spinel were co-

liquidus phases. Grainsize decreases with stratigraphic height, and with 

decreasing 100Mg/(Mg + Fe) ratio of both the bulk rock and co-existing 

olivine within the cumulate sequence. Grainsize decreases from 0.5-1.5 mm 

diameter in chromitite layers to 250-500 ~ for disseminated spinel in 

dunite, to less than 250 ~ (commonly less than 100 ~) in spinel-bearing 

peridotite. The decrease in grainsize probably reflects a decreasing Cr 



TA!:LE 1·9, U?RESENfAlll't A""'LIHS Of ~1J)!UI.'r$ CHm/fl' SrIN~L 

!a~.~'le ll<>. 

,,~ 

.1.120] 

Cc20) 

re 20, 

,.0 

~" 

"" 
~" 

'oc.l 

II 

" 
" ,." 
re1+ .. 
" 
~ 

OONUE 

'" "" HI* '" on ~9 1* ". '"' 1046 

<0.07 <0.07 0.110 <0.07 <0.07 0.13 <0.07 0.19 0.15 

5,95 7.45 8.52 9.21 9.87 10.29 11,75 12.89 21.H 

6J.JI 58,62 60.66 58.85 57.95 59.55 52,75 Io8,OJ 101.00 

J.16 4.59 4.1' 3.87 J.61o 3.79 6.J9 9.61 8,69 

16.08 H.lJ 14.J5 18.17 18.26 !J,n 20.97 21.JI 17.21 

0.J6 <0.09 <0.09 0.25 .0.09 <0.09 «1.09 0.66 <0.09 

10.62 7.12 12.J2 9.8J 9.94 12.87 8.45 7.'10 12.10 

0.15 0,11 0.20 0.07 <!I.07 0.24 0,01 0.11 0.110 

99.6J 99.62 100,310 100,25 99.68 100.79 loo.J8 100,70 100.50 

0.003 O.UOJ 0,005 0.00. 

0.n6 o.m 0,328 O,J61 0.J88 0,391 0.1059 0.502 0.780 

1.684 1.582 1.568 I,SD 1.5H I..B'> 1.382 l.25. 1,012 

0.080 0.118 0.102 0.096 0.091 o.on 0.159 0.219 0,204 

0.452 0.603 0.311:< 0.504 0.507 O.J75 0.580 0.589 0.IoJ4 

0.010 0,007 0,018 

0.5JJ O,39J 0.600 0.1086 0.1092 0.617 0.417 0.389 0.562 

0.006 0.0010 0.007 0.003 0.007 0,003 0,0010 0.005 

100 Msf(Mt+~o 2+) S4.1 39.4 60,5 49.1 109.3 &1.2 42.0 J9.8 56.4 

Crf(C~ ..... ,l) 0.8/7 0.8.1 0.821 O.8ll O,H7 0./95 O,n1 O.lllo 0.565 

Cr:1(Cr"+Al+f .. J+} 0.a'2 0.191 0.785 0.771 0.761 0,785 0.691 0.629 0,507 

Hf(Cc+Al+fe3+) 0.1l8 0,150 0.1610 0.180 0.19. 0.196 ~.U(l P.251 0.391 

y .. Jl./(Cr ..... l+y .. J+) 0.040 0.059 0.051 0.0108 0.0105 0.0106 0.019 o.no 0.102 

c., .... x15t1n. 
OUviH (Mg) 

9 J.S ~." 95.0 n.o 93. ] 96.0 ~0,6 ~., 91.2 

F. ~'UA.:lned .. Pea; yeJ+ OIId Fo10
J 

e&lcwll1ted rr ... ldod p,z+o.~ Ci
1 

opln .. l (,,..,,,.,It. 

nRIlXlnn 
10 t, '" '" '" HI 20] '" '" '" '" 
O.Y> 0.410 0.101 o.n O.J\ 0 .• 2 0,41 o.n 0.20 0.41 

1~.56 17.9J 16.52 18.20 n.JIo 21.08 2 •• 49 H.05 n.n 9.50 

.6.52 101.65 J7 . '2 36.10 35.78 J2.2I 310,18 n.li 34.38 H.lJ 

8.46 9.90 15.J8 15,U9 10.~1 1J.24 10.00 11.)1 10.69 n.n 

21.00 21.19 21.109 21.66 B.n B.B n.28 21.60 21.18 19.12 

0.210 0.53 0.J4 O,M <O.D9 o,n <O.U9 0.58 0.J8 0.50 

7.i3 A.'8 7.01 6.93 7.69 1,5J 8.~J 8,94 1.66 2.56 

0.07 C.Il 0.12 0.11 O.U <0.01 0.10 O.l~ 0,26 0.09 

100.42 100.25 lOO.J5 100,90 [00.57 100.80 100.39 100.7] 100.02 101.29 

Cation. on ,ho bBSb of 4 "xyaens 

0.009 0.011 0.010 0.005 0.008 0,010 0.009 0.007 0.006 0.012 

0.566 0.68J 0,619 0.697 (1.81. 0,86. 0.905 0.'107 0.812 O.J'IO 

I.H. 1.065 0.971 0,929 0.900 0.810 0.8~0 0.a19 0.866 1.0al 

0.210 O,HI 0.380 0,369 0.254 0.116 0.2Y; 0.261 0.256 0.~96 

0.635 0.573 0.6'J 0.64J 0.6~2 0.625 0.584 0.5o>l 0.617 0.849 

0,007 0.015 0.010 0.017 0,019 0,015 0.011 0.015 

0.356 0.40B 0.J43 0.336 0.36. 0.3~6 0.'1J 0.'16 0.J63 O.IJJ 

0.003 0.00. 0,0010 0,0010 0.0010 0.003 0.005 0.009 0.0010 

35.9 41.6 34.S. J.I,J J6.6 J6.3 .1.4 .2.. J1.0 IJ.5 

0.682 0.609 0.1)1)3 0.571 0,518 0.48. 0 •• 84 O,41~ 0,498 0.120 

0.610 0.533 0.'8a 0.'66 0.4~2 0.407 0.421 O.IoIl U.Io3lo 0.50. 

0.2810 0.346 0.321 0.349 0,1021 0.IoJ4 0.45', 0.455 0.417 0.196 

0.106 0.121 0,191 0.185 0.127 0.159 0,119 0.134 0.129 O.JOO 

81,9 1!9.2 87.8 86.10 86.7 M.' M.4 83.6 alo.3 

• ChcOll.l.tiU 



" . 
~ 
u 
o 
Q .~ 

I'~\ 
I M I ... 

.." • If. :l 

r-riT-- ~/" 
I
, I I.f' ... 1. 

\ I· t /' • , \ i··j 
\ 'j . / 

/~'0 -; ... 
// . ~ .. '. ..,.; . 

/ l"t'o;.. 
fA 18;: l·i· \ ,,0 .,?, 
\ I • ~. 

'io ... \ 1.0" 
I I 
I I 
I r 
I I 
I I 

, I 
I I 
I I 
IJ 

IOOMg/(M g+ Fel ~ l 

.. 

• 
• • 

• 

Fig. 1-16. Compositional variation of Marum cumulus spinels 

in terms of lOOCr/(Cr+Al) and lOOFe3+/(Fe3++Al+Cr) 
2+ 

versus lOOMg/(Mg+Fe ) compared to spinel from 

Marum harzburgites (dashed line, M), stratiform 

intrusions (long dashes, dots) after Irvine & 

Findlay (1972), and spinels from Mid-Atlantic 

Ridge basalts. A= MAR (Sigurdsson & Schilling, 1976) 

B = FAMOUS basalts (Dick, 1979). Triangles are for 

orthopyroxenite sample 107. 
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content in the liquid and, correspondingly, an increasingly large liquid/ 

spinel volume ratio required for crystallization due to the very high 

partition coefficient CD), equal to (Cr in spinel)/(Cr in liquid). 

The cumulus spinels show a much wider range in composition than 

those from the underlying non-cumulate harzburgite. Representative analyses 

are given in Table 1-9, and the data plotted in Figure 1-16. Early formed 

spinels are highly Cr-rich (picrochromite) containing 62-64% Cr20
3 

with 

Cr/(Cr + Al + Fe3+) ratios of 0.80-0.84 and 100Mg/(Mg + Fe2+) ratios of 60, 

and overlap the non-cumulus spinel compositions. Fe3+/(Fe3+ + Al + Cr) 

ratios in these spinels are low - 0.05 or less - and Ti and Ca contents are 

also low. Spinel at the top of the dunite unit is less chrome-rich, with 

Cr/(Cr + Al + Fe3+) ratios ~ 0.65 and 100Mg/(Mg + Fe
2
+) ratios of 40-45. 

2+ 3+ 
The 100Mg/(Mg + Fe ) and Cr/(Cr + Al + Fe ) ratios show a sympathetic 

decrease in the overlying cumulate peridotite to approximately 30-35, and 

0.40 respectively. The most aluminous spinels have Cr/(Cr + Al + Fe3+) 

3+ ratios ~ 0.3 - 0.4 ~l/(Cr+ Al + Fe ) = 0.5 - 0.6), and occur as small 

(25 ~) disseminated grains in a lherzolite containing olivine Mg
84

. 

Fe3+/(Fe3+ + Al + Cr) ratios increase during fractionation as 

shown by the trend from the Cr apex to the AI-Fe3+ join on the ternary 

trivalent ion plot (Fig. 1-17). .. 3+ 3+ The most Al-rlch splnels have Fe /(Fe + 

Al + Cr) ratios ~ 0.16. Small «50~) Fe-rich spinels, ferrochromite 

(100Mg/Mg + Fe2+ = 10-14), from a bronzite cumulate, have a higher Fe3+/ 

(Fe3+ + Al + Cr) ratio and lie displaced from the cumulate trend suggesting 

higher Po conditions than the main series. The chrome-rich nature of these 
2 

spinels probably results from Fe3+ - A13+ substitution rather than Fe3+ -

3+ 
Cr substitution, due to the large octahedral site preference energy of Cr 

The trend to Al and Fe3+ enrichment of spinel with stratigraphic height 

shown by the cumulate ultramafics contrasts with that of the tectonite 

harzburgites which show no increase in Fe3+ (Fig. 1-17 Chapter 2). 
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Spinels from the Marum ophiolite show a much greater range in 

Cr-AI substitution than spinels from most 'stratiform intrusions, as shown in 

Figure 1-16. Cessation of spinel crystallization in stratiform intrusions 

is generally believed to be due to the peritectic reaction between chrome 

spinel and pyroxene (Irvine, 1967), however in the Marum ophiolite spinel 

and pyroxene co-exist over a short interval. The high Cr
2

0
3 

content of 

early crystallizing cumulus clinopyroxene in the Marum sequence (~ 1%) 

necessitates rapid depletion of Cr in the magma due to the high partition 

coefficient (Cr in clinopyroxene/Cr in liquid). Chrome spinel co-existing 

with cumulus clinopyroxene is markedly more AI-rich and of much smaller 

grain size than spinel co-existing with dunite. The presence of spinel in 

olivine-pyroxene cumulates (some containing post cumulus plagioclase) but 

absence of spinel-plagioclase cumulates suggests that cessation of spinel 

crystallization might ultimately have been due to the peritectic reaction 

which exists between plagioclase, and olivine and spinel (Osborn & Tait, 

1952). However, as pointed out by Irvine (1967), this relationship could 

only be expected to terminate precipitation of Cr-rich spinel in situations 

where it was forming in only very small amounts; the small volume and very 

small grainsize of the spinel in the uppermost cumulate peridotites in the 

Marum appear consistent with this requirement. 

Spinels from the Marum cumulate sequence range to more Cr-rich 

compositions than spinels from presently sampled ocean floor peridotites 

and gabbros (e.g. Hodges & Papike, 1976; Sigurdsson, 1976; P~inz & others, 

1976; Dick & Bryan, 1979; Sinton, 1979) and ocean floor basalts (Sigurdsson 

& Schilling, 1976; Dick, 1979; Frey & others, 1974; Donaldson & Brown, 1977). 

In addition the Marum spinels are more iron-rich than spinels with similar 

Cr/(Cr + AI) ratios from peridotite~ and basalts from the Mid-Atlantic 

Ridge (Fig. 1-16), probably reflecting a greater degree of subsolidus re

equilibration. The available data for cumulus spinel in ophiolites show 

both Cr-AI and Cr-Fe variation (Menzies, 1975). Menzies (1975) suggested 
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that the variation in cumulus spinel compositions from the Othris ophiolite 

resulted from reaction with co-existing silicates (Cr-Al) or intercumulus 

liquid (Cr-Fe). It h'ould seem however by comparison with the Marum spinels 

that the Cr-Al variation could equally be caused by fractionation of pyroxene. 

Pyroxenes 

Pyroxene is a cumulus phase in the sequence above the dunite 

unit. Pyroxene compositions from the cumulate rocks form two series: a 

primary soZidus or high temperature crystallization trend, and a subsoZidus 

trend ",here clinopyroxenes lie on the calcic side of the solidus and ortho-

pyroxenes are less calcic than solidus orthopyroxene. Most pyroxene 

compositions lie bet\.;een the solidus and subsolidus trends indicating 

progressive re-equilibration at lower temperatures. 

Microprobe analyses of solidus pyroxenes are given in Tables 1-10 

and 1-11, and of co-existing subsolidus pairs in Table 1-12. The Al
2
0

3 

contents of both solidus and subsolidus pyroxenes are low and typical of 

tholeiitic pyroxenes which have crystallized at crustal levels (e.g. Brown, 

1967). Contents of Ti02 and Na20 are particularly low, comparable with 

those of pyroxenes in other ophiolites (e.g. Church & Coish, 1976; PART 2 

Chapter 2) and ocean-floor peridotite and gabbro (e.g. Hodges & Papike, 

1976). Cumulus orthopyroxene is compositionally distinct from non-cumulus 

orthopyroxene: the most magnesian cumulus orthopyroxene is Mg
S9

.
5 

and more 

iron rich than the tectonite enstatites, Mg
9 

which also have much 
2.2-94.5 

lower A120 3 and CaO contents (Chapter 2). 

Primary low calciwn pyroxenes in the peridotite and norite-gabbro 

units are of the Bushveld-type. Exsolution lamellae (100) of calcic 

pyroxene are generally thin or diffuse, and, in re-equilibrated grains, 

absent. No inverted low-calcium pyroxenes of the pigeonite series were 

found. Point analyses of relic primary hosts and bulk pyroxene (host plus 

lamellae) analyses obtained by rapid reduced-aTea scanning partially define 

a high temperature solidus trend with approximately 4 mol % Wo (Fig. 1-18). 
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Compositions range from bronzite HgS9 . 5 co-existing ,-lith olivine Hg
S9 

through 

to hypersthene Hg 60 . Compositions more iron-rich than Mg
72 

lie on the iron-

rich side of the orthopyroxene-pigeonite inversion point in the Bushveld 

and Skaergaard Intrusions (Hager & BrOlo/ll, 1965) and, although some have up 

to 4 mol :~ Ho, are considered to represent subsolidus rather than solidus 

pyroxene. 

Pi'imary caZcic pyroxene ranges from diopsid ic augite to augite, 

and commonly have narro'-I (100) exsolution lamellae of orthopyroxene. Point 

analyses of relic cores and bulk pyroxene analyses define a portion of the 

diopside limb of the primary pyroxene solvus (Fig. l-lS). The miscibility 

gap defined by the primary pyroxenes is narrower than that defined by 

primary pyroxenes from layered stratiform intrusions such as the Bushveld 

and Slmergaard Intrusions (Atkins, 1969; Wager & Brown, 1965; Nwe, 1976) 

indicating higher crystallization temperatures. The first-formed ortho-

pyroxene from the Marum cumulate sequence is more magnesian than the lower-

most orthopyroxenes found in stratiform intrusions, which is rarely more 

magnesian than Mg
S5 

(e.g. Wager & Brown, 1965; Atkins, 1969; Nwe, 1976; 

Cameron, 1975; Campbell & Borley, 1974) but comparable to the most magnesian 

orthopyroxenes from cumulus ocean-floor peridotite (Hodges & Papike, 1976). 

SubsoZidus pyroxenes, the vast majority of the pyroxenes examined, 

are either optically homogeneous or have only weak, diffuse exsolution 

lamellae. Both point and bulk pyroxene analyses show a spread of Ca contents 

defining a trend of decreasing Ca content in orthopyroxene, and increasing 

Ca content in clinopyroxene from the solidus (Fig. 1-19). The sub solidus 

trend, defined by compositions farthest displaced from the solidus, roughly 

parallels the Di-Hd and En-Fs joins, and coincides with the sub solidus trend 

defined by exsolved pyroxenes (Fig. 1-20). The extreme phase separation of 

the subsolidus pyroxenes indicates re-equilibration at low temperature. 

The sub solidus solvus lies on the low temperature side of the S10
0

C solvus 

o 
defined by Lindsley & others (1976) and very close to the SOD C solvus of 



COM9l;-.-__ ~ ____ ,, ____ ,, ____ ,, ____ ~Ca~ 

-_._-_.-._----___ • ______ • __ ?tS_ 

M,L ____ ~~~~----~----~----~----OL----OL----OL----OL----'~ 
Cli l lMe 

Fig. 1-18. Pyroxene quadri lat eral showing primary pyroxene 

compositions (solid circles) and co-existing 

olivine (open circles). Dashed line SK is t he 

t rend for pyroxenes from the Skaergaard Intrusion 

(Nwe, 1976). 

r-----,,----7r----?r----?r----,Ca~ 
Sub l ol,du l 

- 80(la C 

" " 

SO I' ~II ' 

Fig. 1-19. Pyroxene quadrilateral showing composition of ,co

existing subsolidus pyroxenes. Heavy dashed line 

(solidus) is trend for primary pyroxenes . Dashed 

line 8000 e R+H is the 8000e pyroxene solvus of 

Ross & Huebner (1975). 
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Ross & Huebner (1975). Compared to the solidus calcic pyroxenes, sub-

\°1 solidus compositions have lower AI
Z

0
3 

contents, consistent with recrystal

lization at lower temperature (Herzberg & Chapman, 1976). 

Re-equilibrated subsolidus pyroxenes do not lie on the low 

temperature extension of the tie lines defined by the primary pairs but 

show a counter-clockwise rotation about the solidus compositions, as does 

pyroxene exsolved from the primary phases. This rotation, shown by exsolved 

orthopyroxene compared to primary orthopyroxene (Fig. 1-20), reflects 

stronger partitioning of iron into orthopyroxene at lower temperature, and 

has previously been noted in pyroxenes from DSDP Leg 37 site 334 peridotites 

and gabbros by Hodges & Papike (1976). 

~~st iron-rich pyroxenes, orthopyroxene Mg
60

, occur in deformed 

quartz-bearing ferrogabbros. Pyroxene in gabbro pegmatoid is also more 

iron-rich than pyroxene in most of the layered rocks . Pyroxenes from 

granophyric diorite are more mafic than those from the gabbro pegmatoids 

and ferrogabbros. 

Hinor elements show a systematic variation with stratigraphic 

height in the sequence and bulk rock mg-value; Mn, Ti and Na increase, and 

Cr decreases, with height. Cr
Z

0
3 

contents of the first cumulate pyroxenes 

are comparatively high, 0.5 % Cr
2

0
3 

in orthopyroxene and f\., 1% in clino

pyroxene. Mn is preferentially partitioned into orthopyroxene whereas Ti 

and Cr contents are higher in clinopyroxene than orthopyroxene (Table 1-1Z). 

Plagi oclase 

Plagioclase occurs as a postcumulus phase in the peridotite unit 

and is a cumulus phase throughout the remainder of the sequence. Post-

cumulus plagioclase (commonly altered to clinozoisite) ranging in com

position from An84 to An97 occurs in plagioclase lherzolite co-existing with 

olivine Mg 89- 84 ; core compositions are mostly less calcic than An
96 

and, 

commonly, An9Z ' Cumulus plagioclase compositions range from approximately 



TABLE 1-13. REPRESENTATIVE ANALYSES OF CLINOPYROXENE 

HOST AND ORTHOPYROXENE EXSOLUTION LAMELLAE. 

: I Sample 
174 1020 No. 238 051 

Host-lamellae Host-lamellae Host-lamellae Host-lamellae 

Si02 
53.32 56.31 53.95 56.68 53.20 55.24 51. 71 53.67 

A120
3 

1. 05 1.08 0.60 0.47 1. 2 7 1. 12 1. 99 1. 42 

Cr20 3 
0.83 0.30 0.55 <0.09 0.31 <0.09 0.44 0.14 

FeO 2.81 9.07 3.35 10 .46 4.01 12.78 6. 18 17 .29 

MnO <0.09 <0.09 <0.09 0.16 <0.09 0.16 <0.09 0.17 

MgO 17.23 32.74 17.21 32.24 16.38 29.95 15.24 26.85 

CaQ 24. Iii 0.52 24.04 0.75 2~ .13 0.61 ZZ.74 Q. ,6 

Total 99.40 100.03 99.70 100.76 99.30 99.85 98.30 100. 12 

Si 1.958 1.966 1. 976 1. 978 1. 963 1. 966 1. 943 1.948 

Al IV 0.042 0.034 0.024 0.019 0.037 0.034 0.057 0.052 

AIVI 0.003 0.012 0.002 0.018 0.013 0.031 0.009 

Cr 0.024 0.008 0.016 0.009 ·0.013 0.004 

Fe 0.086 0.265 0.103 0.305 0.124 0.380 0.194 0.525 

Mn 0.005 0.005 0.005 

Mg 0.943 1. 704 0.940 1.677 0.901 1. 5 89 0.853 1.453 

Ca Q.2'1 Q.QI2 Q 9f13 Q Q28 Q 9 Sf! Q Q23 Q.21' Q.Q23 

Total 4.007 4.007 4.003 4.012 4.005 4.010 4.007 4.019 

Ca 48.0 1.0 47.3 1.4 48.2 1.2 46.6 1.1 

Mg 47.6 85.7 47.5 83.4 45.5 79.7 43.5 72.6 

Fe 4.4 13.3 5.2 15.2 6.2 19. 1 9.9 26.2 

lQO MS 91.6 86.5 90.1 84.6 87.9 80.7 81.5 73.5 
Mg+Fe 

Ti02 and Na20 all less than 0.07 and 0.20% respectively 



t 

" 

" " Fe • 

Fig. 1-20. Portion of pyroxene quadrilateral showing the 

counter-clockwise rotation of ti e lines for 

exsolved orthopy roxene compared to primary host 

pyroxene compositions (squares) and s ub solidus 

clinopyroxene. 
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An92 in olivine norite gabbro to An
6

3" in magnetite-rich norite gabbro. 

The most calcic cumulus plagioclase, An92 , occurs in a troctolite co

existing "ith olivine Mg
86

. Representative analyses are presented in 

Table 1-14. Compositional variation is common both among cores of grains, 

and betl>een core and rim compositions. In most gabbros the rims are more 

calcic, some by as much as 10 mol %, particularly where plagioclase is 

adjacent to pyroxene; in some gabbros and the pyroxene diorite zoning is 

in a normal sense. The extent of the zoning is shown in Figure 1-21 where 

core and rim compositions are plotted against the 100Mg(Mg + Fe) ratio of 

co-~~isting orthopyroxene. The more sodic compositions are mostly restrict-

ed to the cores of larger grains (primocrysts?) whereas small recrystallized 

plagioclase grains have similar composition to the calcic rims. This fact 

suggests that the strong reverse zoning may be due to subsolidus re-

equilibration (see later). K20 contents in the layered rocks are extremely 

101> (mostly <0.1%) and all plagioclase grains analysed plot on the Ab-An 

join in the ternary system Ab-An-Or. Plagioclase from the. pyroxene 

diorite is strongly zoned from An82 at the core to An
55 

at the rim; K
2

0 

contents are higher (0.2%, 1 mol % Or) than cumulate plagioclase. FeD in 

plagioclase shows a direct correlation with An content and bulk rock 

mg-value, and FeD contents range up to 0.4 % in the magnetite-bearing 

gabbros. 

Plagioclase compositions in the iron-rich gabbro pegmatites are 

very calcic, commonly An92_94 with some as calcic as An97 , which is at 

variance with the overall increase in Ab content with stratigraphic height, 

and increase in 100Mg f . ( . Mg + Fe 0 co-existlng pyroxene Flg. 1-21) and bulk rock 

mg-value, and that expected from a differentiating body of magma (d . Wager 

& Brown, 1968). A possible explanation may be increased P in residual 
H20 

liquids. Johannes (1978), in a study of the melting of plagioclase in the 

Ab-An-H20 and QZ-Ab-An-H20 systems at 5 kb water pressure, has shown that 

plagioclase crystallizing under high water pressure is more calcic than 
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Total 
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rCRU>OTlTE 
211 166 m 

45,]5 44.45 45,21 46.26 

35,15 ]5.39 35.49 ]4.42 

<0.01 0.16 <0.01 <0.01 

L9.05 16.52 16.04 11.69 

0.63 1.00 1.14 1.60 

o.oe <0.06 <0.06 0.01 

100.46 99,52 99.94 99.16 

2.064 2,063 2.065 2.lJ2 

1.904 1.935 1.926 1.610 

0.006 

0.936 0.921 0,690 0.64~ 

0.0140.0900.1020.162 

0.005 0.004 

5.004 5.015 5.00] 5.016 

92.3 91.1 69.6 61.1 

1,3 6.9 10.2 15,9 

0," 0, " 

TMLE 1~14, R~l'RCSCurATlVE rLAGrOCLA5~ ANht,YSC5 

GAlnlm 

'" '" 19k 191r 1620 162r 264 123 1020. 1020[ 126 1630 16][ 

44.51 44.55 45.15 44.6] 45.29 44.12 45.66 46,46 41.60 46.06 46,6] 50,4] 49.14 

35.66 ]5,].() ]5.22 36.10 ]5.16 J5.29 35.12 ]/ •. 19 3].i"l9 14.99 ]l.61 ]1.35 32.6 ] 

0.21 0.20 O.ll ,0.01 0.21 0.24 0.L5 0 . 15 0,16 0,13 -0,01 0.23 0.21 

16.6516.25 16,01 19,11 16,00 16.4] 16.0511,2116.5616,1615,1513.6615.26 

0.60 1.06 l,Zl 0,16 1.26 0.96 1.43 1.64 2.14 1.43 2.61 ].65 2.69 

0,10 <0.06 0.09 0.01 0.06 <0.06 0.06 0.10 <D.06 <0.06 0.09 0,\3 <D.OI 

100.]9 99.36 100.41 100.61 100.02 99.61. 100.69 101).02 100.(,1 100.1~ ~9.61 99.45 100.01 

CHiono on th l basis of 6 e "y~.ns 

050 2.069 096 2.046 066 2.011 2,100 2.136 .191 .1i)6 234 2,]09 '"" 
941 1.932 904 1.953 .912 1.921 1.696 654 I. 19] 1. 666 1. 112 1.692 1. 151 

0,010 0.006 0.005 0,006 0.009 0.006 0.006 0.006 0.005 0.009 0.010 

0.9]0 0,906 0.666 0.9]9 0,669 0.915 0.665 0.651 0.616 0.691 0.143 0.610 0.141 

0,012 0,091 0.106 0.061 0.113 0,066 0.121 0,164 0.191 0.121 0,255 0,324 0.2]9 

0.006 0.u05 0.004 0,005 0,005 0.006 0.005 0.006 

5,015 5.014 5,001 5,011 5.015 5,006 5,016 5,020 5,003 5.01' 5,010 5,011 4.991 

92.3 90,3 66.1 92.9 66.3 91.4 61.0 6].3 61.0 61.5 14,0 66.6 IS 

1.1 9.110.6 6,111.2.6,612.516.119.012.521.432.424 

0.' '" 0, " 
0, , '" ° 0,' 0, , 

AU finO, !olgO 0.i"l9~, c ~ coro, [ ~ [1 ", . lin ether o.Mlyses of COI·~ co",poslt10o. 

I. flafic p , ~," .. Ho1d 

2. Gr anop~yr1c MorU. 

4]1 I 516c 2 516e 

44.13 46.66 5].56 

16.16 1425 29 51 

029 026 0.15 

19.]1 16.96 11.16 

0.59 2,00 5.0J 

0.01 0.16 0.20 

100.[.) 1II0.h~ ~9.W' 

2,OJI 2.146 425 

1.96] 1.649 .511 

0.011 0.010 0.006 

0.955 0.632 0.551 

0.053 0.111 0.442 

0.004 0.010 0.012 

016 5.023 5.013 

94,4 61.1 51, 

5.2 11.4 44.0 

0, " 0,' ., 
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., 70 eo 
IOO Mg/lMg + Fe) Orthopyroxene 

Fig. 1-21. Plot of An in plagioclase versus lOOMg/(Mg + Fe) in 

co-existing orthopyroxene for Marum cumulates. 

Open circles are for postcumulus plagioclase. 

Bars and arrows indicate the extent and direction 

of compositional zoning in plagioclase. Trends for 

Leg 37 site 334 and stratiform intrusions from 

Hodges & Pap ike (1976). Note the extremely calcic 

plagioclase in the mafic pegmatoids (squares). 
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that crystallizing under anhydrous conditions, and that this effect is most 

marked in the system Qz-Ab-An-H
2

0 where the configuration of the plagioclase 

loop changes markedly. High activities of both silica and water in the 

late-stage magmatic liquids is implied by quartz-feldspar eutectic inter-

groHths and the extensive deuteric alteration of pyroxene to amphibole. 

The plagioclase of the cumulate rocks is extremely calcic and, 

unlike stratiform bodies such as Skaergaard and the Bushveld, the Marum 

cumulate sequence exhibits only limited compositional change with 

differentiation as marked by decreasing 100Mg/(Mg + Fe) ratios of ferro-

magnesian phases (Fig. 1-21). Similar highly calcic plagioclase has been 

observed in the Papuan Ultramafic Belt (Davies, 1971; PART 2) and other 

ophiolites (Coleman, 1977). and early cumulus plagioclase in ophiolites is 

commonly up to 10 mol % richer in An than plagioclase in stratiform 

tholeiitic intrusions (Wager & Brown, 1968). The relatively slow decrease 

in An content of the Marum plagioclase is similar to that observed by 

Hodges & Papike (1976) in the DSDP Leg 37 site 334 gabbros (~ig. 1-21). A 

possible explanation of the 'slow increase in Ab is that periodic influxes of 

of fresh magma into the magma chamber may have prevented sjgnificant enrich-

ment of Ab component in the residual liquids. 

Fe-Ti oxides 

A minor amount of interstitial magnetite is present in some 

plagioclase-rich norite-gabbros and gabbros. Cumulus ilmenite and magnetite 

occurs in ferrogabbros in the upper part of the norite-gabbra unit and 

these plag-cpx-opx-Fe-Ti oxide cumulates commonly show mineral-graded layer-

ing. Magnetite and ilmenite also occur in gabbro pegmatoid, intergrown 

Hith quartz, plagioclase and pyroxene. Ti-poor magnetite « 1% TiO ) occurs 
- 2 

alone in some anorthositic norite-gabbro, and appears, on the basis of 

pyroxene and bulk rock Mg-values, to have crystallized before more Ti-rich 

magnetite and titaniferous magnetite-ilmenite pairs. 
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Titaniferous magnetite occurs as an optically homogeneous 

anhedral phase commonly interstitial to the silicates and ranges in size 

to 1 mm. Ferrian iLmenite occurs mainly as granules adjacent to, or forming 

rims on, magnetite grains, or as broad irregular lamellae in titaniferous 

magnetite and, less commonly, as discrete grains (,ample 128). More 

regular lamellae, parallel to one or more of the octahedral (Ill) planes 

in titanomagnetite, occur in some gabbro pegmatoids. Ilmenite intergrown 

with or rimming magnetite probably results from unmixing of a single phase 

titaniferous magnetite (Buddington & Lindsley, 1964) whereas discrete 

ilmenite grains may have either crystallized contemporaneously with magnetite, 

as commonly observed in stratiform bodies (e.g. Mathieson, 1975; Himmelberg 

& Ford, 1976) or, alternatively, may also be due to 'exsolution'. The 

textures observed are similar to 'type 5' or 'external granule 'exsolution' , 

of Buddington & Lindsley (1964), and indicate extensive diffusion and 

oxidation and, for the cumulate rocks, probably extensive recrystallization. 

Representative analyses of Fe-Ti oxides are presented in Table 

1-15, and plotted in terms of molecular percent ulvospinel and R203 in 

Fig. 1-22. Fe
2

03 and FeO contents and mol % ulvospinel and R
2

0
3 

in magnetite 

and ilmenite respectively were calculated following the method of Carmichael 

(1967). Temperatures and oxygen fugacities (Table 1-15) for co-existing 

ilmenite-magnetite pairs were determined using the T-f -x curves of 
°2 

Buddington & Lindsley (1964). 

The mol % of ulvospinel in titaniferous magnetite varies greatly 

and is very low in grains with ilmenite 'exsolution' lamellae. These 

compositions clearly reflect subsolidus conditions. Titaniferous magnetite 

in sample 431 contains up to 18.5% Ti02 and thus may represent a primary 

composition; there is no co-existing ilmenite. Compositional zoning is 

apparent in many titaniferous magnetite grains, commonly from more Ti-

and AI-rich cores to Fe-rich rims, although magnetites in sample 129 show 

the reverse. The R203 content of ilmenites is variable and probably reflects 



Fig. 1-22. Ternary plot showing compositions of titaniferous 

magnetite and ferrian ilmenite in the Harum layered 

sequence in terms of R"O, R
2

'"0
3 

and R"O.Ti0
2

. Tie 

lines join co-existing oxide pairs. 
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varying degrees of oxidation, particularly as some ilmenite has associated 

traces of rutile. 

A feature of the Marum ilmenites is their relatively high MuD 

content which ranges up to 7.48% in ilmenite lamellae in sample 163, a 

quartz-bearing oxide-rich norite-gabbro (Table 1-15). MnO contents are 

generally variable from grain to grain but high (> 1%) MnO contents are 

restricted to ilmenite which has clearly 'exsolved! from magnetite, the 

magnetite host being depleted in MnO relative to the assumed original 

titaniferous magnetite. Strong enrichment of MnO in ilmenite and 

increasing MnO'l/MnO ratio between co-existing oxides typically 
1 mag 

occurs in more fractionated members of plutonic suites (e.g. Buddington & 

Lindsley, 1964); very high MnO contents are generally restricted to 

silicic rocks (e.g. Buddington & Lindsley, 1964; Neumann, 1974). 

/ (Mil;) for oxide pairs varies from about 8 to over 40. 
Fe 

mag 

Amphibole 

Amphibole is not a primary phase but pale green tremolite-

actinolite occurs as an alteration product of pyroxene, predominantly 

clinopyroxene. Alteration commonly commences in cleavage traces and along 

exsolution lamellae. Representative analyses are presented in Table 1-16 

and are classified mostly as tremolite-actinolite but some are tremolitic-

hornblendes, using Leake's (1978) classification. The amphibole composition 

directly reflects that of the replaced pyroxene: magnesian tremolite in 

plagioclase lherzolite 186 is chrome-rich and poor in Ti02 whereas actinolite 

in more differentiated cumulates (e.g. sample 123), is richer in Ti02 and 

poor in Cr20
3

. The Na20 content of all amphiboles is very low, in keeping 

with the Na-poor nature of the replaced pyroxenes. 

Additional phases 

Quartz is present in some plagioclase - 2 pyroxene - Fe-Ti oxide 

cumulates, in deformed gabbro (flaser gabbro) and in gabbro pegmatoid and 



TABLE 1-16. REPRESENTATI VE A'WHIBOLE ANALYSES 

Sample No. 186 107 00 8 578 123 4 31 

Si02 
54.79 54.59 5 3.08 50.40 52. 17 50.03 

Ti02 
<0 .0 7 <0. 07 0. 15 0 .50 0.36 0 .2 9 

A1 2
0

3 
3 . Il 3. 44 4. 59 5.79 4.48 6 .08 

Cr 2
0

3 
0. 71 0. 49 0. 08 <0 . 08 0. 15 <0 .08 

FeO 2 .5 7 4. 89 9. 10 10.67 11. 2 5 11. 94 

MnO <0 .09 <0. 09 <0.09 <0 . 09 <0 .0 9 <0.09 

NgO 22 .18 2 1. 32 18. 89 17. 36 17.04 16 .36 

CaO 13 .0 2 12.50 12. 0 7 11. 26 12 .60 11. 54 

Na 2
0 0 .3 2 0.53 0 .39 0.91 0.48 0 .50 

K
2

0 <0 .06 <0.06 <0.06 <0 . 06 <0 .06 <0 .06 

Total 96 . 72 97.76 98. 27 96 . 88 98. 59 96 . 75 

Cat i ons on the basis of 23 oxygens 

Si 7 .619 7.581 7. 459 7.266 7.4 18 7 .2 6 1 

A1
IV 

0 .38 1 0. 4 19 0. 541 0.734 0. 582 0 . 739 

A1
VI 0 .1 29 0.144 0 .2 19 0.250 0. 170 0 .30 1 

Ti 0. 016 0.054 0.0 38 0 . 032 

Cr 0 .0 78 0. 0 54 0. 009 0.0 17 

Fe 0 .2 99 0.568 1.069 1. 28 7 1. 33 8 1. 449 

l1n 

Mg 4 .5 97 4. 4 13 3. 95 6 3. 730 3.6 1l 3 .5 39 

Ca 1.940 1. 4 41 1. 81 7 1. 739 1. 92 0 1. 79 5 

Na 0 . 086 0.143 0 .106 0. 25 5 0.133 0 .1 4 1 

K 

Total 15.130 14. 763 14.653 14.58 1 14.6 45 14 .518 

Ca 28 .4 27 .2 26 .6 2 5. 7 2 7. 9 26 .5 

Mg 67 . 2 64.5 57.8 5 5. 2 52. 6 52.2 

Fe 4 .4 8.3 15.6 19.0 19. 5 2 1. 4 
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pyroxene diorite. In the cumulates the· quartz is anhedral to allotrio-

morphic granular and is considered to be re-textured intercumulus material. 

In the deformed cumulates the quartz is highly strained, granoblastic, and 

commonly mortar-textured. Quartz in granophyric rocks forms a eutectic 

intergrm,th with plagioclase and Fe-Ti oxide. 

Pyrite and CuPe sulphide (mainly chalcopyrite with some pyrrhotite) 

occur as globules in trace amounts in some Fe-Ti oxide-bearing cumulates and 

in gabbro pegma toids. 

3-5. Conditions of c r ys t a ll izat i on 

Temper atur e estimates 

Olivine-spinel. The basis of the temperature dependence of the partitioning 

of Fe and Mg between olivine and spinel, and the uncertainties in the 

present calibration of the geothermometer are discussed in Chapter 2. 

Temperature estimates using Jackson's (1969) equation for 25 

olivine-spinel pairs from the dunite unit range from 1100-1340
o

C, averaging 

1170 + 80
0

C for the core compositions. The highest temperatures were 

obtained for dunites at the base of the unit. o Lower temperatures 950-1100 C 

(average 1050
o
C), were obtained for the rims of contacting olivine-spinel 

pairs. Substantially lower temperatures, well below the solidus, were 

obtained using Roeder & others (1979) revised calibration: spinel cores 

from the dunite unit yielded nominal temperatures in the range 600-720
o

C 

(average 670 ± 40oC). Lower temperatures were obtained from the rims (550-

680oC), confirming that even if the absolute values obtained by Jackson's 

equation are in error the relative sense of temperature changes indicated 

are correc t. 

Irvine (1967) suggested that original temperatures of crystal-

lization can be approximated by using spinel and olivine from adjacent 

layers in the same sequence where they are at their maximum concentration 

thus minimizing the effect of bulk composition-dependent changes of 
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'l 'b t' Noml'nal temperatures obtained using Jackson's subsequent re-equl l ra lon. 

equation for olivine-spinel pairs in adjacent dunite and chromitite layers 

in the dunite unit are considerably higher than those obtained for co-

o 0 
existing pairs, 1170-1550 C (average 1350 ± 90 C). Much lower temperatures 

(730-815 0
C) are obtained using Roeder & others (1979) equation which, if 

it yields a true estimate of equilibration, clearly indicates extensive 

subsolidus re-equilibration at comparatively low temperatures, and imply 

that no estimate of magmatic conditions may be obtained by the olivine-

spinel geothermometer even for alternating layers. 

Pyroxene solvus. Nominal crystallization temperatures have been calculated 

for primary pyroxene pairs using the semi-empirical orthopyroxene-clino-

pyroxene geothermometer proposed by Wood & Banno (1973) and recalibrated to 

include more recent data for Mg-rich pyroxenes by Wells (1977). Nominal 

temperatures are given in Table 1-17. Estimates using Well's (1977) 

recalibration differ by up to 600 C from temperatures obtained from the 

Wood & Banno (1973) equation. Nominal temperatures range between 11000 
and 

12000 C indicating higher crystallization temperatures than most stratiform 

intrusions. No systematic decrease in temperature with stratigraphic height 

in the succession is apparent. 

Cr-Al in pyroxenes. Mysen & Boettcher (1975) proposed an impirical geo-

thermometer for co-existing pyroxenes based on the partitioning of Cr and 

Al. Application of their equation to primary pyroxene pairs from the 

cumulate peridotites yielded nominal temperatures which were.mostly lower 

o 
than those obtained by the pyroxene solvus method, ranging between 930 and 

12100 C. The solvus temperature estimates are preferred to those obtained 

f h . h d h ... d . . f A1V1 
rom t lS geot ermometer ue to t e uncertalntles In etermlnatlOn 0 , 

the relatively poor precision of Cr analyses at low levels by energy dis-

persive microprobe, and the unsatisfactory calibration of the geothermometer 

at high temperatures. 



TABLE 1-17. NOMINAL EQUILIBRATION TEMPERATURES 

BASED ON CO-EXISTING PYROXENES 

Sample Solidus Subsolidus Exsolution 
No I,&B (1973) 1,(1977) I,&B (1973) 

186 1208 1155 1005 

L! 15 1150 1093 962 

238 1173 1139 953 

502 1212 1191 

503 1157 1140 995 

180 952 

166 1148 1127 969 

191 1157 1143 931 

051 1169 1159 937 

174 1175 1190 940 

225 931 

073 1131 1136 937 

249 929 

264 933 

1020 1175 1190 906 

008 926 

123 844 

163 858 

431 827 

128 846 

107 935 

W&B (1973) refers to Wood & Banno (1973), 

I.J (1977) refers to Wells (1977) 

IHI977) W&B (1973) W (1977) 

904 

862 

863 934 844 

924 

854 

898 

855 

857 940 864 

876 945 849 

871 

889 

882 

915 

890 980 937 

930 

836 

863 

838 

875 

874 
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Pressure 

The t hermody,namic equations expressing t he solubility of A1
2

0
3 

in pyroxene in equilibrium with olivine and spinel in terms of P-T dependence 

are summarized in Chapter 2. Recent experimental studies and thermodynamic 

considerations of reactions involving pyroxenes in the CaO-MgO-A120
3
-Si0

2 

and MgD-A120 3-Si02 systems have shown t hat A1203 solubility in orthopyroxene 

in s pi nel peridotite is much lower than origi nally claimed (e. g . Presnall, 

1976; Obata, 1976). Stroh (1976) has s hown t hat t he addition of Cr and Fe 

to t he simple system drastically affects the activity of phases involved 

+ 
in t he equilibrium Mg2Si0

4 
+ MgA12Si0

6 
+ MgA1204 + Mg 2Si20

6
" Ap plication 

of Stroh's ( l976) equation (b) to t hree cumulate s p inel l herzo1ites ( 186, 

415, 166), using the compositions of primary pyroxenes and assuming a 

crystallization temperature of 1200
0

C, g ives nominal pressure estimates of 

1 kb or less, 0.7, 0.5 and 1 kb respectively. 

Herzberg (1 978), applyi n g t hermodynamic mixing models of clino-

pyroxenes to experimentally deternined clinopyroxene compositions involved 

in a number of reactions, has constructed a P-T grid for plagioclase and 

spinel lherzolite, and spinel gabbro analogues in t he CaO-MgD-Al
2

0
3
-Si0

2 

system . Comparison of primary pyroxene compositions from cumulate plagio-

clas e Iherzolites and olivine gabbros with h is P-T g rid mostly results in 

negative pressure estimates, suggesting that either the primary phases were 

not at equilibrium, or that t he grid does not adequately prov ide for the 

effect of ot her components, notably FeD and Cr 20
3

. 

P-T conditions of crystallization can also be calculated from the 

variation of silica activity with P and T for a number of silica buffers 

( e.g. Carmichael & others, 1974), g iven the composition of co-existing 

phases, and appropriate thermodynamic data and crystal solution models. 

Tt.JO such equations are 

I) + 

in oliv ine i n melt in orthopyroxene 



2) 

in epx 

+ 

in melt 

CaA1
2
Si20g 

in plag 

At equilibrium these can be written as 

2') 6Go 
r,2 

= -RT lnK 
1 

-RT InK
2 

= -RT In 

-RT In 

epx 
(aCaA1 SiD ) 

2 6 

",here a
j 

= activity of component i in phase j. 
i 
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Areulus & Wills (in press) have used the thermodynamic data of Robie 

& others (1978) to derive the following equations 

1 It) -In ( melt) 17230- 6. 79T+0 .SISP 
- 1n ( opx ) + 1n ( 01 ) 

a Si0
2 

S.3144T '\1g2Si206 '\1g2Si04 

2 ") ( melt) 59640-4.1 T-1. 002P - In plag epx 
-In aSi0

2 
S .3144T (aCaA12Si20S)+ In (aCaA12Si06) 

~Jhere P is in bars and T in degrees Kelvin. 

Following Areulus & Wills (in press) curves of -In melt 
a

Si02 
versus T at 

constant P can be drawn for a given assemblage and the intersection of 

these curves defines the locus of variation of -In melt . 
a

Si02 
wuh P and T. 

If either P, T or melt . In a
Si02 

can be determ~ned by independent method (or 

alternatively by additional equilibria) unique P-T-ln a 

of equilibration can be determined. 

melt 
Si0

2 
conditions 

Compositional data for the solidus phases of a plagioclase 

lherzolite (186) and an olivine gabbro (191) have been inserted into 

equations 1°) and 211) to construct P T 1 melt 
- - n a 

Si0
2 

diagrams (Fig. 1-23). 

If the crystallization temperature estimates (~ 1200oC) obtained from co-

existing solidus pyroxenes are accepted crystallization pressures of ~ 2 

and 1 kb respectively are obtained. These estimates are in good agreement 



, 0 

• , , 

,~. 

'101 .... <1 

Fig. 1-23. Variation melt of -in a
Si02 

ver sus temperature at specified 

pressures (0,1,2,3 e t c) def ined b y r eac tions 1) and 2) 

(see text ) for sel ected Marum cumulates. Stars define 

locus of -in variation in P-T space . 
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lyith the 1m.; pressures estimated from other geobarometers and inferred 

from field relations. 

'''ater content and oxygen fugacity 

Po in a magma is largely controlled by dissociation of water 
2 

according to the reaction 2 H
2

0 = H2 + 02 at high temperatures and pressures 

(Hamilton & Anderson, 1967), and is therefore a function of water content 

and temperature of the magma. Under anhydrous conditions the Po will be 
2 

dependent on redox reactions involving crystallizing phases (each with its 

DtvU intrinsic fa ) and the magma, and the fugacity o f magmatic gases. 
2 

The anhydrous primary mineral assemblage, late crystallization of 

Fe-Ti oxides, and relatively early crystallization (intercumulus) o f plag-

ioclase, all imply a low PH a during crystallization of the cumulate sequence. 
2 

A comparatively low fa (but probably increasing with fractionation) is 

3+ 2 
suggested by the Fe contents of the early cumulate pyroxenes, although 

3+ calculation and direct comparison of Fe contents is hindered by the lack 

of precision in determination of minor elements at low levels. Early-

. 3+ 3+ 2+ 
formed cumulate pyroxenes commonly have Fe /(Fe + Fe ) values < 0.2, 

commonly ~ 0.1. More iron-rich pyroxene pairs generally have slightly 

3+ higher Fe contents. 

Irvine (1965) has shown that fa is related to the compositions 
2 

of co-existing spinel, olivine and pyroxene by the expression 

(~~) 2 (a~~x) 6 

K (a~~)6 

and has contoured the spinel prism with a set of surfaces representing 

possible compositions for different fO at constant P and T. Chrome-rich 
2 

spinels from the dunite unit form a linear trend resembling an oxygen-

fugacity isobar on the Fe3+/(Fe3+ 
2+ 

+ Cr + AI) versus Mg/(Mg + Fe ) 

projection of the spinel prism (Fig. 1-16), Since in the absence of 

pyroxene the inferred f a probab ly represents a maximum (Irvine, 1967), and, 
2 
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if it is assumed that subsequent re-~quilibration is more likely to have 

occurred under fa conditions equal to or higher than original magmatic 
2 

conditions then it may be inferred that the initial cumulates crystallized 

2+ 3+ . 
conditions from a magma with a high Fe /Fe rat~o (cf. under low fa 

2 
Hill & Roeder, 1974). 

. 3+ 3+ 
The trend toward hJ.gher Fe I (Fe + Cr + Al) 

ratios defined by the more AI-rich spinels of the peridotite unit may 

represent either primary crystallization, or subsequent re-equilibration 

under a higher fa . 
2 

3-6. Sub solidus re- eguilibration 

The metamorphic textures (allotriomorphic granular to grano-

blastic) of many of the layered gabbros, the paucity of exsolution in 

pyroxenes, and the sub solidus pyroxene compositions all indicate 

extensive subsolidus re-equilibration. 

Temperature 

Nominal temperatures obtained from olivine-spin~l rims in 

dunite, olivine in chromitite and chromite inclusions in olivine suggest 

equilibration temperatures in the range 990-1260o C (average 1050
o

C) using 

Jackson's (1969) equation, or much lower temperatures, 570-680oC using 

Roeder & others' (1979) equation. Temperature estimates from inclusions, 

mainly olivine in spinel, suggest that local equilibrium was achieved at 

o even lower temperatures, 560-600 C. Lower temperatures were obtained 

from the finer-grained, sparsely disseminated, more AI-rich spinels in 
, 

the cumulate lherzolites, Some 40 olivine-spinel pairs averaging 935 + 
o 

75 C (Jackson's equation), or much lower temperatures, 590 + 60oC, using 

Roeder & others' equation. The latter results agree with the nominal 

temperatures obtained from inclusions in dunite and chromitite. 

Re-equilibration temperatures for 20 pairs 0 f co-existing sub

solidus pyroxenes averaged 926 + 48 0 C using Wood & Banno's (1973) equation, 
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and 878 + 26°C using Well's (1977) equation. Temperature estimates for 

exsolved pyroxene pairs are similar to the sub solidus average. Nominal 

equilibration temperatures based on Cr-Al partitioning are generally lower, 

725-978°C, averaging 843 ± 800 C. 

Co-existing magnetite-ilmenite pairs indicate even lower 

o 
temperatures t 675 C and below, which may reflect either final cooling 

and/or superimposed low-grade greenschist metamorphism. 

Pressure 

The stability of plagioclase in the presence of olivine indicates 

re-equilibration pressures 2. 9 kb (e.g. Green & Hibberson, 1970). An 

estimate of P-T conditions of equilibration for the assemblage olivine. 

plagioclase, orthopyroxene and clinopyroxene can be obtained by combination 

of equations 1) and 2) to give 

3) + 

in 01 in plag in opx in cpx 

Rearrangement of equations 1111) and 2"') gives an expression relating P and 

T to the activities of the relevant components in their respective phases. 

Substitution of the data for the sub solidus assemblages of 5 olivine-

orthopyroxene-clinopyroxene-plagioclase cumulates and assuming equilibration 

temperatures based on the pyroxene solvus gave nominal equilibration 

pressures ranging from less than 1 kb to 6 kb . Both plagioclase lherzolite 

186 and olivine gabbro 191 yielded higher nominal equilibration pressures 

for the subsolidus assemblage than for the primary assemblage (6.1 and 2.3 

kb respectively). This might indicate sub solidus equilibration under 

slightly higher pressures than which they accumulated (perhaps due to 

thickening and subsidence of the crust with cooling and distance from the 

zone of spreading), or perhaps, that the compositions used in the calculations 

do not constitute an equilibrium assemblage. However the calculations are 

particularly dependent on the Ca-Tschermak's component of clinopyroxene 

which in the sub solidus pyroxenes is generally very low, and it is possible 
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that the apparent discrepancy may be d~e to departures from the assumed 

activity-composition relationship at these low levels. 

Equilibration pressures may be calculated from equation 2) 

~~hich, Hohen applied to quartz-bearing gabbros results in the following 

exchange reaction 

4) 

in plag 

for {<J"hich 

4 ! ) -
K = 

+ 

in cpx in quartz 

-RT In K4 where K4 reduces to 

plag 
acaA12si20S 

cpx 
acaA12si06 

since 
quartz 

a Si0
2 

I 

Ellis (1979) has pointed out that because of the large 6V and small ~S 

this reaction is potentially a useful geobarometer, and used the data of 

Robie & Waldbaum (1968) to derive the following equation expressing In K 

in terms of P and T 

4") -RT In K = 5359.8 + 2.9876 T (oK) 0.349 P (bars) 

Application of this equation to quartz-bearing gabbros 128, 129 and 163, 

assuming the sub solidus equilibration temperatures obtained from the 

pyroxene solvus, yielded pressures of -0.4, 0.2 and 1.85 kb respectively. 

Slightly higher pressures, 0.3, 0.6 and 2.3 kb respectively, were obtained 

using the more complex equation derived by Ellis (1979) to account for 

non-ideal solution in plagioclase and clinopyroxene. Significantly, both 

equations resulted in negative pressure estimates for the subsolidus 

assemblage of gabbroic pegmatoid 431 which has extremely low CaTs content, 

suggesting departures from the solution model at these low CaTs levels. 

These low equilibration pressures are also supported by com-

parison with Herzberg's (1978) P-T grids which suggest equilibration 

o pressures < 3.5 kb (some negative) and temperatures in the range 950-1100 C. 
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Oxygen fugacity 

The available oxygen fugacity estimates from magnetite-ilmenite 

pairs indicate a comparatively low fO ' possibly near the Ni-NiO buffer. 
2 

Th . bl R 0 content of ferrian ilmenite suggests that subsolidus re-e varla e 2 3 

equilibration was not a result of simple cooling along an ilmenite iso-

pleth such as observed in some stratiform intrusions (e.g. Himmelberg & 

Ford, 1976). It is suggested that the Fe-Ti oxide compositions reflect a 

more complex history involving high temperature re-equilibration (annealing), 

low grade metamorphism and final cooling. 

The Fe3+ contents of subsolidus pyroxenes are comparable to that 

of the solidus pyroxenes although the more iron-rich orthopyroxenes 

3+ generally show higher calculated Fe contents, which may reflect higher 

primary Fe3+ contents due to higher fO during crystallization of the more 
2 

fractionated rocks or, equally, a higher fO during subsolidus re-
2 

equilibration. 

3-7. Composition of the parent magma 

The very low abundances of Ti02 , Na20 and K20 in the cumulate 

phases indicate a distinctly sub-alkaline magma type. In particular the 

extremely Ti- and Na-poor pyroxenes are unlike pyroxenes crystallized from 

tholeiitic magmas in stratiform intrusions such as Skaergaard, Bushveld, 

etc, and require a magma with very low abundances of these elements. Bulk 

rock analyses show very low concentrations of incompatible trace elements 

(Ba, Rb, Sr, REE, etc) and imply a parent magma depleted in incompatible 

elements (Chapter 4). 

The 100Mg/(Mg+Fe
2
+) ratio of the parent magma can be estimated 

from the composition of the first-formed cumulus olivine since the Fe 2+/Mg 

partitioning between olivine and liquid has been shown to be nearly constant 

over a range of temperatures and magma compositions (Green & Ringwood, 1967a; 

Roeder & Emslie, 1970). Assuming the applicability of the experimentally 
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determined equilibrium distribution coefficient, ~ ol/liquid ~ 0.30 -

0.33 (Roeder & Emslie, 1970), liquid in equilibrium with olivine (Mg
92

) 

in the dunite unit, would have had a lOOMg/(Mg + Fe
2+) ratio ~ 77-79. 

Liquid in equilibrium with more magnesian olivine (Mg93 . S) in dunite 

2+ 
transitional to tectonite peridotite would have had a lOOMg/(Mg + Fe ) 

ratio greater than 80. For lower ~ values (0.27) such as found for 

glass-microphc:nocryst pairs in the more 'primitive' MORB (e.g. Bryan & 

Moore, 1977; Rhodes & others, 1979) the parent liquid would have had an 

Mg ~ 76. Clearly the Marum parent magma was highly mafic with a 

2+ 
lOOMg/(Mg + Fe ) ratio of 78 + 2. 

The occurrence of modal quartz in more fractionated gabbros, 

the abundance of cumulus orthopyroxene and the olivine-liquid reaction 

relationship all point to a strongly hypersthene-normative magma either 

saturated or oversaturated in silica. A qualitative estimate of the 

degree of silica saturation can be obtained from the range of olivine 

compositions since cessation of olivine crystallization in a.fractionating 

basaltic magma is ultimately governed by the reaction 

Cessation of olivine crystallization in the Marum sequences occurs at a 

point equivalent to olivine Mg 78 which is at an earlier stage than tholeiitic 

stratiform intrusions such as Skaergaard - Mg53 - O'l1ager & Brown, 1968), 

Hawaiian tholeiites - Mg 65 - (Moore & Evans, 1967), and ocean floor basalts-

Mg
60 

- (Hodges & others, 1976) suggesting a higher activity of silica in 

the Marum parent magma than for these other tholeiitic magmas. In theory 

an estimate of silica activity and thereby silica content in the magma 

should be provided by reactions 1) and 2). melt From the -In a
Si02

-p-T diagram 

(Fig. 1 kb for the parent magma (i.e. at the 

point of equilibration of the cumulate peridotites and gabbros) is 

estimated to be approximately 0.45-0.46, which, in terms of versus 
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T diagrams (e.g. Carmic.hael & others, 1,974, p. 52), appears to lie below 

the ol-opx reaction boundary. Arc.ulus (1979) has recently criticized use 

of the ol-opx-melt buffer for classification of basalts and pointed out 

that such reactions in natural rocks would be characterized by a band or 

zone rather than a line in 
melt 

a
Si02 

- T spac.e. No direct estimate of the 

Si0
2 

content of the parent magma can be made since activity - composition 

relationships for silicate liquids are at present unknown. 

The highly calcic. cumulus plagioclase indicates a parent magma 

,.;rith 1m" Na
2

0 content and a high CaO/Na
2

0 ratio. Comparison with experi

mental data for plagioclase crystallizing from basaltic: magma under 

anhydrous conditions (Green & others, 1979; Green & others, 1975a; PART 4; 

Bender & others, 1978) suggests that a liquid capable of crystallizing 

calcic plagioclase comparable to cumulus plagioclase in the Marum sequence, 

~ An
90

, must have a CaO/Na20 ratio> 13, probably 14-15. While it has been 

recently shown that water affects the composition of the liquidus plagio-

clase (Johannes, 1978) this effect is thought not to be important since 

the anhydrous primary assemblage and late crystallization of Fe-Ti oxides 

suggests a low PH O. 
2 

The chrome-rich early spinels of the Marum ophiolite have very 

low Ti02 and R20
3 

content implying a Ti-poor chrome-rich parent magma. 

As noted, the spinels of the lower part of the dunite unit are more chrome-

rich than spinels from stratiform intrusions (e.g. Irvine & Smith, 1967; 

Jackson, 1969; Cameron, 1978). Basalt crystallization studies have shown 

that spinel crystallizing at low pressure on the liquidus of basalts con-

taining 800 to 1100 ppm contains between 30 and 37% Cr
2

0
3 

(Cr/(Cr + Al) 

ratios = 37-46), and that the spinel becomes increasingly aluminous at 

higher pressure (PART 4). These experiments are in agreement with those 

of Hill & Roeder (1974) who found that spinel crystallizing from a basalt 

containing 500 ppm Cr under varying temperatures and fO at 1 atmosphere 
2 

pressure contained a max{mum of 40% Cr 0 S" 1 f h" ~ 2 3' p~ne sot ~s composition are 
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comparable to tho se found in the more primitive ocean floor thol eiites 

which contain l ess than 1000 ppm Cr (e .g. Frey & others, 1974; Sigurdsson 

& Schilling, 1976; Donaldson & Brown, 1977; Dick, 1979). Liquid capable 

of crystallizing the highly chrome-rich spinels at the base of the Marum 

sequence clearly contained appreciably more than 1000 ppm Cr, possibly 

1500-2000 ppm, and crystallized at very low pressure. 

Similarly the high Ni concentrations in olivine of the dunit e 

unit imply a Ni-rich parent magma. Assuming an olivine Ni partition 

coefficient between 6 and 10 for the most magnesian olivine crystallizing 

from a mafic magma with, say, 12-15% MgO at about 13000 C (Hart & Davis, 

1978) the parent magma would have contained at l east 300, and possibly as 

much as 600 ppm Ni. For lower Ni partition coefficients, such as those 

found for komatiites by Arndt (1977b), the parent magma may be inferred to 

be even richer in Ni. 

The comparative rarity of ilmenit e and its absence as a primary 

phase co-precipitating with titanomagnetit e implies a parent.magma with 

lower Ti02 content than those associated with stratiform intrusions. The 

roles of ilmenite and titanomagnetite imply undersaturation in Ti02 for 

the t emperature and fO conditions at which the oxide phase crystallized 
2 

(Buddington & Lindsley, 1964). Calculations usin g published partition 

coefficients for the cumulus phases and trace element data from cumulate 

gabbros and peridotites suggest that the Ti0 2 content of the parent magma 

was l ess than 0.6% and may have been as low as 0.3% (Chapt er. 4) . 

These compositional r equirements appear to exclude as candidate 

parent magmas even the most primitive mid-ocean ridge-type high-alumina 

olivine tholeiites such as those of DSDP Leg 3-14, 18 (Frey & others, 1974), 

Leg 37 and the FAMOUS area (Langmuir & others, 1977; Bryan & Moor e , 1977; 

Bryan & Thompson, 1977), and compositions akin to the melt inclusions 

contained in phenocryst phases of some of the more mafic MORB (Donaldson 

& Brown, 1977; Dungan & Rhodes, 1978; Rhodes & others, 1979) . 
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Crystallization studies of the more primitive of these compositions 

(Green & others, 1979; Bender & others, 1978; PART 4) have shown that 

71 

1m, pressure accumulates from such liquids are dominated by olivine, 

plagioclase and calcic clinopyroxene. Green & others (1979) have argued 

tha t 101> pressure cumulate sequences (such as the Marum) containing 

magnesian orthopyroxene (> Mg87) are formed from more silica-rich magmas 

Hith high HgO content. 

Hagmas Hith the above characteristics are found among the 

Ti-poor magnesian olivine-poor tholeiites of the Upper Pillow Lavas of 

the Troodos ophiolite (Smewing & others, 1975; Smewing & Potts, 1976) 

and the Arakapas Fault Belt area (Simonian & Gass, 1978). Lavas of 

similar composition also occur in the Newfoundland, Baer-Bassit (Syria) 

and Kan-Taishir (Mongolia) ophiolites (Church & Coish, 1976; Gale, 1973; 

Parrot, 1977; Zonenshain & Kuzmin, 1978). The more magnesian of the Troodos 

lavas contain phenocrysts of magnesian olivine Mg90- 80 , chrome spinel, 

orthopyroxene ('V Mg89 ), and clinopyroxene (Ca41Mg51Fe8)' the· crystallization 

sequence being chromite, olivine, orthopyroxene or clinopyroxene followed 

by plagioclase (Simonian & Gass, 1978) which is similar to that of the 

layered cumulates of the Troodos plutonic suite (Greenbaum, 1972). The 

more primitive of these lavas have very low Ti0
2 

contents ('V 0.2-0.3%), 

Mg-values > 70, high Ni and Cr contents, and many have very high CaO/Na
2

0 

ratios (Table 1-18). 

Lavas with these characteristics are also found among basaltic 

members of the komatiite suite of Archaean greenstone belts (e.g. Viljoen 

& Viljoen, 1969; Williams, 1972; Hallberg & Williams, 1972; Nesbitt & Sun, 

1976; Arndt & others, 1977), and also typify high-Mg andesites or boninites 

found in Cainozoic island-arcs in the western Pacific (e.g. Dallwitz, 1968; 

Kuroda & Shiraki, 1975; Dietrich & others, 1978; Cameron & others, 1979). 

Williams & Hallberg (1973) have shown that the high-Mg basalts or basaltic 

komatiites of the Eastern Goldfields region of Western Australia are 
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CIPH Norm 

Qz 

Or 

Ab 

An 

Di 

Hy 

01 

Il 

Ap 
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1 

52.3 

0.3 

11.7 

8.4 

0.15 

15.8 

10.7 

0.7 

0.1 

77.0 

0.6 

5.9 

28.5 

19.8 

44.7 

tr 

0.6 

2 3 4 

54.6 51.7 52.5 

0.19 0.36 0.4 

11.4 11.8 10.0 

8.4 9.5 9.7 

0.17 0.16 0.2 

13.5 16.8 16.7 

10.7 8.3 9.2 

0.71 1.1 1.0 

0.29 0.19 0.3 

0.04 0.06 

74.0 75.9 74.7 

5.1 

1.7 

6.0 

27.0 

21.0 

38.6 

0.4 

0.1 

1.1 

9.3 

26.7 

1l.3 

43.5 

7.0 

0.7 

0.1 

1.8 

8.5 

21.9 

19 . 1 

43 . 2 

4.5 

0.8 

5 

57.5 

0.3 

8.9 

9.5 

0.2 

17 .5 

4.8 

0.8 

0.3 

0.1 

76.7 

8.6 

1.8 

6.8 

19.8 

2 . 7 

59.2 

0.6 

0.2 

6 

48.4 

0.60 

13.7 

7.9 

0.12 

16.7 

10.9 

1.65 

0.01 

79.0 

tr 

14.0 

29.9 

19.5 

8.3 

27.1 

1.1 

Total iron as FeO. All analyses recalculated volatile free to 100%. 

1. Inferred parental magma composition for Upper Pillow Lavas, 
Troodos (Duncan & Green, 1979). 

2. Basalt 8946, Arakapas Fault Belt, Cyprus (Simonian & Gass, 1978) 
3. Average parent composition for 4 Archaean high-Mg layered sills, 

Yilgarn Block, W. Australia (Williams & Hallberg, 1973). 
4. Spinifex-textured basalt (basaltic komatiite), Pilbara block, 

W. Australia (Sun & Nesbitt, 1978b). 
5. Average of 6 high-Mg andesites, Cape Vogel, Papua New Guinea 

(Dallwitz, 1968). 
6. Inferred parent magma for DSDP 3-18 basalt (Green & others, 

1979) . 
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associated with layered sills characterized by cumulate sequences similar 

J 
to the Stillwater Complex where the crystallization sequence is 01, 01 + 

opx, opx, opx + plag, opx + plag + cpx, plag + cpx. This accumulate 

sequence differs from that of the Marum and Troodos ophiolites by virtue of 

the paucity of cumulate orthopyroxenites and harzburgites, and the early 

crystallization of clinopyroxene in the ophiolites. Comparison of the 

inferred parental magma compositions (Table l-lS) shows that the high-Mg 

basalts are characterized by lower normative diopside compared to the 

Troodos compositions, and this difference is manifested by later crystal-

lization of calcic pyroxene relative to low Ca-pyroxene in low pressure 

accumulates in the Archaean layered sills compared to the Troodos plutonic 

suite. Consequently this magma is not considered a suitable candidate 

parent magma for the Marum sequence. Sun & Nesbitt (197Sa) and Cameron 

& others (1979) have suggested an association between the high-Mg andesite 

or boninite suite and ophiolite sequences such as Troodos. Inspection 

of typical high-Mg andesite or boninite compositions (Table" 1-1S, and 

compilations by Sun & Nesbitt, 1975a; Cameron & others, 1979) shows that 

these rocks are typically oversaturated in silica and have very low 

contents of CaD (5-S%) and normative diopside. By analogy with the 

Archaean komatiites low pressure accumulate sequences would also be 

expected to contain a preponderance of magnesian low Ca-pyroxene. Moreover, 

since boninites commonly contain water-rich glass and are thought to result 

from water-saturated melting of peridotite (Green, 1973, 1976a), differen-

tiates might be reasonably expected to contain primary hydrous phases. 

It is concluded therefore that parental magmas to the Marum 

cumulate sequence most closely resemble the more primitive basalts of the 

Upper Pillow Lavas of the Troodos ophiolite. Duncan & Green (1979) have 

identified a possible parental magma in the Upper Pillow Lavas (Table l-lS) 

and suggested that magmas of this composition, magnesian olivine-poor 

tholeiite, may be parental to ophiolites with cumulate sequences similar to 



) 

73 

Troodos. Crystallization studies on a synthetic glass of this composition 

have sho\,n that, at 1 atmosphere, olivine Mg
91

.
6 

is the liquidus phase 

o 0 
at 1340 C, and is jointed by pyroxene at 1220 C and plagioclase An

90 
at 

(R.A. Duncan, pers. comm. 1979). The roles of orthopyroxene, 

protopyroxene, pigeonite and diopside are complex at these temperatures 

at low pressure, and apart from demonstrating that low calcium pyroxene 

crystallizes before plagioclase, the data are as yet incomplete. However, 

the available data clearly show that the crystallization sequence and 

temperatures of this magma composition are very similar to those inferred 

for the Marum cumulates - olivine and chrome spinel (1300-1350
0

C) 

followed by clinopyroxene, orthopyroxene (~ 1200
0

C) and then plagioclase 

and provide good evidence that the layered peridotites and gabbros of 

the ophiolite accumulated from a magma of very similar composition. 

3-8. Conclusions 

The plutonic suite of the Marum ophiolite complex .comprises a 

thick (3-4 krn) sequence of layered cumulates ranging from dunite at the 

base upwards through lherzolite, plagioclase lherzolite, pyroxenite, 

plagioclase pyroxenite, and olivine norite-gabbro to norite-gabbro, ferro-

gabbro and anorthositic gabbro at the top. Well-preserved igneous 

layering, igneous structures, and cumulate textures indicate an origin 

by magmatic crystallization in a large magma chamber by cumulus processes 

combined with in-situ rhythmic crystallization from a mafic magma of 

evolving composition. Cyclic units superimposed on the gross stratification 

suggest periodic influxes of fresh magma to the chamber. Most rocks show 

textural and mineralogical evidence of sub solidus re-equilibration and 

some are overprinted by sporadic, incipient low grade (greenschist facies) 

metamorphism. 

The accumulate sequence in the layered rocks is: 01 + Cr spinel 

(cr); 01 + cr + cpx; 01 + cr + cpx + opx; 01 + cpx + opx + plag; 
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plag + cpx + opx; plag + cpx + opx + .Fe-Ti oxide (t quartz). The crystal-

lization interval between clinopyroxene and orthopyroxene is small. This 

sequence is similar to that deduced for the Troodos and Papuan ophiolites 

where orthopyroxene is also a prominent cumulus phase, and differs from 

that of some other ophiolites, such as Vourinos, where orthopyroxene 

cumulates are relatively minor and form late in the sequence. 

Early formed cumulus olivine is extremely magnesian, (Mg92 ), 

and the spinel is rich in Cr (62-64% Cr
2

0
3

, Cr/(Cr + Ai + Fe3+) ~ 80). 

Both exhibit cryptic variation, olivine progressively changing to Mg
78 

and spinel becoming increasingly aluminous. Plagioclase is highly calcic, 

An
94

_
67

, and commonly shows reverse zoning. Analyses of relic primary 

grains and bulk pyroxenes (host plus lamellae) partially define a high 

temperature pyroxene solidus with a narrower miscibility gap than found in 

pyroxenes from stratiform intrusions. Early formed pyroxenes are also more 

magnesian than generally found in stratiform intrusions, and include or tho-

pyroxene as magnesian as Mg89 •S • Most pyroxenes, however, have re

equilibrated under subsolidus conditions and have compositions which lie 

between the solidus and subsolidus solvii. 

Various geothermometers and geobarometers based on pyroxene-

pyroxene and olivine-pyroxene-spinel equilibria, together with thermodynamic 

calculations using silica buffers, suggest that the pyroxene-bearing 

cumulates crystallized at about 12000 C and about 1 to 2 kb pressure under 

low fO conditions. The underlying dunites and chromitites crystallized 
2 

at higher temperatures, possibly as high as 1300-13S0
o

C. Subsequently the 

ophiolite has recrystallized under subsolidus conditions at about 8S0-900oC 

(as recorded by co-existing pyroxenes) and pressures similar to the primary 

crystallization pressures, and slowly cooled. Partitioning of Fe and Mg 

between olivine and spinel records cooling temperatures to about 600
o

C. 

Co-existing magnetite-ilmenite pairs record final cooling and/or low grade 

greenschist metamorphism at temperatures below 600oC. 
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The crystallization sequence and the composition of the 

cumulus phases points to a highly magnesian (Mg78+2 ) olivine-poor or 

quartz tholeiite parent magma(s) rich in Ni (300-600 ppm) and Cr,and 

poor in Ti02 and alkalies. This magma(s) probably most closely resembles 

the more primitive lavas found in the Upper Pillow Lavas of the Troodos 

ophiolite. 

UTAS 
~ I 
I 
I 
< 

! 
... ..... ... - .... - ' '-'_. __ .) 
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CHAPTER 4 

GEOCHEMISTRY OF CUMULATE PERIDOTITES AND GABBROS 

4-1. Analytical methods 

Chemical analyses of 23 cumulate peridotites and gabbros, 4 non

cumulus gabbro pegmatoids and a granophyric diorite are presented in 

Table 1-19. Also presented are 3 analyses of quartz micro gabbro and 

quartz dolerite dykes intruding the gabbros. Analyses were by XRF spectro

metry except for Na and K (atomic absorption spectroscopy) and FeO and H20+ 

(wet chemical methods). Details of the analytical techniques are given in 

Appendix 1. Major elements for samples 128, 543 and 541 were determined by 

electron microprobe after fusion on an iridium strip and P205 , MnO and Ti02 

in these samples were determined by XRF on pressed powder pellets. All 

trace elements were determined by XRF on pressed powder pellets following 

Norrish & Chappell (1977). Where available values determined by spark 

source mass spectrometry are given in parenthesis for trace elements present 

at levels below the XRF limit of detection. Rb and Sr were determined at 

low levels by the method of Chappell & others (1969). 

4-2. Major elements 

Major element chemistry directly reflects the modal mineralogy 

of the cumulates. The cumulates range from highly magnesian (mg > 90) 

dunite compositions with very low abundances of lithophile elements, through 

less magnesian peridotites and pyroxenites (mg ~ 83-90) with higher 

. abundances of CaO and Al 20
3 

and cumulate norite-gabbros with high CaO and 

Al
2

0
3 

contents to ferrogabbro (mg ~ 40) containing ~ 19% FeO (total iron 

as FeO) and anorthosite containing ~ 31% A1 20
3

• A feature of the cumulates 

is their extremely low Ti02 , Na20, K20, MnO and P205 contents. These 

oxides increase with increasing differentiation (shown by decreasing mg) 

but, even in the more fractionated rocks, abundances of Ti02 , Na20, K20 



TABLe 1-l9. C!lE~HCAL ANALYSES OF ClIM[JLATe peRIDOTITes liND GABBROS 

r.nalysis 
SiHNl lc 

Si0 2 
Ti02 

,\12°3 
Fe 203 
,,0 
~:nO 

)·:<)0 

C,O 

Na20 

'2° 
P205 
5 

loss 
rest 

O=S 

Total 

Mg • 

1 
567 

39 . 80 

<0.002 

0.04 

0.71 
5.87 

0.11 

49.93 

0.05 

0.002 

<0.0005 

<0.001 

<0.01 

2.52 

0.94 

99.97 

93.2 

Trace elements (ppm) 

" " SC 

" Nb 
Y 

"' C, 
NO 
50 
V 
Co 
Ni 
Co 
eo 
Ti 

<10 
<0.1 
<0.1 
<1 
<1 
<1 
<2 
<3 
<2 

2 
5 

4210 
2520 , 

40 
12 

2 
220 

37.02 

0.003 

0.28 

2.38 

5.45 

0.13 

45.00 

0.15 

0.003 

0.0005 

<0.001 

<0.01 

7.07 

1.13 

99.53 

91.5 

<10 
<0.1 
o . 2 

<1 
<1 
<1 
<2 
<3 
<2 , 
15 

5750 
2210 , 

3B 
22 

3 
104 5 

38.31 

<0.002 

0.38 

1. 55 

7.20 

0.15 

47.10 

0.19 

0.002 

~ 0.0005 

~O. 0 01 

< 0.01 

4.22 

0 . 82 

99.92 

9 0.7 

<10 
< 0.1 
<0.1 
<1 
<l 
<1 
<2 
<3 
<2 

5 
12 

3950 
1850 

2 
47 
11 

, 
180 

50 . 21 

0.03 

1. 77 

0 . 85 

3 . 85 

0.14 

22. 72 

17. 70 

0.09 

0.001 

0 . 005 

0.02 

2.05 

0 . 54 

99.99 

0.01 

99.98 

89.8 

<10 
<0.1 
5.5 
1 

<1 
1 

<2 
<3 
<2 
50 

'5 
3130 

400 
5 

25 
193 

5 
227 

49 . 02 

0.03 

2 . 33 

1. 04 

3.99 

0.14 

23.91 

15.59 

0.09 
0.005 

0.007 

0.01 

3.13 
0,58 

100.87 

89.5 

<10 
<0.1 
5.0 
1 
1 
1 

<2 
<3 
<2 
49 
77 

3350 
480 

1 
24 

192 

5 
115 

39.55 

0.01 

0.32 

2.55 

8.49 

0.18 

42.14 

1. 95 

0.010 

<0.0005 

<0.001 

<0.01 

4. 50 

0.72 

100.43 

87.4 

<10 
< O. 1 
o • g 

<l 
<l 
<l 
<2 
<3 
<2 
10 
25 

3520 
1540 

5 
55 
58 

7 
51 

54.11 

0.05 

0.80 

1.14 

5. 09 

0.20 

23.12 

15.24 

0.07 

O. 001 

0.005 

0.01 

0.73 

0.35 

100.93 

87.1 

<10 (0.3) 
0.2 
5.5 
1 (0.55) 
1 (0.39) 

1 (0.90) 
<2 
<3 
<2 
49 
70 

2040 -
250 

1 
34 

2.94 

, 
271 

39.95 

0.02 

4. 08 

3.04 

7.80 

0 . 18 

35.85 

4.52 

0.11 

0.002 

0.004 

0.02 

4.33 

0.55 

100 . 55 

0 . 01 

100.55 

85.8 

<10 (0.3) 
0 . 1 (0 . 08) 

21.0 
<1 (0.5) 
<l (0.30) 

1 
<2 
<3 
<2 
13 
37 

3120 
1350 

31 
73 

111 

Mg# = 100Mg/(Mg + IFe). Analyses 1-3 - dunite; Q,5,7 = Wehrlit e and olivine pyroxenite; 

5 _ lherzolite, 8 = plagioclase lherzolite. 



r,nCllysis 
SareDle 

Si0 2 
Ti02 
A1 20 3 
fC203 

"0 
~·!nO 

~\gO 

c,o 
Nap 

1\2° 

P205 
S 

loss 
re st 

o-s 
Total 

9 
191 

47.57 

0.04 

17.fl2 

0.50 

2.55 

O.OB 

11. 75 

lB .19 

0.43 

0.002 

0.011 

0.05 

1.41 

O.lB 

100.5B 

0.02 

100.55 

B7.5 

Trace ele~ents (ppm) 

B, 
Rb 
S, 
Z, 
Nb 
Y 
L, 
C. 
NO 
Sc 
V 
c, 
Ni 
Co 
Zo 
Ti 

<10 
0.1 

53 
<1 
<1 
1 

<2 
<3 
<2 
37 
55 

905 
185 

18 
12 

221 

10 
174 

47.96 

O.OB 

15.15 

O.G9 

3.01 

0.10 

11. 65 

17.31 

O.fiB 

O.OlG 

0.013 

0.04 

2.55 

0.17 

100.53 

0.02 

100.51 

B5.1 

<10 
0.3 

74 
1 

<1 
3 

<2 
<3 
<2 
41 
93 

COO 
193 
204 

24 
415 

TlIBLE 1-19. CONTIl1UCD 

11 
1104 

43.45 

0.07 

13.37 

1. 75 

5.02 

0.13 

19.51 

10.65 

0.71 

0.002 

0.004 

0.05 

5.07 

0.37 

100.34 

0.02 

100.32 

B4.2 

<10 
0.1 

51 
1 

<1 
3 

<2 
<3 
<2 
28 
74 

1540 
735 

75 
37 

375 

12 
225 

4 B. BB 

0.10 

15.79 

0.77 

3.47 

0.11 

11. B 2 

lB. 0 9 

0.4B 

0.002 

0.005 

0.01 

1.08 

0 . 21 

100.B2 

B3.5 

13 
1040 

54. 4B 
0.05 

1. 2B 

O.B2 

9.9B 

0.25 

29.35 

2.49 

0.03 

0.001 

0.004 

0 . 01 

0.95 

0.51 

100.33 

B3.0 

<10{0.7) <10 
<0.1 <0.1 
54 1.5 

1{1.52) 1 
<1{0.53) 1 
3(2.72) 1 

<2 <2 
<3 <3 
<2 <2 
42 32 

101 75 
1090 3500 

154 540 
4 12 

20 91 
5B5 320 

14 
120 

46.74 

0.05 

19.62 

0.59 

3 . 75 

0.11 

11. OB 

15.32 

0.49 

0.02 

0.01 

0.05 

1. 52 

0.22 

100.5B 

0.03 

100.55 

B2.2 

<10 
o . 9 

109 
1 
1 
1 

<2 
<3 
<2 
28 
50 

935 
210 
211 

39 
253 

15 
264 

52.70 

0.19 

2.75 

1. 04 

B.02 

0.24 

19.20 

15.47 

0.17 

0.002 

0.012 

0.02 

O. B 7 

0.19 

100.BB 

0.01 

100.B7 

79.3 

<10 
<0.1 
17.5 

3 
<l 

5 
<2 

4 
2 

85 
198 
750 
185 

10 
57 

1030 

15 
162 

4B.OB 

0.13 

13.34 

1. 76 

5.04 

0.15 

13.52 

15.65 

0.47 

0.003 

0.004 

0.05 

1. B B 

0.15 

100.35 

0.02 

100.34 

7 B. 5 

<10 
< O. 1 
55 

1 
1 
4 

<2 
<3 
<2 
45 

125 
555 
190 

45 
41 

755 

Analyses 9,10,12,14,15 '" olivine norite-gabbro; 11,13,15 = websterite, plag websterite. 



TABLE 1-19. CONTINUED 

Analysis 17 18 19 20 21 22 23 
Salt'ple 1020 128 131 129 123A 123B 148 

Si02 50.33 47.72 47.92 47.08 45.80 46.49 39.83 

T i02 0.15 0.06 0.06 0.20 0.04 0.11 0.76 

A1 20 3 12.72 19.98 20.08 18.02 31. 28 26.52 16.96 

Fe203 0.83 1.10 1. 56 3.92 0.66 1. 46 9.94 

reO 6.19 5.05 4.73 5.93 1. 0 0 3.13 9.70 

MnO 0.17 0.13 0.13 0.21 0.03 0.09 0.19 

MgO 13.66 9'.45 9.47 9.44 1.16 4.09 7.16 

CaD 14.75 15.27 15.41 13.61 17.35 16.03 13.75 

Na20 0.57 0.42 0.42 0.76 1. 37 0.83 0.43 

K20 0.002 0.004 0.004 0.006 0.03 0.02 0.01 

P20 5 0.01 0.01 0.01 0.007 0.02 0.02 0.02 

5 0.09 < O. 01 0.01 0.01 0.01 0.07 

less 0.89 1. 27 0.88 0.91 1. 3 4 1. 26 1. 01 

rest 0.22 0.08 0.08 0.13 0.05 0.08 0.28 

100.58 100.11 

0=5 0.04 0.03 

Total 100.54 100.54 100.76 100.22 100.14 100.14 100.08 

Mg i 77.8 73.6 73.3 64.0 56.5 62.1 40.6 

Trace elerrents (ppm) 

Ba <10( 1) <10 (2) <10 <10 <10 <10 <10 
Rb <0.1 (.06) <0.1(.03) 0.1 <0.1 0.6 0.3 < 0.1 
5r 59( 53) 135 133 188 259 216 120 
Zr 2( 1. 77) 2 1 2 2 1 1 
Nb 1( 0.39) < 1( O. 2) 1 1 1 <1 <1 
Y 5 (5.08) 1 1 2 <1 1 1 
La <2 <2 < 2 <2 <2 <2 <2 
Ce <3 <3 <3 <3 <3 <3 <3 
Nd <2 <2 <2 <2 <2 <2 <2 
5c 50 36 36 44 5 19 55 
V 140 96 97 238 28 95 955 
Cr 765 179 169 157 76 172 80 
Ni 182 71 68 59 9 26 16 
Cu 292 2 3 115 9 7 525 
Zn 44 28 35 65 10 28 73 
Ti 865 330 340 1210 213 610 4550 

Analyses 17-20 = norite-gabbro; 21-22 felsic and mafic bands in anorthosite; 

23 = ferronorite-gabbro. 



TABLE 1-19. CONTINUED 

Analysis 24 25 26 27 28 29 30 31 

Salrcle 578 543 431 150 541 545 576 169 

Si0 2 56.08 ~ 2.00 41. 07 39.59 38.28 50.08 50.67 52.15 

T i0 2 0.42 0.39 0.33 0.75 0.82 2.04 1. 06 1. 21 

A1 20 3 15.38 20.95 23.27 17.83 25.42 14 .19 14.85 15.07 

Fe 203 1. 69 2.97 4.89 10.09 1. 89 1. 3 7 3.72 3.72 

roo 4.66 7.78 6.11 9.99 7.82 9.18 7.93 7.51 

~~nO 0.20 0.18 0.15 0.20 0.14 0.19 0.23 0.21 

~\gO 7.86 6.63 5.06 5.92 2.62 7.72 4.12 3.90 

c,o 9.65 14 .95 14.28 12.62 16.81 12.08 9.14 7.52 

Na20 2.0S 0.56 0.79 o . 76 0.54 2.63 2,18 3.70 

K20 0.09 0.05 0.34 0.01 0.28 0.32 0.50 0.81 

P205 0.04 0.01 0.01 0.016 0.29 0.12 o .22 0.26 

5 0.01 0.01 0.35 0.14 

loss 2.11 3.66 4.09 2.54 5.37 5.43 4.44 

rest 0.13 0.16 0.20 0.19 0.54 0.19 0.15 0.16 

100.86 100.34 

0'5 0.17 0.07 

Total 100.37 100.29 100.60 100.69 100.82 100.11 100.27 100.66 

~lg • 69.4 53.1 46.2 35.6 32.9 56.9 39.4 39.0 

Tra ce elemel'ts (opm) 

B, <10 <10 <10 <10 170 40 150 240 
Rb 1.0 1.0 7.0 o . 2 6.8 4.6 10.5 15.5 

" 135 334 494 183 3520 202 259 240 
Z, 38 2 2 3 16 73 56 9B 
Nb 3 1 <1 <1 1 5 2 4 
Y 7 1 <1 2 1 19 21 26 
L, <2 <2 <2 <2 <2 6 8 8 
C, 5 " <3 " 4 19 24 25 
Nd <2 <2 <2 <2 <2 11 11 13 
SO 39 39 32 4B 19 38 27 29 
V 141 383 606 621 288 268 304 280 
C, 277 110 73 57 137 477 53 54 
Ni B3 113 44 7 52 43 6 12 
Co 91 29 8 197 59 30 30 65 

'" 80 58 60 112 B4 64 96 B6 
Ti 2500 2400 1975 4500 5000 12250 6400 7500 

Analyses 24 - granophyric diorite; 25-28 gabbro pegmatoid; 29-31 - quartz dolerite 

and microgabbro. 
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and P20S are very low compared to gabbroic cumulates in stratiform 

intrusions (cf. Wager & Brown, 1968) which typically contain appreciable 

intercumulus material. The non-cumulus rocks are characterized by high 

Al
2

0
3 

and FeO contents, and markedly higher contents of Ti02 , alkalies and 

P
2

0S than the cumulates. The gabbro pegmatoids have comparatively low Si02 

content compared to both the cumulate gabbros and the granophyric diorite. 

The quartz microgabbro and dolerites are highly fractionated and have low 

MgO and high FeO contents; alkali contents are appreciably higher than for 

the gabbroic rocks. 

The overall differentiation trends from magnesian cumulates to 

CaO-rich cumulates (wehrZite-ZherzoZite) to Fe-rich and A1
2

0
3
-rich cumulates 

(gabbro) is clearly shown on the CaO-FeO-MgO and CaO-AI
2

0
3

-MgO diagrams 

(Fig. 1-24a, b). The early magnesian cumulates overlap the non-cumulus 

peridotites, whereas the non-cumulus gabbros lie at the Fe-AI-rich end of 

the cumulate trend supporting the interpretation of these rocks as late

stage differentiates. On an AFM (Fig. 1-24c) the low alkali contents of all 

the Marum rocks is reflected in a strong linear trend toward Fe enrichment. 

The higher alkali contents of the quartz micro gabbro and quartz dolerites 

are reflected in the displacement of these rocks towards the alkali apex. 

4-3. Trace elements (excluding REE) 

Trace element abundances vary with both the modal mineralogy 

(including the amount of postcumulus material) and the mg number of the 

rock. Ni and Cr contents decrease markedly from very high values in the 

dunites (~ 2000 ppm Ni, ~ 4000 ppm Cr) to much lower values in the gabbros 

~ 200 ppm Ni), and very low values (2 so ppm) in the more differentiated, 

iron-rich mafic pegmatoids. Sc, Ti and V abundances in the cumulates vary 

with the modal abundance of clinopyroxene, and, in the more differentiated 

cumulates, with the modal abundance of Fe-Ti oxide (Ti, V). Sr contents 

increase regularly with decrease in mg, primarily reflecting the increase 
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in modal abundance of plagioclase, and reach a peak of 260 ppm in anorth-

osite (Fig. 1-25). The most iron-rich mafic pegmatoid contains extremely 

high abundances of Sr (3520 ppm), Rb and Ba suggesting that this rock is a 

residual liquid into which the incompatible elements have been partitioned. 

Zr, Nb, Y, Ba and Rb abundances in the cumulates are very low, and 

appreciably higher in all the non-cumulus rocks. 

The extremely low abundances of incompatible elements, and the 

high abundances of the compatible elements Ni, Cr in the early cumulates 

confirms the petrologic interpretation of the layered rocks as cumulates 

which contain virtually no intercumulus melt. The quartz microgabbro and 

quartz dolerites have similar Ni, Cr and V but far higher Ti, Zr, Y and 

REE than gabbroic rocks of comparable mg-value. 

4- 4. REE 

REE and additional trace elements U, Th, Pb, Hf, Cs were deter

mined by spark source mass spectrometry (Appendix 1) for 5 cumulate rocks, 

a granophyric diorite, and a microgabbro-dolerite dyke which intrudes the 

layered sequence. Analyses are presented in Table 1-20 and the chondrite

normalized * REE patterns shown in Figure 1-26. 

The REE abundances in a cumulate rock may be expected to vary 

according to the amount of interstitial material (Kay & Senechal, 1976) and 

the degree of differentiation of the magma (Montigny & others, 1973). The 

Marum cumulates have chondrite-normalized REE patterns which are depleted 

in LREE but the overall level of REE varies by almost a factor of 10 

(Fig. 1-26). In the Marum cumulates the level of LREE-depletion and the 

absolute abundance of REE correlate primarily with the modal abundance of 

pyroxene, and, to a lesser extent, with the degree of differentiation of 

* All REE data have been normalized to the chondrite-normalizing values of 

Taylor & Gorton (1977) (Appendix 1). 
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271 

0 . 04 

0.085 

0.03 

0.023 

0.05 

0.01 

0.05 

0.06 

0.81 

0.44 

1.71 

0.09 

051 

0 .04 

0.21 

0.09 

0.033 

0.13 

0 . 025 

0.16 

0.10 

0.095 

0.27 

0.26 

0.90 

0.01 

0.13 

225 

0.03 

0.05 

0.33 

0.16 

0.10 

0.30 

0.07 

0 . 45 

0.11 

0.31 

0.29 

(0.36) 

(0.22) 

1. 43 

0.16 

0.07 

1020 

0.42 

0.08 

0.56 

0.29 

0.15 

0.51 

0 .10 

0.73 

0 .18 

0.53 

0.54 

(0.25) 

(0.14) 

1.24 

0.29 

0.10 

128 

0.18 

0.03 

0.14 

0 . 05 

0 . 04 

0 .10 

0 .11 

0 .02 

0.075 

(0.81) 

(0.58) 

1. 61 

0.18 

578 '" 

0.85 

2.11 

0.36 

1. 90 

0.63 

0 . 21 

0.85 

0.16 

1. 15 

0.27 

0.82 

0.77 

0.82 

0.73 

0 . 91 

0.03 

0.65 

0.14 

0.11 

0.62 

Values in parentheses are interpolated from Ce values and the REE profile • 

• Non-cumulus granophyric diorit e. 

** Quartz microgabbro dyke in trudin ~ cumulate sequence . 

576** 

7.76 

19.95 

2.56 

11.36 

2.70 

0.90 

3.05 

0.52 

10.34 

0.74 

2.12 

2.05 

1. 75 

2.50 

0.97 

0.16 

3.5 

2.07 

0.45 

1.50 
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Fig. 1-26. Chondrite-normalized REE patterns for Marum peri

dotites and gabbros (squares) and microgabbro (576). 

Sample 271 = plagioclase lherzolite, 051 = olivine 

websterite, 128 = deformed quartz-magnetite-norite

gabbro, 225 = olivine norite-gabbro, 1020 = norite

gabbro, 578 = granophyric diorite. 
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the cumulate (bulk rock mg). Olivine pyroxenite 051 has a chondrite-

normalized REE pattern which is typical of clinopyroxene, being strongly 

depleted in LREE and slightly depleted in HREE (heavy REE) relative to 

( 'ddl REE)' Cd /Yb 1 10) The variation in REE profile and ~ffiEE ml e , l.e. N N =. . 

abundance of REE in the cumulates with the modal abundance of clinopyroxene 

implies that the slope of the REE pattern directly reflects the fractionation 

of REE between clinopyroxene and basaltic liquid. The plagioclase cumulates 

have positive Eu anomalies consistent with accumulation of calcic plagio-

clase. The magnitude of the Eu anomaly decreases with increase in overall 

abundance of REE (modal abundance of clinopyroxene) and, to a lesser extent, 

1,ith decrease in mg number of the rock. The low absolute abundances of REE 

in gabbro 128 are diluted by the presence of modal quartz and Fe-Ti oxide. 

The Marum cumulates are strikingly similar to cumulate gabbros 

from other ophiolites, such as the Troodos (Kay & Senechal, 1976), Pindos 

(Montigny & others, 1973), Bay of Islands (Suen & others, in press), Papua 

(PART 2), and from the ocean floor (Masuda & Jibiki, 1973; Dsstal & Muecke, 

1978). All are characterized by LREE-depleted patterns and low overall 

abundances of REE, and contrast markedly with cumulate gabbros from the 

Sarmiento ophiolite (Saunders & others, 1979) both in terms of LaN/S~ 

ratios and overall abundance of REE. 

Cranophyric diorite 578 has a higher level of REE than the 

cumulates, and has achondrite-normalized REE pattern with distinct negative 

Eu and Ce anomalies (Fig. 1-26). The Eu anomaly undoubtedly reflects 

extensive plagioclase fractionation in the gabbros lower in the cumulate 

pile. The Ce anomaly might reflect a high fO in residual intercumulus 
2 

liquids derived from the cumulate pile: this interpretation is supported 

by the extensive deuteric alteration of pyroxene to amphibole, however the 

Fe20
3 

content of the rock is not unduly high. The REE content of the grano

phyric diorite differs considerably from that of felsic differentiates 

found in other ophiolites and stratiform intrusions (e.g. Coleman & 
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Peterman, 1975; Coleman, 1977; Saunders & others, 1979; Haskin & Haskin, 

1968). Felsic differentiates broadly of trondhjemitic composition in 

ophiolites, generally referred to as oceanic plagiogranites (Coleman & 

Peterman, 1975), typically have chondrite-normalized REE patterns similar 

to those of the underlying cumulates but the absolute level of REE (and 

Zr, Y, Nb, P, etc.) is markedly higher due to extensive fractionation of 

olivine, pyroxene and plagioclase. Such differentiates typically have 

marked negative Eu anomalies consistent with extensive plagioclase 

fractionation. 

Microgabbro 576 has a markedly different REE pattern to that of 

the cumulates (Fig. 1-26). The pattern is enriched in LREE (LaN/S~ = 1.75) 

at ~ 20 x chondri tic abundance, similar to the Tumu River basalts (Chapter 5) 

but overall abundances of REE, Zr and Yare very low for such a differentiated 

rock (mg = 39). The difference in REE pattern together with both the micro

gabbro and dolerites compared to the gabbro pegmatoids suggest that the 

dyke rocks are not genetically related to the layered sequence. This is 

also suggested by the poor correlation of these rocks with those of the 

layered sequence on Ti-V (Fig. 1-38) and other trace element (e.g. Ti-Zr, 

Zr-Y) diagrams. 

4-5. Strontium isotope ratios 

87 Sr/86 Sr ratios have been determined for 4 gabbros from the Marum 

layered sequence by Dr. R.W. Page (Appendix 1). The values range from 

0.7031 to 0.7038 and are very similar to values obtained for gabbros from 

the Papuan ophiolite (PART 2), and comparable (although slightly lower than) 

the average ratio found for calc-alkaline intrusives in the Papua New 

Guinea highlands (Page, 1976). The ratios are thought to be close to 

primary values since the samples are unaltered and show no evidence of Rb 

enrichment. These ratios are slightly higher than commonly found for fresh 

MORE and more in line with values obtained for island-arc volcanic rocks 
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(see PART 2, Chapter 3). Like most MORB the Rb/Sr ratio of the Marum rocks 

87 /86S . S'm'lar values have is too low to support their present Sr r ratlO. ~ ~ 

been reported from the Troodos (Peterman & others, 1971; Kay & Senechal, 

1976; Spooner & others, 1977) and Mediterranean ophiolites (Allegre & 

others, in press). 

The data, although limited, appear to show a correlation between 

87sr/86sr ratio and Rb/Sr ratio, and bulk rock mg (Fig. 1-27). Further 

t~ork is needed to examine this apparent relationship which, if substantiated, 

is highly significant in making comparisons with common MORB since the 

Marum gabbros (like many other gabbros from ophiolites for which Sr isotopes 

have been determined) are differentiated compared to commonly sampled MORB. 

87 86 . 
For example, the most magnesian Marum cumulate analysed (for SrI Sr rat~o) 

contains olivine Mg SO which, from the Fe-Mg partitioning between olivine 

and liquid (Roeder & Emslie, 1970), implies a co-existing basalt of Mg
SS

" 

4-6. Trace element content of the parent magma 

The trace element content of a liquid in equilibrium with a 
. i 

cumulus phase(s) can be calculated from the Nernst equation (n l 
= c .a 

" i* . C 1 
where n = the partition coefficient for element i, c 1 

= the concentration 
a 

of element i in phase a, c~ = concentration of i in the liquid) if equilibrium 

exists between the entire separated solid and the melt. Partitioning of 

this type (total equilibrium) is probably restricted to plutonic crystal-

lization and is not applicable to shallow level fractionation or closed 

system fractionated during crystallization of a lava, where equilibrium is 

obtained only between the surface of the solid and the liquid (surface or 

logarithmic equilibrium). Under surface equilibrium partitioning of trace 

i 
elements follows the Rayleigh (logarithmic) equation c

l 

* For crystal aggregates, i.e. cumulate rocks, the bulk 

coefficient n is used, where n- i 
= nix + nix + ni 

a. a XlV 
etc. are the weight fractions of phases a, ~, ~, etc. 

distribution 

, 

I' 

" " 
'I 
ii 
Ii 
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where i Co = the concentration of element "1 in the initial liq uid , F = the 

fraction of liquid re maining . 

Paster & others (1974) showed that the partitioning of trace 

elements during crystall i zat i on of the cumulate gabbros of the layered 

series of the Skaergaard Intrus i on most closely followed a surface equl 1-

Ibrium model , and derived the following equation to describe the 

partitioning of trace elements between the solid and the co-existing liquid 

at any point during crystallization of the liquid: 

solid s, 

i 
Cs 

i 
Co 

D i 
{ .:.l---'-:7-'C"lc::-:;XLl _ } where C s 

X 
= concentration of i in 

c i = the concentration of 1 in the initial liquid, X = fraction 
o 

of sol idificat ion, D = the bulk partition coeffic i ent of the solid. 

Haskin & Korotev (1977) showed that this equation describes the partition-

ing behaviour of trace elements during closed-system crystallization of 

silicate melts in general. They also showed that application of total 

equilibrium models (using published partition coefficients) to cumulate 

rocks containing interstitial melt or postcumulus material, or where crystals 

are strongly zoned with res·pect to trace elements, can lead to gross over-

estimation of the abundances of incompatible elements, and under-estimation 

of compa tible elemen t s, in the co- exi sting liq uid . In pr act i ce, the trace 

element partitioning in most cumulate rocks may be expected to lie between 

the two extremes of surface and total eq uilibrium, sin ce most cumulates 

consist of primocrysts and variable amoun ts of postcumul us or intercumulus 

material. 

The extremely low abundances of incompatible elements , the 

allotriomorphi c granular texture, and lack of interstitial phases or 

meso stasis in the Marum cumulates are more consistent with t otat rather 

than surface equilibrium partitioning. These features also characterize 

gabbroic cumulates from the Papuan (PART 2), Troodos (Kay & Senechal , 1976), 

and other ophiolites (e.g. Coleman, 1977), and from the ocean floor 

, 
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(e.g. Hodges & Papike, 1976; Dostal & Muecke, 1978), and suggest that 

total equilibrium may have been closely approached in these large magma 

chambers which periodically received fresh influxes of basaltic magma. 
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On this basis the REE content of the liquid co-existing with 

H~rum gabbros 225 and 1020 has been calculated assuming total equilibrium 

bet"een crystals and melt using the modal abundance of the cumulus phases 

(determined by mixing models using the compositions of constituent phases 

obtained by microprobe and the bulk composition) and published partition 

coefficients (Appendix 1). The chondrite-normalized REE patterns for the 

calculated equilibrium liquids are shown in Figure 1-28 together with the 

range of REE abundances found for MORB (Bryan & others, 1976), and for the 

Tumu River basalts (Chapter 5). Also shown is the average REE pattern 

for the highly LREE-depleted 'primitive' basalts from DSDP Leg 3 (Frey & 

others, 1974). The liquids calculated for the gabbros have LREE-depleted 

patterns (LaN/S~ = 0.5) similar to the gabbro cumulates (but with strong 

negative Eu anomalies) at 11-25 x chondritic abundance (HREE). The cal

culated REE abundances in the equilibrium liquids are considered to be a 

maximum because the partition coefficients used in the calculations 

(particularly for ferromagnesian phases) are probably minimum values (Frey 

& others, 1978) and because the presence of adcumulus material in the gabbros 

will result in over-estimation of the equilibrium liquid abundances (Haskin 

& Korotev, 1977). By similar reasoning, the degree of depletion of the 

LREE in the calculated equilibrium liquid can be taken as a minimum. The 

calculations therefore suggest that the mafic liquids parental to the 

cumulate gabbros were strongly depleted in LREE (and other LIL elements), 

similar to the strongly depleted basalts from DSDP Leg 3. However, since 

the cumulate gabbros are fractionated relative to the underlying peridotite 

cumulates the level of REE in the parent magma(s) must have been appreciably 

lower, and thus lower than exhibited by MORB sampled to date. 
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Fig. 1-28. Chondrite- normalized REE patterns of calcula t ed 

eq ui l ibrium l iquids for cumulate gabbros 1020 and 
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(Frey & others, 1974) and the Turnu Riv~r basalts 

(Chapter 5). Solid line - average of DSDP Leg 3 

basalts (Frey & others, 1974). Estimated parent 

magma for Marum cumulates has ~ 5-9 x chondrites 

(HREE) - see text. 
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The REE content Ims also calculated by similar method for the 

liquid in equilibrium Hith cumulate pyroxenite 051. The calculated 

equilibrium liquid in this case is LREE-enriched (LaN/Smw = 1.9) with 

HREE 'U 4 x chondri tic. Taken at face value this implies the existence of 

additional parent magmas of markedly different trace element abundances to 

those inferred above. However, as earlier pointed out, modelling of this 

type is critically dependent on the choice of partition coefficients, and 

the very low partition coefficients used will over-estimate both the absolute 

abundance of REE and the degree of LREE enrichment. In order to relate 

pyroxenite 051 to a strongly LREE-depleted magma similar to that parental 

to the other cumulates the bulk REE partition coefficients must have 

similar form to the REE pattern of the pyroxenite itself and have LaN/Smw 'U 

0.5 and LaN/YbN 'U 0.6. Such a pattern is broadly consistent with pyroxene 

domination but the clinopyroxene REE partition coefficients must more closely 

resemble the values used by Kay & Gast (1973) rather than the very low 

values used in the calculations. The inferred higher partition coefficients 

may be due to the presence of adcumulus material with higher REE content; 

this explanation is consistent with the petrographic evidence of zoning in 

the pyroxenes. The apparent discrepancy in the degree of LREE depletion 

among the calculated parent magmas therefore seems more likely to be due 

to the use of inappropriate partition coefficients rather than to the 

existence of a LREE-enriched parent magma. 

Abundances of Ti and Zr in the liquid which equilibrated with 

olivine gabbro 225 have been estimated by a similar approach using the 

partition coefficients in Appendix 1. If the lowest partition coefficients 

are used the equilibrium liquid is estimated to contain 'U 5000 ppm Ti and 

'U 60 ppm Zr, whereas considerably lower abundances 'U 3500 ppm Ti and 'U 30 

ppm Zr are obtained if intermediate values for the partition coefficients 

are used. Since cumulate gabbro 225 (mg 'U 84, olivine Mg
80

) is differen

tiated compared to the underlying cumulate peridotites (mg 'U 90, olivine Mg
90

) 
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the primary parent magmas can be inferred to have contained appreciably 

lower abundances of Ti and Zr. Assuming that cumulate gabbro 225 rep-

resents, say, 20% crystal fractionation, then the primary parent magma 

can be inferred (from the equation for total equilibrium fractionation, 

. c 1 
I..e. - = 

c 
o 

50 ppm Zr. 

1 
F+D(l-F) ) to have contained a maximum of 4000 ppm Ti and 

Similarly the abundance of HREE in the primary parent magma 

can be estimated to be less than 10 x chondritic, probably ~ 6-9 x 

(Fig. 1-28). These low abundances of high valence cations are in keeping 

with the inferences made from the petrology of the cumulates (Chapter 3) 

and with calculations for pyroxenites and peridotites which suggest that 

the Ti content of the parent magma may have been as low as 2000-2500 ppm. 

These calculations, and the conclusions drawn from the petrology 

of the cumulates, point to a highly magnesian olivine-poor tholeiite or 

quartz tholeiite parent magma with high Ni (300-600 ppm) and Cr (1500-2000 

ppm) contents, very low abundances of LIL elements (including LREE, Ti, Zr, 

Nb), and depleted in LREE (LaN/S~ ~ 0.5) with an overall HREE abundance of 

6-9 x chondritic. Modern examples of such magmas are not readily apparent. 

These abundances of Ti, Zr, Hf, Y and HREE are lower than found in even the 

most depleted primitive MORB, such as DSDP 3-14, 18 (Frey & others, 1974). 

Low abundances of REE, Ti, Zr, Yare a feature of the island-arc tholeiite 

suite but arc tholeiites typically have low Ni and Cr contents (Jakes & Gill, 

1970; Gill, 1976; Ewart & others, 1977). High-Mg andesites or boninites 

typically have low abundances of Ti, Zr, HREE and high Ni and Cr contents, 

but are enriched in LREE (Sun & Nesbitt, 1978a: Dietrich & others, 1978; 

F.A. Frey, pers. comm. 1979). Komatiites of Archaean greenstone belts are 

also characterized by low Ti, Zr, Y and HREE, and high Ni and Cr contents 

compared to MORE (e.g. Arndt & others, 1977; Hawkesworth & O'Nions, 1977; 

Arth & others, 1977; Nesbitt & Sun, 1976; Sun & Nesbitt, 1978b). Basaltic 

members of the komatiite suite, however, exhibit considerable variation in 

the level of LIL elements, and many are enriched in LREE (Sun & Nesbitt, 1978b) . 
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Lavas with trace element abundances most closely resembling those 

inferred for the ~illrum parent magma are well represented in the Upper Pillow 

Lavas of the Troodos ophiolite which typically have low Ti (~ 3300 ppm), 

Zr (~ 31 ppm) and Y (~ 15 ppm), and high Cr (Smewing & others, 1975), and 

are strongly depleted in LREE with HREE abundances ranging from 5-12 x 

chondritic (Smewing & Potts, 1976; Kay & Senechal, 1976). 

4-7. Conclusions 

The geochemistry of the layered peridotites and gabbros supports 

the petrologic interpretation of these rocks as cumulates from a highly 

magnesian melt with 10" abundances of LIL elements. The cumulates range 

from highly magnesian compositions with extremely low abundances of litho

phile elements through CaO-MgO-rich cumulates to CaO-A1 20
3
-rich cumulates 

enriched in Fe. Ni and Cr contents decrease with decreasing modal abundance 

of olivine and rock mg; Sc, V and Ti abundances vary with the modal abundance 

of pyroxene (and Fe-Ti oxides in the ferrogabbros), and, to a lesser extent, 

rock mg. Abundances of Ti, Zr, Y, Nb, Ba, Rb and K are very low in all the 

Marum rocks but are enriched in the non-cumulate rocks over the cumulates, 

consistent with the petrologic and major element evidence that these rocks 

represent residual liquids formed by differentiation. 

The textures and very low abundances of incompatible elements of 

the cumulates suggest a close approach to total equilibrium partitioning of 

trace elements during crystallization. Calculations based on a total 

equilibrium model, using the modal proportions of cumulus phases and pub

lished partition coefficients, suggest that the parent magma(s) to the cumu

late sequence contained < 4000 ppm Ti and < 50 ppm Zr (possibly as low as 

2500 ppm Ti) and were strongly depleted in LREE (LaN/S~ ~ 0.5) with ~ 6-9 

x chondritic abundance of HREE. These characteristics, together with the 

high Ni and Cr contents (300-600 ppm Ni, 1500-2000 ppm Cr) inferred from the 

petrology of the cumulates, point to a parent magma(s) similar in composition 

to the more 'primitive' basalts of the UPL of the Troodos ophiolite. 
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CHAP TER 5 

ASSOCIATED BASALTS AND SEDHlENTS * 

5- 1. Petrography of the Turno River basalts 

The Turnu River basalts consist mainly of basaltic pillow l ava 

and lava~ \dth minor aquagene breccia and some dolerite dykes. }bst of 

the l avas have und er gone low-gr ade (z eolit e facies) metamorphism and 

pe trogr aphically a r e spili t es . Secondary mi nerals - chlo ri t e ~ smec t it e ~ 

epidote~ calcite ~ zeolite ~ sphene and leu coxene - occur in variable amounts 

in the groundmass of most l avas . Pr ehnite and rare pumpellyite occur in 

some br eccias and tuff. Greenschis t f acies me t ahasi t es occur near t he 

thrust separating the basalts from the peridotite- gabbro massif, and 

r ange from actinolite-chlorite (+ epidot e, albi t e, sphene) s chists through 

weakly and incipient l y metamorphosed greenschist to spilite with increasing 

distance from the imbricate zon e . 

The domi nant primary mineral assemblage is plagio~lase~ clino -

pyroxene and Fe-Ti oxide (titanomagnetite, some ilmenite). Host lavas 

are classified as augite tholeiit es~ and have plagioclase (now mostly 

albi t e Ab96_98 ) and augi t e (Ca42_40Hg44_39Fe14_22) microphenocrysts 

seriate to a fine-grained intergranular, intersertal or pilotaxitic ground-

mass containing delicate microli t es and variolites of plagioclase and/or 

cl inopyroxene, or, in the more fractionated rocks, of skel etal Fe-T i oxide. 

Textural evidence i nd icat es that the crys t alliza t ion ord er wa's plagioclase~ 

augite~ and Fe-Ti ox i d e. Hany lavas show evidence of a cotectic r el ation-

ship between plagioclase and pyroxene. No l avas bearing fr esh olivine wer e 

f ound but olivine psuedomorphs occur in al t ered glass wi t h quench clino-

pyroxene in the most magnesian basalts. t 
Ferrobasal ts with high FeO (total 

;'; This chapter has already been published : J aq ues & others (1978). 
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iron as FeD) - > 15% - and Ti0
2 

(2-4%) contents have textures suggesting 

simultaneous crystallization of plagioclase, augite and Fe-Ti oxide. 

In general, the paucity of mafic phenocrysts (particularly 

olivine), plagioclase-pyroxene relationships and an abundance of Fe-Ti 

oxide indicate crystallization from evolved, fractionated liquids. 

Pyroxene 

Clinopyroxene (augite) is preserved in all rocks except the 

schistose metabasalts. Microprobe analysis shows that the pyroxenes are 

of augite composition, and range from quartz-normative to olivine-hypers

thene normative types. On a normative Di-Ol-Hy diagram the Tumu River 

basalt pyroxenes plot near the Di apex and define a trend away from the 

Di-Ol join toward silica saturation, indicating a non-alkaline magma type 

(Coombs, 1963). 

The augites are commonly zoned (both concentric and sector 

zoning) and show Fe enrichment, and Ca depletion trends (Fig. 1-29). 

Microphenocrysts are distinguishable from groundmass pyroxene by higher 

Mg-values and Cr contents (commonly 0.3 - 0.4% Cr20
3

, compared to ~ 0.1 in 

the groundmass), and lower Ti and Al contents. These features, together 

with the trends in Figure 1-29 and the high Ti02 and A1203 contents of 

pyroxene rims (up to 3% Ti02 , 4% A1203) relative to cores « 1% Ti0 2 , 

1.5% A1203), suggest quench or metastable growth (e.g. Smith & Lindsley, 

1971). Similar trends have been observed in a number of DSDP basalts 

(e.g. Ayuso & others, 1976). 

5-2. Geochemi s try 

Low temperature alteration - weathering, low grade metamorphism 

(including spilitization), and interaction with sea water, can have 

considerable effects on bulk rock composition (e.g. Smith, 1968; Cann, 

1969; Hart, 1970; Aumento & others, 1976) and significantly change the 

abundance of certain trace elements (Hart, 1969; Cann, 1970). Despite the 
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Fig. 1-29. Pyroxene quadrilateral showing compositions of 

analysed clinopyroxenes in Tumu River basalts. 

Tie lines jo in mineral cores (c) to rims (r). 
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secondary mineral assemblage, high volatile contents and moderately high 

Fe203/FeO ratios of the Tumu River basalts, a good correlation still exists 

between the mineral mode and major element compositions, and indicator 

trace elements such as Ni , Cr, V and Zr. 5102 and A1203 contents mostly 

lie \,ithin the range of basaltic compositions. However, the spilitic 

basalts have significantly lower CaO and higher Na20 than appropriate for 

their A120
3 

contents, and it seems likely that in common with other 

described spilites (e.g. Cann, 1971; Vallance, 1974) there has been a 

loss in CaO and a gain in Na20 and H20. 

The effect of alteration on LIL trace elements was tested by 

examining the correlation with Zr, a LIL element known to be relatively 

insensitive to the effects of low-grade metamorphism (Pearce & Cann, 1971, 

1973; Smith & Smith, 1976). Rb, Cs, Sr, K, U and Th showed very poor 

correlation, indicating a high mobility during alteration. Y showed 

excellent correlation (Fig. 1-30) apart from four samples (549, 550, 080, 

083) which deviated appreciably. These samples have low CaO/A1
2

0
3

, low 

Y/Nb « 3), appreciably higher P20
5 

and, in some cases, Rb, Ba, Sr than the 

other metabasalts, and are thought to be chemically altered. LaN/Y
N 

* 

ratios in these rocks are also high (see later). Significantly three of the 

four rocks were originally glass-bearing, and alteration of glass is known 

to result in greater chemical mobility than alteration of crystalline rocks. 

It is concluded that although changes in Ca, Na, K, Rb, Sr, Ba contents have 

occurred in many of the samples consistency in the ratios of the more 

insensitive LIL elements Ti, P, Zr, Hf, Y indicates that, in general, little 

change in the abundances of these elements has occurred. In addition, the 

abundances of a number of other trace elements (Ni, Cr, V, Zn), and some 

major element abundances have not changed markedly during alteration. 

* La and Y normalized to thechondriteabundances of Taylor & Gorton (1977). 

Y behaves as a HREE with ionic radius intermediate between Dy and Ho. 
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Major and trace element analyses of 32 samples of basalt and 

dolerite of the Tumu River basalts are presented in Table 1-21. Sample 

descriptions and localities are presented in Appendix 2. Major elements 

Here determined by microprobe after fusion on an iridium strip heater 

and trace elements by XRF and spark source mass spectrometry (Appendix 1). 

Also presented are analyses of three dolerite dykes which intrude the 

uppermost gabbros in the peridotite-gabbro massif. In view of the 

inferred Ca loss and Na gain during spilitization normative classification 

is unlikely to be reliable but significantly the least altered lavas are 

at - hy normative and plot within the olivine tholeiite field. This, 

together with the low K20 and P20S contents, suggest a subalkaline or 

tholeiitic type. 

Compositions range from relatively unfractionated magnesia-rich 

types with Mg-values* ~ 70 to the highly fractionated Ti02-rich ferro

basalts and dolerites with Mg-values ~ 30. Oxide - Mg-value variation 

diagrams (Fig. 1-31) define differentiation trends of strong iron enrich-

ment, and enrichment in Ti0 2 and P
2

0
S

• Strong iron enrichment typical of 

tholeiitic suites is also apparent on an AFM diagram. 

Trace elements Ni, Cr, V and Zr, (and Y and Zn) show well-

defined differentiation trends when plotted against Mg-value (Fig. 1-32); 

Ni and Cr are rapidly depleted from 'primitive' values (300 ppm Ni; 

600 ppm Cr) to extremely low values « 5 ppm Ni, 50 ppm Cr) in the ferro-

basalts. The marked increase in abundance of incompatible elements (Zr, 

Zn, Y) during fractionation (more than a five-fold increase in Y) is also 

indicative of strong fractional crystallization. The trend shown by V of 

increasing abundance in the early and middle stages of differentiation 

followed by depletion in later liquids, is typical of tholeiitic iron 

enrichment fractionation patterns. 

,'; Mg-value IZ 100 Mg 
2+ 

Mg + Fe 
Fe

203/FeO standardized to 0.15. 
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5 3. Chemical affinities 

Analyses 1-26 in Table 1-21 of the Tumu River basalts form a 

continuous series from magnesian tholeiite to ferrotholeiite characterized 

by high FeO
t

, Ti02 and P20
5 

contents, and high levels of LIL elements 

(especially Zr). A smaller group of basalts, together with the three 

dolerites from the gabbro massif (analyses 28-35) are characterized by 

lower Ti02 , P
2

0
5 

and Zr contents for comparable Mg-values. The higher Ti 

group of the Tumu River basalt sequence bear similarities with tholeiites 

described from Iceland (e.g. Sigvaldson, 1974; Bailey & Noe-Nygaard, 1976; 

Wood, 1976) and Galapagos Islands (McBirney & Williams, 1969) which range 

to highly differentiated lavas, ferrobasalts and andesites. Ferrobasalts 

also occur at aseismic ridges e.g. Ninety East Ridge (Hekinian, 1973), and 

at some mid-ocean ridges e.g. Juan de Fuca Ridge (Kay & others, 1970; 

Vogt & Byerly, 1976), the East Pacific Rise (Clague & Bunch, 1976) and 

the Galapagos Spreading Centre (Byerly & others, 1976). 

Classification of tholeiites 

Tholeiites of similar major element composition show a 

considerable range in abundance of incompatible elements (e.g. LREE, Ba, 

Rb, K, P, Th, U) ranging from the LREE-depleted MORE (Group 1 basalts of 

Bryan & others, 1976) with LaN/S~ ratios of 0.6 - 0.8 (e.g. Schilling, 

1971, 1975; Kay & others, 1970; Bryan & others, 1976) to the LREE-enriched 

tholeiites of oceanic islands e.g. Hawaii, Azores, Iceland, with LaN/S~ 

ratios of 2-3 (e.g. Schilling, 1973, 1975). Continental tholeiites are 

generally even more enriched in LIL elements. Another group of tholeiites 

with transitional LREE enrichment (Group II basalts of Bryan & others, 1976) 

have been found in a variety of localities in the ocean basins; in the 

vicinity of oceanic islands, at seamounts, fracture zones, aseismic ridges, 

at several DSDP sites on the ocean floor, at the Mid-Atlantic ridge in 

the FAMOUS area (e.g. White & Bryan, 1977; Langmuir & others, 1977), and 
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in some marginal basins (Gill, 1976; Tarney & others, 1977; Weaver & 

others, 1979). 

These and other studies show the fractionation among REE in 

tholeiites, and it is clear that source regions with different REE 

abundances ~xist in the earth's mantle (e.g. Gast, 1968; Schilling, 1973, 

1975; Frey & others, 1978). 

The various tholeiites are referred to simply on the basis of the 

level of enrichment of LREE (La) relative to HREE (Yb). Depleted tholeiites 

have LaN/Yb
N 
~ 0.8 and low abundances of LIL elements; most MORE fall in 

this group. C~flndritic tholeiites have flat, chondritic or near-chondritic 

REE patterns Hith LaN/Yb
N 

= 0.8 - 2. Basalts with 'transitional' LREE 

enrichment such as found at 370 _450 N, and many of the Group 11 basalts of 

Bryan & others (1976) fall in this group. Enriched tholeiites have 

L~/YbN > 2, and include the oceanic island tholeiites of Hawaii, Azores, 

Iceland, and continental tholeiites (e.g. S.E. Australia, Deccan Plateau, 

Ferrar Dolerite). 

K, Rb, Cs, Ba, Sr, U, Th 

The abundances of these LIL elements have provided a useful 

discrimination among magma types (e.g. Gast, 1968; Hart, 1969; Kay & 

others, 1970). However, as already noted, these elements are very sus-

ceptible to alteration; altered samples commonly show increased abundances 

of Rb, Ba, etc. and decreased K/Rb, K/Ba, etc. ratios (Hart, 1970). 

Although the alteration of the Tumu River basalts precludes confident use 

of these elements as petrogenetic indicators it is noteable that the bulk 

of the basalts (excluding those recognized as chemically altered) have 

10'" K20 contents (.::. 0.4%), low Rb (~2.5 ppm) and low Ba « 50 ppm). K/Rb 

and K/Ba ratios in least altered rocks are moderate to high, 500 -1500 

and 20 - 50 respectively. Sr contents are variable but most lie in the 

75 - 225 ppm range. These abundances are similar to, or higher than, 

i' 

,. 
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those comnonly found in depleted tholeiites, MORB (e.g. Hart, 1969; Kay & 

others, 1970). U and Th abundances are 1m" and Th/U ratios are in the 

range 3 - 4 Hhich is higher than MORB (1.5 - 2) and similar to ocean island 

tholeiites. Sample 549 (judged to be chemically altered) has significantly 

higher abundances. 

Ti, Zr. Y, ~~. P, Hf 

Several schemes for discriminating among magma types have been 

proposed using these elements Hhich are widely regarded as insensitive to 

alteration (e.g. Cann, 1970, 1971; Pearce & Cann, 1973; Smith & Smith, 1976). 

Y/Nb ratios for the Tumu River basalts are mostly in the range 

4 - 7, typical of tholeiitic rather than alkalic basalts; this range is 

some"hat lm,er than that exhibited by most MORB which corrnnonly have ratios 

greater than 8 (Erlank & Cable, 1976). Zr/Nb ratios are intermediate between 

those of depleted tholeiites, (~ 37), and alkali basalts (~ 6.5) (Erlank & 

Cable, 1976) suggesting a transitional nature. On a Ti-Zr diagram (Fig. 1-33) 

the basalts form a strongly linear trend which extends through ,and well be

yond the field specified for ocean floor basalts by Pearce & Cann (1973). 

The trend defined is typically tholeiitic: Ti, like Zr, is strongly 

partitioned into the liquid during the early and middle stages of 

differentiation but late-stage liquids become depleted in Ti due to the 

formation of Fe-Ti oxide. 

The overall abundances of Ti, Zr, Hf, Y and Nb are significantly 

higher than for average depleted tholeiites of comparable Mg-value and Ni 

content. Fractionated DSDP basalts showing LIL element depletion described 

by Ayuso & others (1975), Frey & others (1974), and Thompson & others (1975) 

with comparable Mg- values commonly have about half the Ti0 2 , Zr, Nb, Hf 

contents of the Tumu River basalts. 

The higher abundances of Ti, P, Zr, Nb and Hf of the Tumu River 

basalts are similar to those of oceanic island tholeiites of Hawaii 

(HacDonald & Katsura, 1964; Murali & others, in press), Iceland (Sigvaldson, 
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1974; Bailey & Noe-Nygaard, 1976; Wood, 1976), and Galapagos (HcBirney & 

1,illiams, 1969). Relatively unfractionated tholeiites of these localities 

(Ng-value.::. 68, Ni.::. zoo ppm) contain 'V 1-Z% TiOZ' 'V 0.1 - 0.15% PZ05 , 

> 75 ppm Zr and> Z ppm Hf, all higher than depleted tholeiites. The 

abundances of Ti, P, Zr, Nb and Hf in analyses Z9-35 in Table 1-Zl are 

considerably lower than in the 'oceanic island'-type series and more 

closely resemble depleted tholeiites, but abundance ratios Zr/Nb, Y/Nb, 

etc. are more like those of enriched tholeiites from oceanic islands. 

REE 

REE are commonly regarded as the most insensitive of LIL elements 

to 101(1 temperature alteration and have been Hidely used as a petrogenetic 

indicator even for altered rocks. Frey & others (1974) suggested from 

studies of DSDP basalts that glass may decrease in REE abundance (except 

for Ce) following alteration, and crystalline samples may increase in LREE 

(and Sr, Ba) and decrease in HREE (and Y, Sc, Nb, Ni) following alteration. 

Hellman & Henderson (1977) have shown that progressive spilitization of a 

tholeiitic basalt can result in both an increase in absolute REE abundance 

and La/Sm and La/Yb ratios. Wood & others (1976) suggest that zeolite facies 

metamorphism can result in mobility of LREE, with the degree of mobility 

increasing with ionic radius. Data from the Cliefden Outcrop (Hellman & 

others, 1977), however, show little fractionation among REE although the 

absolute level of abundance of REE varies considerably. 

In addition to the La, Ce, Nd and Y values determined by XRF, 

5 basalts and 1 microgabbro have been analysed for REE by spark source mass 

spectrometry (Table 1-Z2). The effect of alteration of REE in the Tumu 

River basalts has been examined in Figure 1-34 where LREE (0 La, Ce, Nd) 

are plotted against Zr. The excellent correlation (r = 0.97) obtained 

suggests that most LREE abundances have not changed. However, those 

basalts judged on the basis of their poor Zr-Y correlation to be altered 

also show a poor LREE-Zr correlation, and have higher LaN/Y
N 

ratios and 



TABLE 1-22. REE DATA FOR TUMU RIVER BASALTS 

Sample 143 524 549 508 565 576 

ppm 

La 8.43 7.27 21. 38 6.27 20.96 7.76 

Ce 19.80 20.0 42.99 18.65 50.42 19.95 

Pr 2.51 2.65 6.24 2.61 7.56 2.56 

Nd 11. 83 14.25 29.31 12.22 34.65 11. 36 

Sm 3.21 3.93 6.78 3.45 9.89 2.70 

Eu 1.16 1.42 2.28 1. 33 3.31 0.90 

Gd 11. 42 3.05 

Tb 0.75 0.79 1.17 0.92 1. 97 0.52 

Dy 4.55 4.74 6.70 6.24 13.26 10.34 

Ho 0.91 0.95 1.23 1.43 2.94 0.74 

Er 2.52 2.72 3.24 3.98 8.56 2.12 

Tm 0.41 1.18 

Yb 2.05 2.13 2.56 3.84 8.76 2.05 

L"N1 S"N 1. 60 1.13 1. 92 1. 11 1. 29 1. 75 

LaN/YbN 2.72 2.25 5.51 1.08 1.58 2.50 

i 
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lower Y/Nb ratios than the bulk of the samples which have L~/YN ratios of 

about 1.2 - 1.6 (Fig. 1-35). The REE pattern for sample 549 (Fig. 1-36) 

shows a smooth curve with no significant relative fractionation among REE 

except Ce ~.;hich has a marked negative anomaly. Ce anomalies are also 

apparent in strongly altered DSDP basalts (Frey & others, 1974) and the 

spilitized Bhohv-ada Basalt (Hellman & Henderson, 1977). It appears, there

fore, that strong alteration, spilitization especially, can produce an 

increase both in absolute REE abundance and in degree of LREE enrichment. 

Total REE abundances of the Tumu River basalts, shown by the range 

in Y contents in Figure 1-35 and the six REE patterns in Figure 1-36, range 

from 10 to 60 times chondritic. The chondrite-normalized REE profiles are 

all characterized by slight LREE enrichment . Strongly fractionated ferro

basalt 565 (Mg = 36) has a generally similar pattern (although a slightly 

flatter profile) and similar L~/S~ ratio to relatively unfractionated 

samples 143 and 524 (Mg ~ 71 and 68) and dolerite 576 but the absolute 

level of REE is nearly four times higher. LREE and Y data for the most 

evolved ferrobasalt (Mg ~ 30) show a similar pattern with HREE at 60 x 

chondri tic. Significantly ferrobasalt 565 has no apparent negative Eu 

anomaly, unlike other highly fractionated ferrobasalts (e.g. Vogt & Byerly, 

1976). Lack of a negative Eu anomaly does not preclude plagioclase 

fractionation since only a small Eu anomaly results from extensive plagio

clase removal (10% increase in Sm/Eu if 50% of system is removed as plagio

clase: Frey & others, 1974). Dolerite 576 from the Marum gabbros has a 

flat pattern for HREE with LREE enrichment (L~/S~ ~ 2.5) similar to the 

Tumu River basalts. However, the absolute level of REE is lower than the 

most Mg-rich basalt, indicating that the parent liquid for dolerite 576 

(Mg = 42) had a very low level of REE. Sample 508 has a flat pattern with 

very slight depletion in MREE, and slight LREE enrichment. Th/ll ratios are 

slightly lower than, but Zr/Hf, La/Ce and Zr/Nb ratios are similar to, the 

other analysed samples (except the altered sample 549). 
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The Tumu River basalts have LaN/S~ ratios intermediate between 

the depleted tholeiites h'ith LaN/S~ ratios of 0.6 - 0.8, and the enriched 

tholeiites of oceanic islands tJith LaN/S~ ratios of 2 - 3. LaN!Yb
N 

ratios 

are mostly greater than 2, except for 508 and 565 which have near chondri tic 

ratios, indicating affinities with the enriched tholeiites. 

5-[,. Petro~enesis 

Fractionation 

The differentiation trends shmro by both major and trace elements, 

and the similarity in incompatible element ratios suggests that the bulk 

of the Tumu River basalts may be related by fractional crystallization from 

a common parent magma. Quantitative modelling of possible fractionation 

processes by least squares mixing involving major elements is precluded by 

the chemical changes of spilitization. However, trace elements permit 

evaluation of fractionation processes if crystal fractionation follows the 

Rayleigh Law. Allegre & others (1977) have demonstrated that, in practice, 

the bulk partition coefficient, D, for many trace elements in a fractionation 

sequence (or parts of a sequence) are more or less constant, and that these 

D values may, on the basis of a re-written form of the standard Rayleigh 

fractionation equation, be obtained by plotting on log scales the con

centrations of a trace element in a sequence of rocks against the con

centrations of an element, such as Zr, which has solid-liquid partition 

coefficients substantially less than unity. A line of best fit is drawn 

through the data points, and the slope of this line is 1-D (if D is less 

than 1) or D-1 (if D is greater than 1). 

Trace elements for the Tumu River basalts are plotted in log 

form against Zr in Figure 1-37. The bulk partition coefficients obtained 

by least squares treatment for these elements are presented in Table 1-23, 

and are constant except for V, Ti and Sc. The bulk partition coefficients 

for these elements change markedly from less than 1 to significantly greater 
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than 1 at a point late in the differentiation sequence equivalent to 260-

280 ppm Zr, as a result of crystallization of Fe-Ti oxide. 

An initial Zr concentration of 77 + 5 ppm was estimated assuming 

a Ni concentration of 300 - 450 ppm in the primary magma (Allegre & others, 

1977). Initial concentrations for all other trace elements were then cal-

culated using the rewritten Rayleigh equation of Allegre & others (1977): 

these are presented in Table 1-23. The DNi obtained for the Tumu River 

basalts (3.6) is slightly lower than that suggested by Allegre & others 

(1977) as typical of primitive sequences (i.e. > 4), and it is possible 

that the initial concentrations obtained may not be the most primitive; 

on the other hand the high Ni and Cr contents of the calculated initial 

composition imply little fractionation. The calculated abundances 

(Table 1-23) closely match high-Mg basalt 143 which is the least fraction-

ated of the sequence. Rayleigh fractionation calculations using the D 

values in Table 1-23 indicate that 4-6% fractional crystallization is re-

quired to derive sample 143 from the calculated initial liquid composition, 

whereas the most evolved ferrotholeiites require extremely high degrees, 

about 85%, of crystallization. A major break in the differentiation sequence 

occurs at about f = 0.3, due to the formation of Fe-Ti oxide as a 

fractionating phase. The extremely high degree of fractionation invoked is 

not unique: Clague & Bunch (1976) estimate using both major element mixing 

models and phosphorus calculations that the ferrobasalts of the East 

Pacific mid-ocean spreading centres result from up to 74% fractional 

crystallization. 

An estimate of the mineralogical composition and proportions of 

the cumulate phases involved in the fractionation can also be derived from 

the trace element abundances. The rapid depletion of Ni indicates 

fractionation of olivine: a similar depletion of Cr probably indicates 

fractionation of a very small amount of chrome spinel. The phenocryst 

i 
I ' ; 
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assemblage and behaviour of Ti and V suggests additional fractionating 

phases in the first sequence were plagioclase and clinopyroxene. Phases 

involved in the second sequence are likely to have been plagioclase, clino-

pyroxene, ilmenite and titanomagnetite. 

Insertion of published mineral/liquid partition coefficients 

(Allegre & others, 1977; Frey & others, 1978; Irving, 1978) into equations 

defining the bulk partition coefficient in terms of proportions of phases 

fractionating for trace elements Ni, Cr, V, Ti yields a set of simultaneous 

equations e.g. D
N1

. = 13X I + 4X etc. Solution of the equations suggests 
o cpx 

fractionation in the approximate proportions - olivine 0.15, clinopyroxene 

0.4 and plagioclase 0.45. Fractionation of a small percentage (~ 1%) of 

chrome spinel is also likely. Sc appears anomalous; published Sc partition 

coefficients for clinopyroxene are high (3 according to Frey & others, 1978) 

and a sequence in which clinopyroxene is a significant fractionating phase 

should show marked decreases in Sc abundances. However, the available Sc 

data for MORE in the literature do not appear to show a correlation with 

decreasing Mg-value, yet significant clinopyroxene fractionation is commonly 

invoked in mixing models. The D
Sc 

for the Tumu River basalts requires a 

D
Sc 

of less than 1.5 if the fractionation model is correct. The decrease cpx 

in Sc abundances in sequence 2 (Fig. 1-37) suggests that clinopyroxene 

fractionation is more important and/or that Sc partition coefficients for 

Fe-Ti oxides are appreciably higher than unity. Quantitative modelling for 

sequence 2 is not possible because the partition coefficients of Ti and V 

for Fe-Ti oxides are poorly known. 

Not all the Tumu River basalts can be related by crystal 

fractionation: the lower Ti group, particularly dolerites 576 and 169, are 

chemically distinct. Similarly, the REE pattern of basalt 508 precludes a 

simple relationship with the other basalts. The low degree of LREE enrich-

ment of this basalt may be explained by derivation from an increasingly 



TABLE 1-23. BULK PARTITION COEFFICIENTS AND 

INITIAL COMPOSITION FOR TUMU RIVER BASALTS 

ppm s~(/UO'c .. I Me lle" .. lli ilia / c~mf'0YI IlO'f .. , 3.6 450 
C, 3 '00 
S, (Hi 1.65 " 1'i D. !!> 1.15 7750 
V 0 % 4.3 180 
Y 0 18 
Z, 0 77 ±S 

Nb 0 4.' 
III " 2.4 
P::O ;. f .. 'I% j 0 0 .12 
fA 0 ' .8 
Sm 0 3 
E" 0.23 l.l 
Yb 0.09 I., 

TABLE 1-24. COMPARISON OF CALCULATED PARENT MAGMA WITH LEAST 

FRACTIONATED LAVAS FROM OC EANI C I SLAND S AND AVERAGE MORB . 

Chondrirle EnrichJ!d Depieud , J , , • 7 8 9 /0 II 

S, 24 28 28 39 40 
Ti 715 0 6480 59 35 . 940 9240 6540 1810 13900 1I150 <200 '000 
V 180 100 270 )sO 292 190 
Co 900 560 '" 160 '" 480 44 , 170 900 250 
Ni 450 239 199 190 213 21 1 320 
Y 18 28 17.5 23 26 " 34 23 20 30 
Z, 17 " 

., 17 '" 16 182 11 3 148 " 00 
HI 2.4 1.71 L26 2.3 3.1 1.16 
Nb 4.S 7.' 7.S 10 22 II 2.5 
P20.~ 0.12 0.19 0.12 0.09 0.25 
fA/Sm EF 1.2 123 137 1.04 1.48 0.4 OA-O.? 
Till' 43 34 34 19 48 22 22-29 
Ti/Y 450 23 0 )40 389 3SS 436 S32 SlO 21 0 28S 
Tifb 100 112 12l II. 80 86 100 123 79 120 100 
Zrt"J 34 34 39 33 36.5 30 
l r/Nb 16 3 6.5 3.7 ' .3 13 .5 30-40 
Zr/Y .., 2.1 2.' 3.35 4.4 S.06 6.4 1.75 
TiO~ /P,o:; II 7.' 12.8 11.4 , .3 II 
Vdr 2.3 3.3 2.4 4.6 
YINb 3.75 3.5 2.3 2.3 
Ti/Sc 320 230 '00 ll O 22S 

12 

620 
64 

2 

• 
0. 39 

I , 
25. 
102 
44 
16 

2.S 
10 
11.5 
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1. Tumu River ba~lt-----<:a lcuJ a!ed parental magma oomposi tloIL 2 FAMOUS basal t 529-4 (Langmuir & o thers, 1977), 3, Leg 37-
332 A (B ence & Taylor, 1977). 4. Iceland basalt (Wood, 1976). 5. Icela:ut basalt NAL 19 (Sig'laldson, 197 4). 6. Ic eland basal t 
NAL 13 (Sigvaldson, 1974). 7. Galap agos basalt (Pearce, 1975 ) . 8. Hawaii. 1840 Kil auea (Murali &: others, in press). 9_ Hawaii 
(Pearce, 1975) . 10. Leg 3-14 (Frey & others, 1974), 11. 'Average' MORB (Smewing &: others, 1975 ) . 12. Chondritic (Nesbitt It. 
Sun, 1976; Sun & Nesbitt , 1977). 

TABLE 1-25 . CALCULATED MODEL SOURCE ABUNDANCES 

FOR TUMU RIVER BASALTS 

L, Sru Eu Yb Y Zr Ti 0 2 
HE Nb V $, P20S 

20%jol, opx* 1. 16 0. 6 1 0 .22 0 .39 3.65 16 0 . 27 0. 5 0. 96 55 13 0.03 

30%;ol, opx 1. 74 0. 90 0 _33 0 .58 5. 5 24 0. 40 0. 75 1.44 70 " 0.04 

I< 80% o livine . 207. orthopy ~oxene 



99 

depleted source, or, perhaps, by a process of 'dynamic melting' as 

suggested by Langmuir & others (1977). In this model partial melting is 

a continuous process in Hhich some of the melt always remains in the 

residue. Continuous incremental melting can result in highly variable 

trace element abundances, and this model is able to explain the variable 

LREE enrichment and lack of correlation between LREE enrichment and HREE 

abundance (i.e. crossing REE patterns such as in Figure 1-36) exhibited hy 

basalts from the FAMOUS area (Langmuir & others, 1977). 

Comparison of initial magma composition with other primitive basalts 

The calculated initial abundances and abundance ratios for the 

Turnu River basalt sequence are compared with values for relatively 

unfractionated sea-floor and oceanic island tholeiites in Table 1-24. 

Most MORB have undergone some degree of crystal fractionation, at least 

of olivine and, commonly, of plagioclase and, to a lesser extent, of 

pyroxene (e.g. Miyashiro & others, 1969; Frey & others, 1974; Hekinian & 

others, 1976; Bryan & others, 1976; Bryan & Moore, 1977). Reiatively 

primitive basalts have been found at DSDP sites 3-14 and 3-18 (Frey & others, 

1974), and more recently in the rift valley of MAR in the FAMOUS area 

(Bryan & Hoore, 1977; Hekinian & others, 1976; Langmuir & others, 1977) and 

at several Leg 37 DSDP sites (Bence & Taylor, 1977; Blanchard & others, 1976). 

The Tumu River basalt initial composition has about twice the Ti, Zr, Nb, 

Hf (P
2

0
S

) contents of these 'primitive' depleted tholeiites, and has 

higher Ti/Y, Ti/Sc, Ti/V and Zr/Y ratios than most LREE-depleted MORB but 

comparable (i.e. close to chondritic) Ti/Zr, Zr/Hf, Ti0 2/P20
S

' and Zr/Nb 

ratios. LREE-enriched basalts are commonly strongly differentiated, some 

to. FeTi-rich basalts with high levels of LIL elements. However, not all 

LREE-enriched basalts are characterized by high levels of Ti, Zr, Hf etc. 

The relatively primitive slightly LREE-enriched leg 37-332 basalts (Bence 

& Taylor, 1977) have similar LaN/S~ ratios but much lower (about half) 
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abundances of Ti, Zr and Hf compared to.the Tumu River basalts. 

Abundances of Ti, Zr, Hf and P in the Tumu River basalts, 

therefore, most closely resemble the Icelandic tholeiites. REE and major 

element chemistry also suggests affinities with basalts from oceanic 

islands and aseismic ridges, which range to highly fractionated ferro-

basalts. 

Abundances in the source r egion 

Experimental studies of model mantle compositions (Green & 

Ringwood, 1967; Green, 1971; PARTS 3 & 4) indicate that olivine tholeiite 

liquids may be produced by large degrees, 20-30%, of partial melting 

leaving a harzburgite residue. Green & others (1979) also invoke large 

degrees, approximately 25%, of melting to leave an olivine, enstatite + 

spinel residue in an experimental study of DSDP basalt 3-18. 

During equilibrium melting of a mantle source the enrichment of 

a trace element in the melt relative to the original source concentration 

can be expressed by the partial melting equation; 

Cl 
Co = 1 

D + F(l-D) 

l,here D = bulk partition coefficient, Cl = concentration in melt, 

Co = concentration in source, and F = fraction of melt (Shaw, 1970). 

If the degree of partial melting and nature of the residue is specified 

source abundances can be calculated using appropriate partition coefficients. 

tthe partition coefficients of Frey & others, 1978 were used in the following 

calculation; see Appendix 1). 

For 20-30% melting leaving olivine (80%) and orthopyroxene (20%) 

as residual phases the model mantle source for the parent Tumu River 

basalt has LREE = 3.5 - 5.5 x chondrites, HREE, Y, Zr, Nb = 1.8 - 2.8 x, 

Hf = 2 - 4 x, Ti = 2 - 3 x, Sc = 2 - 2.5 x, V = 1 x, and P 0 = 2 - 3 x 
2 5 

chondrites (Table 1-25). These values are similar to those obtained by 

Frey & others (1978) for continental tholeiites from S.E. Australia and , 
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suggest that the source for the Tumu River basalts had not experienced a 

previous melting event, unlike the source regions for depleted tholeiites. 

The level of HREE (1.5 - 3 x chondrites) is in agreement Hith other con

clusions that the upper mantle has HREE abundances equal to 2 - 4 x 

chondrites (e.g. Gast, 1968; Kay & Gast, 1973; Frey & others, 1978). The 

LREE, at 3 - 5 x chondrites, are slightly enriched relative to HREE. The 

abundances of REE, and Nb, Hf, Zr, Y, Ti, and P205 etc. in the source 

region are therefore similar to abundances in the source regions for both 

oceanic island basalts and continental tholeiites. These data accord Hith 

the detailed integrated modelling of Frey & others (1978) Hho shoHed that 

the source for continental and oceanic island basalts has been enriched 

in the strongly incompatible elements (Ba, Sr, Th, U, LREE) at 6 - 9 x 

chondrites. This they infer to be the result of migration of a LIL 

element-enriched melt or fluid depleting some mantle regions and enriching 

others, an interpretation consistent Hith the concept of a chemically 

zoned upper mantle (Green, 1971; Green & Lieberman, 1976). 

5-5. Relationship Hith the cumulate peridotites and gabbros 

The spatial association of the field (although separated by 

thrust faults) suggests a genetic (cumulate - liquid) relationship betHeen 

the Tumu River basalt and the cumulate peridotites and gabbros. The 

petrologic and geochemical evidence hOHever militate against such a 

relationship, and provide evidence for a markedly different magma com

position from that Hhich gave rise to the cumulates. Evidence against a 

genetic relationship includes; 

1) lack of orthopyroxene phenocrysts in the lavas. The paragenetic 

sequence in the Tumu River basalts is 01 C+ Cr spinel), plag, 

plag + cpx,plag + cpx + Fe-Ti oxide Hhich contrasts sharply Hith 

that of the cumulates (Chapter 3). The parent magma composition 

inferred for the cumulate sequence is decidedly richer in normative 
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2) 

hypersthene, and poorer in normative diopside and olivine than the 

magma parental to the Tumu River basalts. 

the high abundances of Ti, Zr, Nb, Y, P and the LREE-enriched REE 

patterns of the Tumu River basalts. Evidence from the cumulates 

points to a parent magma strongly depleted in LREE and other 

incompatible elements (Chapter 4). 

3) the Ti-V relationship exhibited by the cumulates differs from that 

of the Tumu River basalts, which have markedly higher Ti contents 

for similar V contents (Fig. 1-38). This lack of correlation 

between the Tumu River basalts and the peridotites and gabbros is 

also borne out in other trace element plots. 
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It is therefore concluded that the Tumu River basalts bear no 

genetic relationship with the cumulate peridotite-gabbro massif. The 

present spatial association results from tectonic emplacement, and the 

basalts parental to the cumulates have been either removed by dismembering 

on emplacement and/or erosion following regional uplift in the late Neogene. 

5-6. Sediments 

The Tumu River basalts are overlain by finely bedded, red-brown 

radiolarian argillite, radiolarite, chert and mudstone. These sediments 

grade upwards into fine-grained, bedded, green-brown volcanolithic silt

stone and sandstone. Chemical analyses of 5 representative sediments are 

given in Table 1-26. 

The radiolarian argillite typically consists of fine quartz, 

feldspar, and replaced outlines of radiolaria tests in a fine-grained 

amorphous Fe-oxide rich matrix. Chemically the argillites are 

characterized by high Si0 2 and low CaD, MuD and Na20 (Table 1-26, 

analyses 1, 2) compared to the 'average deep sea clay' of Turekian & 

Wedepohl (1961). Abundances of Ni, Cu, Zn, Ba and REE are also 

considerably lower than Turekian & Wedepohl's (1961) average. These 

differences may be due to dilution by siliceous organisms. The Marum 
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TABLE 1-26. CHEHICAL ANALYSES OF MARUM SEDIMENTS 

1 2 3 4 5 6 7 

Si02 
69.10 64.67 87.34 61.44 61.20 54.0 73.0 

Ti02 
0.58 0.70 0.14 0.83 0.85 0.8 0 . 5 

A1
2

0
3 

14.31 15.91 4.09 15.74 15.84 16.2 9.5 

Fe 2
0

3 
5.30 7.57 0.37 2.80 3.44 

FeD 1.00 0.80 3.59 6.24 5.78 8.5 6.6 

NuO 0.24 0.05 0.05 0.65 0.56 0.9 1.4 

HgO 2.16 1. 66 3.32 3.69 3.25 3.5 2.7 

CaD 0.98 1.04 0.60 4.60 6.59 7.3 1.0 

Na2
0 2.54 4.47 0.05 3.10 1. 17 5.5 

'SO 3.64 3.01 0.07 0.67 1. 11 3.0 1.5 

P20
5 

0.16 O. 12 0.37 0.23 0.21 0.3 

(H
2

O+) (3.67) (2.94) (2.53) (4.44 (11.14) 

Trace elements 

So 21 22 4 26 24 19 
V 114 147 40 136 128 120 98 
Cr 68 71 180 35 27 90 38 
Ni 49 45 12 13 11 225 71 
Cu 33 64 9 86 78 250 142 
Zn 103 111 67 130 118 165 222 
Ba 230 250 <10 590 1060 2300 80 
Rb 95 99 3.2 11 28.5 110 
Sr 91 14 1 31.5 885 3490 180 217 
Y 33 32 13 34 31 90 
Zr 140 154 27 132 129 150 56 
Nb 6 7 2 2 2 14 
La 24 32 8 18 16 115 
Ce 46 75 17 46 38 345 
Nd 25 30 8 22 17 140 
Pb 17 17 17 16 80 53 

1. Radiolarian argillite, 544 
2. Radiolarian argillite, 512 
3. Chert, 469 
4. Volcano lithic siltstone, 527 
5. Volcanolithic siltstone, 528 
6. Average deep sea clay, normalized to 100% (Turekian & Wedepohl, 1961) 
7. Average of 15 radiolarian mudstones and radiolarites (Robertson & 

Hudson, 1973) 
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ar gillites are similar in composition to radiolarian mudstone and radio-

larite from the Troodos ophiolite (Robertson & Hudson, 1973) apart from 

A1
2

0
3 

and HnD ~;,rhich are higher and markedly Im .. er respectively in the 

Marum sediment s . 

The argilli te grades upt ... ards into fine to medium gra ined 

vol canol i t hic sil tstone and sands tone containing angular plagioclase, 

pyroxene and quartz detritus in a highly chloritized matrix. Compared 

to t he argillites the volcanolith ic sediments have ap preciably higher 

MgO , CaD, FeD and Im"er 5 i0
2 

content s (Table 1-2 6 anal ys es 3, 4). reflect

ing the detrital vol canic component. Ba and Sr contents are markedly 

higher, and Ni and cr cont en ts lower, in the volcanol i t h ic sediments t han 

the argillites. The abundance of volcanic detritus i n the upper part of 

the sedimentary sequenc e indicates contemporaneous vol canism in t he ?mid 

to late Eocene. This age is consistent t"ith th e commencement of 

vol canism in the island-arc to the north and nort heast o f the ophio lit e 

(Jaques & Ro binson, 197 7; App endix 3; se e Chapter 6). 

5-7. Te c t onic i mplica tions 

The LIL element - enriched chemis try of the Tumu River basalts 

differ s markedly fro m that of basalts in t he Papuan (PART 2), Troodos, 

Pindos and other ophiol it es which are commonly charact er ized b y LREE 

deplet ion and 1m" abundances of LIL element s similar to MORB ( e. g. 

Montigny & others, 1973 ; Kay & Senechal, 1975 ; Smewing & others, 1975; 

Smewing & Potts, 197 6 ; Menzies & others, 1977) . However, basalts with 

sli gh t LREE-enrichment similar to the Tumu River basal t s occ ur in the 

Sarmiento ophiolite (Saunders & others, 19 79) , and in t he Smartville 

(Menzies & Blanchard , 1977) and Betts Cove o ph iolites (G.A. Jenner, pers . 

comm. 1977) where they overlie LREE-depleted tholeiites . Basalts from 

the Chilean ophiolites which are believed to have formed in an ensiali c 

marginal basin (Saunders & others, 1979) share many of the chemic al features 
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of the Tumu River basalts (such as high Ti, Zr, Nb, etc.) but have 

slightly higher abundances of Ba and Rb, and higher LaN/S~ ratios and 

IOHer K/Rb ratios, than the Tumu River basalts. 

L1L element - enriched tholeiites occurring in the ocean basins 

are commonly interpreted as the result of mantle 'plumes' or 'hot spots' 

(e.g. Schilling, 1973, 1975). However, as noted by Bryan & others (1976), 

LREE-enriched basalts occur in areas where there is no evidence of 

structural, bathymetric or geophysical anomalies associated with a 'plume'. 

Horeover, basalts with LREE-enrichment similar to the Tumu River basalts 

have also been described from marginal basins (Gill, 1976; Tarney & others, 

1977; Heaver & others, 1979; Saunders & Tarney, 1979). Although marginal 

basin basalts sampled to date embrace the spectrum of compositions 

established for MORB, most are characterized by higher abundances of L1L 

elements than common MORB. Basalts erupted immediately behind an active 

island-arc commonly have features transitional with island-arc volcanics. 

Basalts with transitional LREE-enrichment do not therefore appear 

to be characteristic of any particular geologic setting in the ocean. 

Rather, it seems that although different levels of abundance and 

different degrees of enrichment of L1L-elements in olivine tholeiite 

basalts may in some cases arise by the process of dynamic melting as out

lined by Langmuir & others (1977), and by variations in the degree of 

partial melting, the most important factor is mantle heterogeneity. 

Basalts in various tectonic environments may tap different .source regions 

in a chemically zoned upper mantle (Green, 1971). Apparent geochemical

tectonic correlations (e.g. Pearce & Cann, 1971, 1973) may be a con

sequence of such a vertically zoned upper mantle: pre-rifting basalts 

may tap a shallow, enriched source while basalts associated with deep 

rifting tap a deeper, depleted source region (Green, 1971; Green & Lieberman, 

1976). Olivine tholeiite basalts erupted in marginal basins with a long 

history of extension and well-removed from a volcanic arc and any 
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influence of subducting lithosphere may be expected to show depleted 

source characteristics. Marginal basin basalts erupted close to an active 

volcanic arc show chemical features suggesting addition of L1L element -

enriched fluids derived from the dehydrating, subducting lithosphere. 

The Tumu River basalt volcanism therefore cannot, on the basis 

of geochemistry alone, be confidently ascribed to any particular tectonic 

setting within the ocean basin (such as anomalous ridge segment, fracture 

zone or marginal sea) which the regional geology suggests lay to the north 

of the Australian continent in Cretaceous to earliest Tertiary times. 

Sediments overlying the Tumu River basalts are consistent with a deep 

,.ater origin but pass upwards into volcanolithic sediments indicating 

contemporaneous volcanism in the ?mid to late Eocene. The relatively 

short time span between formation of the Tumu River basalts and their 

emplacement as an allochthonous wedge would seem more consistent with a 

marginal basin origin (see Chapter 6). 
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'CHAPTER 6 

ORIGIN OF THE HARUM OPHIOLITE COMPLEX 

6-1. Tectonic framework 

The present disposition of the Marum ophiolite as allochthonous 

thrust sheets at the deformed outer margin of the continental mass dipping 

northwards tm,rards (and possibly underlying) the Tertiary island-arc rocks 

of the north coast ranges provides compelling evidence that the ophiolite 

,vas emplaced as the result of continent-arc collision. Details of the 

collision event and the subsequent tectonic evolution of northern Papua 

Net,,- Guinea are described by Jaques & Robinson (1977) (Appendix 3). 

The northern coastal ranges form part of the outer Melanesian 

Arc (Robinson, 1973) which is generally regarded as having formed an 

extended, fractured island-arc system in response to early Tertiary inter

action between the northward-moving Australian and westward-moving Pacific 

plates. The simplest interpretation of the early Tertiary tectonic history 

of northern Papua New Guinea is that the Paleogene arc formed by sub

duction of the leading edge of the Australian plate beneath the Pacific 

plate. This interpretation requires that the Marum ophiolite represents a 

segment of Pacific ocean floor, since the geology indicates that the 

ophiolite has been thrust from the fore-arc region over the collision zone. 

In this model the age of the Marum complex would be expected to be as oZd, 

or oZder than, the adjacent segment of Pacific plate. The map of Heezen & 

Fornari (1975) shows that the oldest part of the Pacific plate lies in the 

~Jestern Pacific, and that the sea-floor to the north and east of New Ireland 

and Bougainville is of early Cretaceous age. The somewhat equivocal age 

data available for the Marum ophiolite suggests that the ophiolite might 

be younger than this. 
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Examination of the late Mesozoic-early Tertiary geology in 

both the North Sepik region to the northwest and of the orogenic belt to 

the southwest of the ophiolite suggests that the tectonic history of 

northern Papua New Guinea may be more complex than previously supposed. 

Regional mapping of the North Sepik region has revealed the existence of 

Cretaceous volcanics and co-magmatic intrusives of island-arc affinities 

in addition to a Paleogene island-arc sequence like that of the Adelbert 

and Finisterre Ranges further east (Hutchison, 1975). An additional comp

licating factor is the occurrence of granitoids of Permian age in the 

North Sepik region near the Irian Jaya border (Hutchison, 1975). Cretaceous 

andesitic rocks also occur in the Bismarck and Schrader Ranges to the south 

and west of the Marum ophiolite, and appear to have been erupted in a 

volcanic arc peripheral to the continental margin which shed volcanic 

detritus to the Cretaceous-Eocene sediments of the central orogenic belt 

(Brown & others, in press). The Cretaceous volcanics are of island-arc 

affinity and thus imply the existence of an arc-trench system at the 

continental margin in the late Mesozoic. Jaques & Robinson (1977) pointed 

out that changes in the style and type of sedimentation at the continental 

margin implied evolution from a convergent-type margin in the early or 

middle Cretaceous to a divergent-type in the late Mesozoic-early Tertiary, 

which was then followed by plate convergence again in the late Eocene

Oligocene. 

The rapid changes in tectonic style at the continental margin, 

repetition of arc-trench type magmatism during the late Mesozoic-earliest 

Tertiary and the apparently short time span between formation of the 

ophiolite, its association with arc-trench type magmatism, and subsequent 

emplacement argue for a tectonic history more complex than simple sub

duction of the leading edge of the Australian plate in the Paleogene. Some 

of the apparent discrepancies outlined above can be more readily reconciled 

by models in which formation of the Marum ophiolite is ascribed to a 
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marginal basin peripheral to the continental margin. Such an inter-

. . . general accord \<lith the present tectonic regime in the pretat~on ~s ln 

\<Iestern Pacific \<Ihere the continental margin is bordered by Tertiary 

marginal basins and fringing arcs. 

6-2. A marginal basin model 

Cretaceous andesitic magmatism at the northern margin of 

the orogenic belt seems likely to be related to a period of south\<lard 

underthrusting beneath the continental margin (Johnson & others, 1979). 

Hutchison (1975), on the other hand, suggested that the Cretaceous 

magmatism in the North Sepik region might be related to north\<lard or 

northeastl'lard subduction. An alternative interpretation is that the 

Cretaceous igneous rocks of both the North Sepik region and of the orogenic 

belt formed in a continuous, or at least contiguous, magmatic arc at the 

continental margin ",hich subsequently evolved to form frontal (North 

Sepik) and remnant (orogenic belt) arcs by formation of an inter-arc 

basin. Hith continued extension the inter-arc basin evolved into a 

marginal sea. In this model, similar to that proposed by BrOIDl & others 

(in press), the Permian granitoids comprise a rifted segment of the 

continental margin separated from the continent by younger oceanic crust, 

represented by the ophiolite belt. Volcanism and marginal basin extension 

ceased in the early Tertiary, and north\<lard movement of the Australian 

plate in the Eocene resulted in formation of a north\<lard or northeast\<lard-

dipping subduction zone and the Paleogene volcanic arc nO\<l exposed in the 

northern coastal ranges. Continued subduction resulted in closure of the 

marginal basin, and collision bet\<leen the continent (and remnant arc) and 

the Paleogene volcanic arc in the late Oligocene-early Miocene. 

hlhile this interpretation is broadly consistent \<lith the 

knOl>il geology uncertainties remain. The model requires that the ophiolites 

be not older than the age of the volcanism in the associated arc i.e. late 
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Cretaceous. It also predicts the existence of a Cretaceous volcanic arc 

assemblage beneath the Tertiary arc sequence of the northern coastal ranges, 

i.e. that the Tertiary (Paleogene) arc be superimposed on an older arc, as 

is apparently the case in the North Sepik region (Hutchison, 1975). No evi

dence for an older arc has been found in the Adelbert-Finisterre-Huon region, 

although it is conceivable that this might be due to lack of exposure since 

uplift is younger in the east than the west and the level of erosion corres

pondingly less. Alternatively, the Cretaceous arc, if once present, might 

have been displaced westward by early Tertiary sinistral transcurrent faulting. 

Petrological evidence from the ophiolite does not discriminate 

between a marginal basin and a mid-ocean ridge origin. The geochemistry of 

the Tumu River basalts is equally consistent with an origin in a marginal 

basin behind an arc fringing the continental margin as with an origin in a 

LREE-enriched segment of a major ocean basin. On the other hand, the 

cumulate peridotites and gabbros are genetically unrelated to the Tumu River 

basalts and formed from mafic lavas more strongly depleted in LIL and 

associated elements than common MORB. This implies that, if the ophiolite 

formed in a marginal basin, spreading was sufficiently extensive for deep 

rifting and tapping of depleted mantle sources free from the influence of 

sialic crust or dehydrating, underthrust lithosphere. 

The most important factor in discriminating between a marginal 

basin and a mid-ocean ridge origin for the Marum ophiolite seems to be the 

age of formation of the ophiolite. If the ophiolite is of Jurassic or early 

Cretaceous age (as suggested by K-Ar dating of the cumulates) an origin as a 

trapped segment of Pacific plate seems likely. On the other hand, if the 

age of formation of the ophiolite ranges into the earliest Tertiary, as 

suggested by the K-Ar date obtained from the granophyric diorite, a marginal 

basin origin is more plausible. Discrimination between the two models 

clearly requires more accurate dating of the ophiolite. 
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SUMMARY 

The Papuan Ultramafic Belt is a classic ophiolite suite in south-

east mainland Papua New Guinea which is believed to have been emplaced when 

sialic crust of the Australian continent choked a northeastward-dipping 

subduction zone in the early to middle Tertiary. 

Petrologic and geochemical data obtained for the tectonite 

peridotites at the base of the ophiolite show that these rocks have 

extremely refractory, uniform mineralogy (consisting mainly of olivine 

Mg92- 94 , enstatite Mg
93

- 94 and chrome-rich spinel, CrlCr + AI> 0.9), and 

are exceptionally depleted in lithophile elements. These features, together 

with the marked plastic deformation, are consistent with an origin as 

depleted upper mantle, residual after extensive degrees of partial melting 

at low pressure. 

The tectonite peridotites are overlain by a thick sequence of 

layered ultramafic and mafic cumulates containing olivine, or.thopyroxene, 

clinopyroxene and plagioclase as the major cumulus phases. Early cumulates 

are characterized by highly magnesian olivine Mg
90

, orthopyroxene Mg
90 

and 

calcic plagioclase An
86

, and exhibit cryptic variation towards more iron

rich and sodic compositions. Abundances of LIL elements in the cumulates 

are extremely low, which, together with the nature of the cumulate phases, 

points to a magnesian olivine-poor tholeiite or magnesian quartz tholeiite 

parent magma(s) strongly depleted in LIL elements and high valence cations. 

Highly fractionated iron-rich examples of this parent magma type are 

represented by the LREE-depleted lavas in the overlying basalt sequence 

which, although resembling the most depleted MORB in terms of their very 

low abundances of LIL elements have higher abundances of transition metals 

and lower abundances of T<, HREE and other h<gh I t' d ~ ~ va ence ca ~ons compare 

to common MORB of similar Mg/(Mg + EFe) ratio. Also present are LREE-

enriched rocks whose relationship with the LREE-depleted cumulates and 
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basalts is not clear. The exis·tence of these rocks, together with differences 

in stratigraphy of various cumulate sections in the ophiolite and the 

irregular variation in plagioclase compositions points to the existence 

of several stratiform sequences associated with compositionally distinct 

parent magmas. 

Eocene tonalites intruding the PUB are genetically unrelated to 

the ophiolites. These rocks appear to be related by crystal fractionation 

to the Ti-poor high-Mg andesites of Cape Vogel, and similar andesites and 

dacites at the northern end of the PUB. This suite is considered to 

represent the early stages of island-arc magmatism associated with a north

eastward-dipping subduction zone in the early Eocene immediately prior to 

emplacement of the PUB. The high-Mg andesite parent magmas are believed to 

result from water-saturated melting of highly refractory peridotite due to 

dehydration of the underlying, downgoing lithospheric slab, and subsequently 

underwent extensive fractionation of olivine and pyroxene at shallow depth. 
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CHAPTER 1 

GEOLOGY 

1-1. Introduction 

The Papuan Ultramafic Belt is a classic ophiolite complex which 

extends in a 400 km long belt along the northern side of the Owen Stanley 

o 
Range in southeast mainland Papua New Guinea between 7 and 10 S, and 147 

and 149 0 E (Fig. 2-1). Davies (1971) has shown that the ophiolite comprises 

a simple layered sequence consisting of an ultramafic zone (4-8 km thick) 

overlain by gabbro (4 km) and basalt (4 km) layers which dip at angles of 

10 to 400 in a general northeasterly direction towards the coast. Davies 

(1977) and Davies & Smith (1971) have proposed that the Papuan Ultramafic 

Belt (PUB) represents an overthrust slab of Jurassic-Cretaceous oceanic 

crust and mantle which was emplaced as a result of a continent/island-

arc collision. This collision is believed to have occurred when sialic 

crust carried by the northward-moving Australian lithospheric plate 

encountered a southwest-facing arc-trench system in the Eocene (or, 

possibly, Oligocene: see later). 

While the notion of the PUB as an overthrust slab of crust of 

oceanic affinity seems clearly established and, indeed, geophysical 

surveys indicate that the layers of the ophiolite are continuous north-

eastwards with the crust and upper mantle layers of the Solomon Sea 

(Finlayson & others, 1976, 1977), doubt has been expressed as to whether 

the PUB actually represents a segment of oceanic crust generated at a 

mid-ocean ridge. Karig (1972), Hilsom (1973) and Finlayson & others 

(1977) have all suggested that the PUB may have formed in a marginal 

basin rather than at a mid-ocean ridge spreading centre. 

This study presents new petrologic and geochemical data 

(including trace elements and 87sr /86 sr ratios) on a suite of representative 

rock samples collected in collaboration with H.L. Davies (GSPNG) in 

November 1975 in an attempt to further elucidate the nature and origin of 



one of the largest and best preserved ophiolites in the world 

(cf. Coleman, 1977). 

1-2. Geology 
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Present knowledge of the geology of the Papuan Ultramafic Belt 

is based on the updated account given by Davies (1977). The geological 

map of the region presented in Figure 2-1, based on the revised map of 

Davies (1977), shows the distribution of the peridotite, gabbro and basalt 

layers. Details of the geology of eastern Papua are given in Davies & 

Smith (1971) and Smith & Davies (1976), and the various explanatory notes 

accompanying 1:250 000 scale maps of the region. 

Rocks of the ultramafic zone are of two types: 1) tectonite 

peridotite, mostly harzburgite with minor dunite and orthopyroxenite, 

with a marked metamorphic fabric, and 2) layered peridotite with cumulus 

texture (Davies, 1971: England & Davies, 1973). England & Davies (1973) 

showed that the tectonite peridotites are of extremely refractory and 

uniform composition, consisting almost entirely of forsteritic olivine, 

enstatite and chrome spinel. According to Davies (1971, 1977) the 

cumulate ultramafics form only a small component of the ultramafic mass 

and contain cumulus olivine, orthopyroxene, clinopyroxene and chrome spinel 

with minor postcumulus plagioclase. 

The cumulate peridotites pass upwards into a thick (4 km) 

sequence of cumulate gabbro with olivine, orthopyroxene, clinopyroxene 

and plagioclase as the major cumulus phases (Davies, 1971) •. The cumulus

textured gabbro is overlain by granoblastic-textured gabbro containing 

calcic plagioclase and pyroxenes which passes upwards into ophitic

textured micro gabbro with an overall thickness of about 1 km. Ophitic

textured gabbro is overlain by the basalt layer which consists of basaltic 

lavas and pillow lavas some 4 km thick. A sheeted dyke complex is 

developed between the ophitic gabbros and the basalt in places (Davies, 

1977). 
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The upper part of the ophiolite is intruded by high level 

tonalitic stocks of Eocene age (Davies, 1971; Davies & Smith, 1971), 

and Eocene andesite and dacites (largely pyroclastic) unconformably 

overlie the basalt at the northern end of the ophiolite. Farther south 

the ophiolite is overlain by Neogene volcanics and sediments. 

The ophiolite is bounded to the west by the Owen Stanley Fault 

which separates the ophiolitic rocks from metamorphosed pelitic sediments 

of mainly Cretaceous age (Owen Stanley Metamorphics, Pieters, 1978) in 

the north, and metamorphosed submarine basalt of Cretaceous to Eocene 

age in the southeast (Smith & Davies, 1976). Slices of granulite and 

amphibolite facies metamorphics occur in places immediately above the 

bounding fault, whereas underlying metamorphic rocks are of blueschist 

or greenschist facies (Davies, 1977; Pieters, 1978). 

The age of formation of the Papuan Ultramafic Belt is believed 

to be (?) Jurassic to Cretaceous. Evidence for this age is based on the 

occurrence of Maestrichtian planktonic foraminifera in marls intercalated 

in basalt near the basal thrust, and K-Ar ages of 117 m.y. obtained on a 

pyroxene from a basalt, and 147-150 m.y. from gabbros (Davies & Smith, 

1971; Davies, 1977). However, in view of the very low K contents of the 

gabbros, and the fact that dating of similar gabbros from the Marum 

ophiolite showed that the apparent age determined depended on the K 

content of the sample (PART 1 Chapter 1), the Jurassic ages must be 

regarded as maximum ages and are open to question. 

The age of emplacement is thought to be Eocene (Davies, 1977), 

based on K-Ar ages of 52-42 m.y. obtained from hornblende in granulites 

(Davies, 1977). However, if the metamorphism and deformation of the 

Cretaceous to Eocene strata of the Papuan mainland are directly related 

to emplacement of the ophiolite as is generally supposed, emplacement 

may have occurred later than this, possibly late Eocene or Oligocene 

(Pieters, 1978). 
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2-1. Tectonite Peridotites (Samples 714, 715, 716, 720, 718, 722, 725) 

Textures 

The harzburgites have been plastically deformed and have a marked 

tectonite fabric. Most have a porphyroclastic texture characterized by 

porphyroclasts (augen) of enstatite up to 1 em long in a matrix of xeno

blastic olivine and accessory, subhedral chrome spinel (Fig. 2-2A, B). 

Olivine grains have marked undulatory extinction, kink-bands and deformation 

lamellaej many of the larger xenoblastic grains have recrystallized along 

kink-band boundaries to form subgrains whose grain boundaries form triple 

junctions. Smaller strain-free neoblasts occur at the granulated margins of 

enstatite porphyroclasts. Enstatite porphyroclasts have a marked foliation 

parallel to (010) or (100) directions with numerous kink-bands and pro

nounced undulatory extinction. Kink-band boundaries are typically at right 

angles to the foliation. Many of the enstatite porphyroclasts have been 

disrupted and dismembered into strips along (010) or (100) planes (Fi'g.2-2C,D) 

similar to those described by Nicolas & others (1971), and contain elongate 

olivine inclusions or 1 stringers 1 (Fig. 2-2B). Chrome spinel grains show 

both cuspate and sub-to euhedral forms. Compared to the Marum harzburgites 

the PUB tectonites are appreciably more deformed. Grain size comparisons 

suggest deformation pressures significantly greater than for the Marum 

peridotites. 

The enstatite-rich pyroxenite dykes consist of xenomorphic 

granular to xenoblastic pyroxene with interstitial olivine and accessory, 

tiny euhedra of chrome spinel enclosed in pyroxene. The enstatite 

typically shows marked undulatory extinction and kink-banding. Some 

enstatites show spectacular flexures (marked by (010) or (100) cleavage) 

l.-.ith numerous closely spaced kink-bands at right angles to the slip plane, 



Fig. 2-2. Textures in tectonite peridotites from the PUB. 

A. Porphyroclastic harzburgite (725) showing deformed augen of enstatite (OPX) 

iq matrix of recrystallized olivine. Note strong kink-banding in enstatite 

porphyroclast with kink-band boundaries oriented perpendicular to the 

foliation. Cross polarizers, x 12. 

B. Porphyroclastic harzburgite (720) with strongly deformed augen of enstatite 

(OPX) in process of being dismembered. Note1stringers l of olivine. 

Crossed polarizers, x 12. 

C. Porphyroclastic harzburgite (725) with dismembered strips of enstatite (OPX) 

surrounded by olivine. Crossed polarizers, x 12. 

D. Porphyroclastic harzburgite (720) with dismembered strips of enstatite in 

matrix of recrystallized olivine (OL) and euhedral chrome spinel (SP). 

Note olivine inclusions in chrome spinel. Crossed polarizers, x 12. 

E. Spectacular flexuring (simple shear) and kink-banding of enstatite in 

enstatolite dyke (718). Small dark euhedra are chrome spinel. 

Crossed polarizers, x 15. 

F. Similar to E. Cross polarizers, x 15. 
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commonly with a mylonitised zone at the kink-band boundaries (Fig.2-2E,F) 

Such textures are indicative of solid state deformation and probably 

result from intracrystalline glide (Nicolas & others, 1971). 

Although the fabrics of the harzburgites indicate extensive 

plastic deformation relics of a pre-existing fabric are preserved in the 

form of curvilinear and interlocking cuspate grain-boundaries. The effect 

of plastic deformation has been a reduction in grainsize and development 

of subgrains with straight grain-boundaries which intersect at triple 

junctions. The relic curvilinear grain-boundaries and the inferred very 

large grainsize of the former xenoblasts (up to 8-10 mm) are interpreted 

to indicate a former protogranular texture, which has subsequently been 

plastically deformed to yield porphyroclastic textures. 

Mineralogy 

Quantitative analyses were obtained by TPD electron microprobe 

by energy dispersive analysis following the method of Reed & Ware (1973, 

1975) (See Appendix 1). 

Olivine. The tectonites are characterised by extremely magnesian olivine 

(Table 2-1). Coarse-grained, xenoblastic olivines are of restricted 

composition - Mg 92 to Mg 93 •4 - and lie in the range of compositions found 

by England & Davies (1973), Mg91.6-93.6. Recrystallised sub grains and 

neoblasts adjacent to chrome spinel are more magnesian (up to Mg
94

•
4

) re

flecting the effects of Fe-Mg partitioning between olivine and spinel with 

falling temperature (Irvine, 1965, 1967; Roeder & others, 1979). NiO 

contents are comparatively high, consistent with the highly magnesian 

character of the olivine. Analyses by wavelength-dispersive probe gave 

higher NiO contents than those obtained by energy-dispersive probe 

(0.19-0.33%), and are comparable with NiO values (0.4%) obtained by 

England & Davies (1973). Cr203 , MnO and CaO were not detected. 

The highly magnesian olivine compositions of the tectonites 

are more magnesian than olivine from tectonite harzburgite in other 



TABLE 2 -1. REPRESENTATIVE OLIV INE A~IA('YSES FROM PUB TECTO NITE PERIDOTITES 

72 5 71 6 72 0 715 714 

" 0, 41.1 9 41.42 41.5 7 41. 49 41.13 41.57 41. 58 41.5 7 41. 30 41. 55 

F,O 6. 60 6.25 6. 63 5. 99 7. 02 5.54 7.16 5. B7 7. 73 6 . 19 

N," 0.19 0. 33 0. 22 0. 20 0. 26 0. 26 0. 19 0. 21 0.2 7 0. 21 

"'" <0. 09 <0. 09 <0. 09 <0. 09 <0. 09 <0. 09 <0. 09 <0. 09 <0. 09 <0. 09 

"cO 51.55 51. 77 51. 94 52. 31 51. 12 52. 22 51. 57 52.27 50. 78 52.19 

Total 99.53 99. 77 100.36 99. 99 99.53 99.59 100. 50 100. 00 100. 08 100.13 

Cations pe l: 4 oxygens 

5i 0.999 1. 00 1 1. 000 0. 999 1. 000 1. 003 1. 00 1 1. 00 1 1. 00 1 1. 000 

F, 0.134 0.12 6 0. 133 0.121 0.1 43 0. Il2 0.144 0.11 8 0.157 0.1 24 

Ni 0, 004 O. ')06 0. 004 0. 004 0. 005 0. 005 0. 004 0. 004 0. 005 0. 004 

". 
Ng 1. 864 1. 865 1. 862 1. 877 1. 852 1. 877 1. 850 1. 876 1. 835 1. 872 

Total 3. 00 1 2. 999 3. 000 3. 00 1 3. 000 2. 997 2. 999 2. 999 2.999 3.000 

lOOMgl (~!g+Fe) 93.4 93.7 93. 3 94. 0 92. 8 94. 4 92. 8 94.1 92.1 93. 8 

IH ppm 289 0 2740 2590 

Super s cript s I, 2. 3 i ndicate rim compositions of ol ivine 

su"bi; rains ad j acent to ch"oille spinel rims ("t able 2- 3) ';Iich same super scrip t. Ni ana l ys es 

in p;lm by ... avelength d isp"!:rs ive proae . 



TA BLE 2-2, REPRESENTATIVE ANALYSES OF ORTHOPYROXENE FROH TECTONITE PERIDOTITES 

Harz;burgite Enstatolite 

125 725'" '" 711, '" 720 715 714 718 

S10
Z 

58, &8 58,40 58,48 58,08 58,51 5!l.&& 58.84 57.&9 

AlZO) <0.09 <0.09 <0.09 <0.09 <0.09 <0.09 <0 .09 <0.09 

crZO) 0.08 0,23 <0.08 0.13 0 .09 <0.rl8 <0.08 <0.08 

r,o 4.31 4.34 4.47 4.4Z 4.50 4.35 4.81 7. Z5 

"00 <0.09 <0.09 <0.09 <0.09 <0.09 <0.09 <0.09 <0.09 

",0 3&.87 3&. &5 3&.85 3&.81 3&.&0 37. 18 3&.51 34.40 

c,o 0. 15 0.08 <0.07 <0.07 0.08 <0.07 <0.07 0. 14 

Total 100.09 99.70 99 . 80 99.44 99.78 100.19 99.8& 99 . 48 

Cat ions per & oxygens 

51 1. 999 1.998 1.'.198 1.992 2.000 1. 99& 2.001 2.002 

Al 

C, 0.002 0.00& 0.,003 0.002 

" 0,123 0. 124 0.128 0.12& 0.129 0.124 0.138 0.210 

"0 

", 1. 871 1. 8&8 1. 87& 1. 883 1.8&5 1.885 1.8&0 1. 780 

C. 0.005 0.003 0.003 0.005 

Total 4.000 3.99 9 4.002 4.004 3.999 4 . 004 3.9 99 3.998 

100HgI (Hg+re) 93.8 93.8 93.& 93.7 93.5 93 . 8 93. I 89.4 

'" inclusion in chrome spinel 
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ophiolites such as ~Iarum (Table' 1-1), Troodos (Nenzies & Allen, 1974), 

Voudnos (Jackson Eo others, 1975), Bny of Islands (Irvine & Findlay, 1972; 

Nalpas, 1978), and from harzburgite-subtype alpine peridotites (e.g. Loney 

& oth"rs, 1971; Himmelberg & Loney, 1973; Dick, 1977). 

Ortho pvro:.:cnc . Representative analyses of or thopyroxene are presen ted in 

T"b.le Z-2. The orthopyroxenes are highly magnesian, and extremely low in 

CaO ~md R
Z

0
3 

content, being essentially enstatlte-ferrosilite solid 

solutIons. ,U though of similar Ng-value, orthopyroxenes analysed by 

EnGland & Davies (1973) have significantly higher CaO and A1
2

0
3 

contents 

(up to 1.5%) than those reported here. The restricted range of compositions 

exhibited by the tectonite orthopyroxenes is shmm in Figure 2-4 . 

Compared to orthopyroxenes from alpine peridotites and other 

ophiolites, the PUB orthopyroxenes are decidedly more magnesian and poorer 

j.n CaO and R
2

0
3

, and plot at the AI-poor extremity of the A1
2

0
3 

versus 

Ng trend (Fig. 1-5). 

Chrome spinel . Chrome spinels from the harzburgites are extremely chrome

rich containing 66-69% Cr20
3 

Hith Cr/(Cr+Al) ratios,:: 0.9. Both Ti02 and 

calculated Fe20
3 

contents are very low. Spinels from harzburgite 714 

are noticeably more aluminous than spinels from the other harzburgites 

Hhich are of uniform composition and show only very small variations in 

Cr-Al and Ng-Fe
2

+ (Fig. 2-3). Small differences exist between cores and 

rims in many spinel grains: rims commonly have lower Mg/(Mg+Fe2+), and 

slightly higher Al and Fe
3

+ than the cores. Spinel from the- enstatO.lite 

dyke is significantly more iron rich than the harzburgite spinels, and 

has markedly higher Fe3+ 

The chrome-spinels in the harzburgites are decidedly more chrome

rich than spinel in the overlying cumulates (Table 2-3), and are also more 

chrome-rich than spinel in alpine peridotite and harzburgite from other 

ophiolites (e.g. Himmelberg & Loney, 1973; Dick, 1977; Menzies, 1975; 

Rodgers, 1973; Nalpas & Strong, 1975). 
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IL:o nou,gitc 

n 62 no 720) 

.1). 07 <0.1)7 <0 .0 7 <0 .0 7 <0.07 , 0.07 <0 07 <0.0 7 <0 .07 <0.07 

~. 74 2,64 2.60 Z.61 Z.&2 2. 64 2. 60 76 5 .47 S.07 

68. 22 68. 03 66 06 66 .52 66.61 68.72 68. 70 6 623 66 .08 6675 

0. ~6 1. 82 1. 35 1. 44 1.'51.36 40 1.370 95 04 4 

17. 77 18.08 t7 71 16.26 17.16 16.0Z 18 .10 1673 16 90 1668 

0,5 .; 0.5 8 0 .43 0.41 0.66 1).72 0. 57 5] 0 56 0 33 

9.1 4 9.08 9 .24 9 .0 9 9.~6 9.10 . IZ ]} 10 .14 .16 

'0 .07 <1).0 7 <0.07 <0 .0 7 <0.07 <1).07 <0. 07 <007 <0 .07 <0.07 

99.37 100.n 99 .39 100. 33 100.39 100.58 100. 49 100.35 100. 10 100.43 

liZ 0.106 0 .106 0. 10'; 0.106 1).106 0 .1)15 0.112 0 .127 0.2tl 3 

863 647 859 1.8 57 1.8S6 1.858 1. 859 853 1. 759 1.76 6 

OZ5 1)47 0 03S 0.0 37 0.036 1).036 0 .036 035 0, 024 0.0 1l 

S13 5 19 0 511 0 .5 24 O.S03 0.Sl5 0, 518 0 .5}8 0 .476 0.5 29 

016 0,0 11 0 013 0 .0 12 0.01 9 1) . 021 0. 1)17 0.0 15 0 .016 0 .00 9 

471 0.464 0 1, 76 0 .464 0.4 72 0. 464 0. 465 0.4 47 0 .508 0 . 4 62 

IlXtfl>/ tHgtf e z+) 47. 8 47.2 48 .2 47.0 48.2 47.4 4 7 .3 45.4 SI. 6 46.6 

(CN,u ... rcR') 0. 932 0.92 4 0 .930 0 .n9 0.928 0 . 929 0. 930 0.926 0 .680 0 .893 

(Cr+Al+r. .... ) 0. 056 0.053 0 ,053 0 .0 53 0 . 05 3 0. OS 3 0. 052 0.0% 0 .109 0.101 

0. 012 0.024 0 .01 8 0 .0 19 0.019 0.018 0. 018 D.0 18 0 .012 0 .005 

0. 943 0.946 0 .94 6 0 . 9.6 0.9H 0 . 946 0. 947 0.9 .} 0 .690 0.898 

rotal L,on d .tu .. l""d as f c O; 

Su~ers~ri~ts 1, 2 u c r eh: to 

h Z0 3 ~ ~loulatcd ~S5Wli.oe idoa.! RZ+0 .R~03 spind [ ,, ~ .... h. 

~ocxisHn e ollvin •• uberaln. ( laMe 2-1) 

En "atol1 te 

no 

0. 12 

" 61. II 

0-

23 96 

0. 64 

5 .26 

<0 07 

100 41 

0, 003 

0. 136 

I. 701 

0. 160 

o 705 

0 .019 

0. 276 

28. I 

0. 852 

0 .068 

0 .080 

0. 9Z6 

LbenoliU , 

0. 20 

11,69 

55. 13 

1 . 67 

ZO .07 

lO .0 9 

9.0 3 

<0.07 

99.99 

0 .0 05 

0 .463 

1.441 

o 0 91 

O. 5~5 

0 .445 

44. 5 

0 . 722 

0 .232 

0 .046 

0 . 757 
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Fig. 2-3. Variation in composition of spinel from PUB tectonite peridotites. 

Circles = harzburgites, square = enstatolite dykes. 

~-----------; Ca Fe 

M9 L-~~~~~--------------------~Fe 
r ---.il-,-,I :I='=1"--,...L-,-___ • PI A/775 

Mg Fe 
90 80 70 60 

Fig. 2-4. Pyroxene quadrilateral showing compositions of co-existing 

olivines and pyroxenes from tectonites (hatched) and cumulate 

peridotites and gabbros (dots). Bars indicate range of 

cumulus compositions found by England & Davies (1973). 

Squares = hornblende granulite. 
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Ol i vine-spi nel equi libria 

The markedly higher Mg/(Mg+Fe) ratio of olivine subgrains 

adjacent to spinel and the higher Fe 2+ of spinel rims is consistent with 

re-equilibration of Mg and Fe 2+ between olivine and spinel with falling 

temperature (Irvine, 1965; Roeder & others, 1979; see PART 1 Chapter 2 

for discussion). Olivine and spinel equilibrated under the same temperature 

(and pressure) conditions should define a linear relationship on a In Kd 

versus ySP 
Cr diagram, where 

The restricted range of Y~~ for the PUB harzburgites precludes any 

meaningful interpretation of attainment of equilibrium between olivine 

and spinel cores. It is noteable, however, that rims have variable, although 

consistently higher, In Kd values than the cores, suggesting attainment 

of equilibrium on a local scale only. Quasi-magmatic (1200-1400
o

C) 

nominal equilibration temperatures were .obtained using Jackson 1 s (1969) 

calibration of the olivine-spinel geothermometer for olivine-spinel cores, 

o 
and slightly lower temperatures (1100- 1200 C) were obtained for the rim 

compositions. Markedly lower nominal equilibration temperatures were 

obtained using Roeder & others (1979) revised equation using lower 

o 
6 G FeCr

2
0

4 
values: olivine-spinel cores gave temperatures in the range 

0-0 
650-740 C (x = 680 + 30 C) whereas adjacent rims and sub grains gave lower 

nominal temperatures 580-630oC (x = 600 + 20
o
C). These low temperatures 

indicate extensive sub solidus re-equilibration (possibly cooling) and 

provide no information on the high temperature equilibration history of 

the peridotites. 

2-2. Cumulate perido tites and gabbros (Samples 719, 728-733, 736). 

Petrography 

Ultramafic cumulates directly overlie the ultramafic tectonites, 
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and consist of cumulus olivine, orthopyroxene, clinopyroxene and chrome 

spinel with post-cumulus pyroxene (Davies, 1971). The samples of 

cumulate ultramafics studied range from lherzolite through olivine 

pyroxenite to plagioclase lherzolite. The lherzolite (736) consists of 

cumulus, embayed olivine Mg
89

, subhedral bronzite Mg90 , subordinate 

diopside, and accessory chrome spinel. Olivine pyroxenite consists of 

xenoblastic pyroxene, subordinate embayed olivine, and disseminated 

euhedra of chromian spinel. Plagioclase lherzolite (733) consists of 

cumulus olivine Mg
83

- 84 (commonly resorbed), sub-to euhedral plagioclase 

An
81

_
86

, subhedral diopside, and minor chrome spinel enclosed in 

poikilitic orthopyroxene Mg
8S

' The cumulate peridotites commonly show 

evidence of deformation, generally kink-banding and undulose extinction, 

but the degree of deformation is markedly less than that in the tectonite 

peridotites. The extent of secondary alteration is variable. Typically 

olivine is partially serpentinized, pyroxene altered in part to bastite 

± talc, and, where enclosing olivine, cut by serpentine-filled expansion 

fissures. Plagioclase is altered in part to saussurite. 

Cumulus peridotite is overlain by layered troctolite (732) 

containing embayed cumulus olivine Mg80- 81 and cumulus sub-to euhedral 

plagioclase An86- 87 enclosed in poikilitic augite and/or hypersthene, 

and olivine-poor norite-gabbro. Layered norite-gabbros (728-731) are 

more differentiated, consisting entirely of allotriomorphic granular 

plagioclase An
81

_
93

, augite and hypersthene, and have little, secondary 

alteration. These rocks, interpreted as modified adcumulates, comprise 

the bulk of the cumulate sequence. 

The fine-grained high-level granular textured micro gabbro examined 

here (727) consists of plagioclase euhedra enclosed in poikilitic augite 

and/or hypersthene (commonly replaced by amphibole) with a matrix of 

granular plagioclase, quartz, magnetite, ilmenite and apatite. The 

abundance of quartz and Fe-Ti oxides, and the composition of the pyroxenes 
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suggests crystallization from an evolved silica and iron-rich liquid. 

Nine r a!ogv 

Olivine. Olivine compositions from the cumulate sequence range from 

Hg
S9

.
3 

to Hg
SO

.
6

' and lie ,.".ithin the range of 89.6-78.3 found for 

cumulus olivine by England & Davies (1973). These compositions are 

markedly less magnesian than olivine from the tectonite peridotites 

(Fig. 2-4). NiO contents are comparatively 1o,,,, and decrease with increase 

in Fo content, typical of olivine crystallizing from a differentiating 

basaltic magma. 

Pyroxenes . Pyroxene compositions analysed here extend the range of 

compositions observed by England & Davies (1973) to appreciably more 

iron-rich compositions as shown in Figure 2-4. Representative analyses 

are given in Table 2-4. Ca contents of the co-existing pyroxenes are 

variable and reflect varying degrees of subsolidus re-equi1ibration. 

Orthopyroxene compositions range from ~Ca4 (solidus) to ~Cal (sub solidus) 

in exso1ved lamellae in augite. Clinopyroxenes show a similar range 

from near-solidus to subsolidus compositions (~Ca48)' Al 203 contents are 

1m", typical of pyroxenes crystallized from tholeiitic magma at shallow 

crustal levels, and decrease with increase in Wo content in clinopyroxene 

and ,"ith decreasing Wo content in orthopyroxene. Na20 and Ti0 2 contents 

are extremely low, and indicate a parent magma with low levels of these 

elements. MnO contents increase and Cr 20
3 

contents decrease with 

increase in Fs component. 

Equilibration temperatures for co-existing pyroxene pairs 

estimated from the pyroxene solvus (Wells, 1977) lie in the range 

900-1000
o C which suggests that all have re-equilibrated under subsolidus 

conditions. Slightly lower temperatures, 900-930
oC, were estimated from 

pyroxene host-lamellae pairs. 

Spinel. Chrome spinel occurs as small euhedra in the lowermost cumulate 

peridotites. A representative analysis of cumulus spinel from lherzolite 
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733 
core 

Si02 
46.8G 

A1
2
0

3 
33.31 

FeO 0.48 

MgO 0.21 

CuO 16.82 

Na20 1. 89 

K
2

0 <0.07 

Total 99.59 

Si 2.165 

A1 1.813 

Fe 0.018 

Mg 0.015 

C, 0.832 

N, 0.169 

K 

C, 83. 1 

N, 16.9 

K 

733 
rim 

46.18 

34.28 

0.28 

<0.09 

17.49 

1. 64 

<0.07 

99.86 

2.129 

1. 863 

0.011 

0.864 

O. 146 

85.5 

14.5 

732 

46.08 

34.22 

0.55 

<0.09 

17.71 

1. 55 

<0.07 

100.12 

2.123 

1. 859 

0.021 

0.874 

0.139 

86.3 

13.7 

TABLE 2-5. REPRESENTATIVE PLAGIOCLASE ANALYSES 

Cumula tes 
730 730 
core rim 

45.58 44 .20 

34.91 35.58 

0.36 0.23 

<0.09 <0.09 

18.40 19.12 

1. 25 0.85 

<0.07 <0.07 

100.50 99.98 

728 
core 

47.21 

33 . 48 

0.37 

<0.09 

16 . 81 

2 . 07 

<0.07 

99.94 

728 
rim 

47.12 

33 . 84 

0.25 

<0.09 

16.90 

1. 97 

<0.07 

100.08 

Cations per 8 oxygens 

2.094 2 . 046 2.171 2.163 

1. 891 1. 942 1. 815 1. 831 

0.014 0 . 009 0.014 0.010 

0.906 0.948 0 . 829 0.831 

O. 112 0.076 0.185 0.176 

89.0 92.5 81.7 82.6 

11.0 7.5 18.3 17.4 

727 

55.66 

28.12 

0.44 

<0.09 

10 . 22 

5 . 69 

<0 . 07 

100.13 

2 . 503 

1. 491 

0 . 016 

0 . 492 

0.496 

49.8 

50.2 

Granulite 
723 

46.78 

33.72 

<0.07 

<0.09 

16.89 

1. 92 

<0 .07 

99.32 

2. 162 

1.836 

0 . 836 

0.172 

82.9 

17. 1 

705 
core 

47.75 

33.27 

0.42 

<0.09 

16.45 

2. 18 

O. 13 

100.20 

2. 189 

1.798 

0.016 

0.808 

O. 194 

0.008 

80.0 

19.2 

0.8 

Tonalites 
705 703 
rim 

55.63 57.20 

28.35 27.03 

<0.07 0.29 

<0 . 09 <0.09 

10.36 8.80 

5.72 6.50 

0.09 0.14 

100.15 99.95 

2.499 2.567 

1.501 1.430 

0.011 

0.498 0.423 

0.498 0.565 

0.005 0.008 

49.7 42.5 

49.7 56.7 

0.6 0.8 
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736 is given in Table 2-3. The cumulate spinels are markedly more aluminous 

than spinels from the underlying tectonite peridotites, and have higher 

Fe3+ content. Cumulus plagioclase and spinel do not co-exist. 

Plagioclase. Plagioclase occurs as an intercumulus phase in the upper 

portion of the peridotite unit (Davies, 1971), and is a cumulus phase 

throughout the gabbro zone. The plagioclases are essentially albite-

anorthite solid solutions and have extremely low Or component. Plagioclase 

in the gabbros is commonly zoned from bytownite cores to calcic bytownite-

anorthite rims (Table 2-5) with rims mostly 2-4 mol % more Ca-rich, as was 

found in the Marum cumulate gabbros (PART 1 Chapter 3). Plagioclase 

compositions show only a poor correlation with the Mg of co-existing phases 

and bulk-rockmg such as typically found in stratiform intrusions (e.g. 

Wager & Brown, 1968). In the PUB changes in plagioclase compositions are 

irregular, and early forming plagioclase is, in some cases, less calcic 

than plagioclase in more differentiated cumulates. These differences 

point to compositional differences between the various cumulate sections 

(see later). 

Fe-Ti oxide. Ilmenite and magnetite occur only in the microgabbro. 

Titaniferous magnetite shows variation in Ti0 2 content from 3 to 9% 

(Table 2-6). Comparison with the 

(1964), suggests equilibration at 

fO = 10-14 . 
2 

T-f -x curves of Buddington & Lindsley O
2 

o temperatures of about 720 C and 

Amphibole. Colourless, secondary amphibole, tremolite-actinolite, is 

present in minor amount in many of the PUB peridotites and gabbros where 

it occurs as a replacement of pyroxene. Abundant actinolitic amphibole 

occurs in the microgabbro as deuteric replacement of primary pyroxene. The 

absence of primary amphibole and late formation ofFe-Tioxides in the 

cumulates points to a parent magma with low water content, and 

crystallization under comparatively low fO . 
2 
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Comparison 

The PUB cumulates are petrologically very similar to the 

cumulate peridotites and gabbros of the Marum ophiolite (PART 1), 

particularly in terms of the magnesian nature of the early cumulates, the 

abundance of cumulus orthopyroxene throughout the sequence, and the 

highly calcic nature of the plagioclase. The range of iron enrichment 

in olivine compositions is also similar, Mg92-78.7 in the Marum compared 

to Mg89.6-78.3 in the PUB. The cumulate sequence of both ophiolites is 

similar to the Troodos ophiolite (Greenbaum, 1972) which is also character

ized by the early crystallization of cumulus orthopyroxene, and differs 

from ophiolites such as Vourinos, Point Sal and Bay of Islands where 

orthopyroxene is either a minor phase often forming late in the cumulate 

sequence and is appreciably more iron-rich, or is entirely lacking 

(Jackson & others, 1975; Coleman, 1977; Church & Riccio, 1977; Malpas, 

1978). The PUB cumulates are also very similar to cumulate peridotites 

and gabbros described from DSDP site 334 by Hodges & Papike· (1976). As 

discussed in PART 1 Chapter 3, low pressure crystallization of highly 

magnesian orthopyroxene (Mg
90

) points to a parental magma(s) distinctly 

more silica-saturated than MORE-type olivine tholeiites (Green & others, 

1979). Davies (1971) described bronzite cumulates from the Bowutu 

Mountains at the northern section of the PUB, and pointed out that some 

of the orthopyroxene-bearing cumulates were similar to those found in 

the Stillwater Complex. Williams & Hallberg (1973) showed .that small 

layered intrusions in the Archaean Yilgarn Block of Western Australia 

had layered sequences very similar to that of the Stillwater Complex, and 

that the parent magmas for these bodies was of high-Mg basalt or basaltic 

komatiite composition (Mg ~ 74-77) containing approximately 15-17% MgO, 

50-52% Si02 and low normative olivine « 5%). These compositions are 

very similar to the least altered, more mafic members of the Upper Pillow 

Lavas and the Arakapas Fault Belt basalts of Troodos (Smewing & others, 
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1975; Simonian & Gass, 1978; S.ee PART 1 Chapter 3 for discussion). although 

the Troodos basalts have higher Si02 and CaD contents and are mainly 

quartz-normative. Although cumulate sections containing abundant ortho

pyroxenites do not appear to be typical of the PUB as a whole (Davies. 

1971) and none were sampled in this study, the presence of such cumulates 

in some cumulate sections points to different parent magma compositions 

in the ophiolite sequence. This inference is also supported by the poor 

correlation of plagioclase compositions with the Mg-value of co-existing 

ferromagnesian phases. Overall however. the PUB cumulates are consistent 

with low pressure accumulation from parent magmas of magnesian olivine-

poor tholeiite or even magnesian quartz tholeiite composition. 

2-3. Basalts (Samples 706-710. 712) 

The basalts are mainly of aphanitic pillow lava. commonly with 

sparse amygdales and veinlets containing secondary epidote. calcite. 

quartz. and/or pyrite . Pillow margins are fine-grained to gl"assy with 

variolitic texture, and grade into inter granular texture at the pillow 

core. Petrographically the basalts are either aphanitic or carry rare 

microphenocrysts of iron-rich augite (Mg40_21Ca35_4SFe25_31) or plagio

clase (mostly labradorite) in an intergranular to variolitic textured 

groundmass of plagioclase, clinopyroxene and Fe-Ti oxide which is commonly 

of skeletal form. Secondary minerals include chlorite-smectite, calcite 

epidote and albite. The cotectic crystallization of clinopyroxene and 

plagioclase, and, in more iron-rich lavas, of Fe-Ti oxide, clearly 

indicates crystallization from highly evolved Fe-rich liquids. 

2-4. Tonalite (Samples 703. 704, 705) 

Eocene tonalites form high-level stocks intruding the upper 

portion of the gabbro unit of the ophiolite. Typically they consist of 

sub-to euhedral phenocrysts of strongly zoned plagioclase. An70_34 

(with some cores as calcic as AnaO ; Table 2-5). and pleochroic green 
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actinolitic hornblende (Table 2-6) in a matrix of anhedral quartz, more 

sodie plagio clase AnSO_20 and hornbl ende. Ti-poor magnetite, apa tit e and, 

less commonly, biotite are accessory phase s. Minor amounts of secondary 

sphene, epidote, actinolite, albite and chlorite are also present in Boce 

samples. Hornblende phenocrysts are commonly strongly zoned fr om pal e 

coloured, Al-poor cores (~ 2% A1
2

0
3

) to more s trongly coloured rims richer 

in A120
3

, Ti02 and Na20 (Table 2-6) similar to the groundmass hornblende. 

The AI-poor hornblende appears to be a deuteric alteration product from 

pyroxene. Relic hyp ersthene Hg
68 

(Table 2-4) was found in ho rnbl ende-rich 

mafic inclusion in tonalite 70 5 enclosed in actinolitic hornblende. 

2-5. Hornblende granul i t e (Sample 723) 

Amphibolite and granulite facies rocks occur near the Timeno 

and Owen Stanley fault zones, and are believed to have formed during 

emplacement of the PUB (Davies, 197 1, 19 77) . Some of the granuli tes have 

the unusual assemblage olivine-hy persthene-au gite-brown hornblende-

bytownite-magnetite-ilmenite, and have a granoblastic, equigranular textur e . 

Re pr esen tative analyses of the phases ar e presented in Table 2-4, 5 , 6. 

Compared to the PUB per idotites and gabbros the olivine in t he granulite is 

markedly more iron-rich, and t he pyroxenes are distinctly richer in Al203 

and, particularly, Ti0 2 (approx. 6 times that in the cumulates). The 

opx-cpx Fe / Fe I), , where I), = (Mg)OPX (Mg)cPx, for the pyroxenes in the granulite 

differs considerably from that of th e cumulates (Fig. 2-4) , and is 

sign ificantly lower (1.27) than commonly found for co-existing pyroxene 

pairs from h i gh-grade metamorphic terraines, being closer to those of 

igneous pyroxenes (cf. Kretz, 1963 ) . The amphibole is a strongly coloured, 

brown titan-pargasite approaching ka ersutite in composition. The very h igh 

Ti02 of the hornblende sets it aside from most other metamorphic hornblend es 

co-exist ing with ilmenite (e.g. Leake, 1965). The hornblende in the 

granulites compares most closely with the kaersutitic am phiboles described 

from t he brown hornblende mylonites, or hornblende gabbros, of St Paul's 
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Rocks by Melsom & others (19?2), apart from having low K20 content. 

The mineral assemblage and stable co-existence of olivine and 

plagioclase indicate equilibration at high temperature and low pressure 

~ 9 kb e.g. Green & Hibberson, 1970). Temperature estimates for co-

existing pyroxenes based on the pyroxene solvus (Wells, 1977) indicate 

equilibration at ~1040oC. Co-existing titaniferous magnetite and 

ferrian ilmenite compositions plot close to the magnetite - ulvospinel 

solvus and suggest equilibration at approximately 6800 C and fa 
2 

according to the T-f
O 

-x curves of Buddington & Lindsley (1964). High 
2 

equilibration temperatures are also suggested by the Fe-Mg partitioning 

between pyroxenes, and the Ti02-rich nature of the amphibole. 

Formation of the hornblende granulites is not readily explained; 

the high temperature-low pressure mineralogy is at variance with the high 

pressure-low temperature (blueschist) assemblage in the metamorphics 

immediately west of the Owen Stanley fault zone, and with the postulated 

choked subduction zone model for emplacement of the PUB (Davies, 1977; 

Davies & Smith, 1971). If formed at the base of the thrust, with heat 

produced by friction, the granulites might be expected to have a strongly 

foliated, even mylonitic, fabric rather than the observed equigranular 

,texture. Alternatively, the high equilibration temperatures of the 

granulites might indicate that PUB was relatively hot at the time of 

emplacement. 
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CHAPTER 3 

GEOCHEMISTRY 

3-1. Analytical techniques 

Chemical analyses of the samples studied are presented in 

Table 2-7. Analyses, except for FeO, Na20, H20 and CO
2

, were made by 

X-ray fluorescence spectrometry. Major elements were analysed on fused 

samples (Norrish & Hutton, 1969) and trace elements were determined on 

pressed powder pellets (Norrish & Chappell, 1977) with corrections made for 

non-linear backgrounds and inter-element interferences. Details of the 

analytical techniques are described in Appendix 1. Accurate determination 

of Rb and Sr at low levels was made following the method of Chappell & 

others (1969). 

REE and trace elements Pb, Th, U, Hf, Cs, Ba, Zr and Nb were 

determined by spark source mass spectrometry following the improved 

technique of Taylor & Gorton (1977). Details of the method are given in 

Appendix 1. Precision and accuracy are described in detail by Taylor & 

Gorton (1977) and are estimated to be REE, Th, U, Hf, Ba (+ 5%), and Zr, 

Y, Nb (± 10-15%). Agreement between XRF and spark source data generally 

lay within the analytical precision (Appendix 1). 

87sr /86sr ratios determined for two fresh gabbros by R.W. Page 

are presented in Appendix 1. Also presented in Appendix 1 are unpublished 

87 86 . 
SrI Sr ratlos previously determined by P.A. Arriens on samples submitted 

by H.L. Davies. 

3-2. Major and trace element geochemistry of the PUB 

Tectonites 

The highly refractory mineralogy of the harzburgite tectonites 

is reflected in their bulk composition. The mg-numbers (100 Mg/Mg + EFe) 

of the bulk rocks are high (~ 90), close to the Mg-value of the constituent 

olivine and orthopyroxene. CaO and A1 20
3 

contents are very low. The 

harzburgites are extremely depleted in lithophile elements: Ti = 3-13 ppm, 
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Na?O ~ 0.006%, K?O < 0.001%, and Rb and Sr <0. 1 ppm . The PUB harzburg-
- -

ites are more depl et ed than harzburgit es desc ribed from other ophiolites 

(c.g. Coleman, 1977; Menzies & Allen, 1974; Beccaluva & others, 1977; 

PART 1 Chapt er Z) and decide dly more refractory than estimates of the 

upper mantle capab l e of yielding a basaltic melt (e.g. Ringwood, 1975, 

1979; NaGloe & Aoki, 1977). Such extreme dep l e tion in lithophile elements, 

toge ther with the uniformly refractory mineralogy is consistent with a 

proposed origin as depleted upper mantle, residual after extraction of 

basaltic melt (s ee PART 1 Chapter 2 for dis cussion). 

The ens t atit e-ri ch dykes are also of r e fra ctory compos ition but 

less magnesian, and contain measurably higher abundances of CaO. Al20
3

, 

Ti, V and Sc. Ni contents are lower and Cr contents appreciably higher 

than the harzburgites, consist ent with their pyroxene-rich character. The 

enstatolites could e ff ectively be r ecast as orthopyr oxene ana ly ses. 

Cumulate peridotite and gabbr o 

The major element chemistry and abundances of indicator trace 

elements Sc, Ni, Cr and Sr vary according to the modal abundance of the 

cumulus phases . The cumulat e peridotites a r e char acte rize d by high 

mg-numbers, and l ow CaO, Al20
3 

and Sr contents, whereas the plag io clase

rich cumulate gabbros have very high Al20
3 

and CaO contents, and markedly 

higher Sr contents. These rocks, as cumulates, are clearly displaced from 

the liquid trend . Trace element s show a systemat i c variation with degr ee 

of diff er entia tion, as indicated by dec r easing bulk r ock mg-number: Ni and 

Cr contents decrease whereas Ti, Zr, V increase with decreasing rock 

mg-number (Fig. 2-5). 

All the cumulates have very low l evels of L1L (Ba, Rb, K, etc ) 

and other incompatible e l ements (Ti , Zr, Nb, REE) co nsistent with the 

petrographic observations that the cumulate s contain virtually no trapped 

inter cumulus basaltic liquid. The levels of REE in the cumulates, as 

judged by their Y contents, are very low, commonly less than that of 
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chondrites. REE have been determined for one of the gabbros, a bytownite

bronzite-augite cumulate (Table 2-8). The chondrite-normalized pattern, at 

0.3 to 1 x chondrites is strongly depleted in LREE, and has a marked pos

itive Eu anomaly (Fig. 2-6). Such patterns, dominated by calcic pyroxene, 

are typical of pyroxene-plagioclase cumulates from other ophiolites (e.g. 

Montigny & others, 1973; Allegre & others, 1973; Kay & Senechal, 1976; 

Suen & others, in press; PART 1 Chapter 4) and ocean floor gabbros 

(Masuda & Jibiki, 1973; Dostal & Muecke, 1978). The very low abundance of 

REE in these rocks provide clear evidence that they are cumulates from a 

mafic liquid, and that any intercumulus melt has been expelled. 

Two new 87 Sr /86Sr ratios have been determined for cumulate gabbros 

and are presented in Appendix 1 together with an earlier unpublished 

analysis by P.A. Arriens. The new values, 0.7036 and 0.7035, are in good 

agreement with values of 0.7036, 0.7039 and 0.7041 obtained by Allegre & 

others (in press) on additional PUB gabbro samples. These values are also 

in good agreement with the values obtained for the Marum ophiolite (PART 1 

Chapter 4; Appendix 1), and lie in the range found for calc-alkaline 

intrusives in the Papua New Guinea highlands (Page, 1976) and for Quater

nary island-arc volcanics in northern Papua New Guinea (Page & Johnson, 1974.) 

The new values determined are considered to be close to primary values since 

the gabbros analysed show no evidence of alteration or Rb enrichment. These 

values appear slighly higher than reported for fresh MORB (see later). 

High-level micro gabbro 

The high-level micro gabbro has a high silica content, and is 

relatively iron-rich (mg ~ 49), consistent with the petrologic inter

pretation that this rock is highly differentiated. The sample analysed 

here is chemically similar to the coarser grained rocks of intermediate 

composition (i.e. basic diorite and basic tonalite) analysed by Davies 

(1971), and is distinct from the mafic high-level gabbro analysed 

previously (Davies, 1971; Table 2, No. 144). 
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The micro gabbro .is strongly enriched in incompatible elements 

relative to the cumulates; Ti02' K20, Ba, Rb, Sr, Zr and Yare markedly 

higher, and Ni and Cr considerably IOl.er, than the cumulates. Ti, Zr and 

Y contents in the microgabbro are less than half that of the overlying 

basalts. REE abundances of the microgabbro are also markedly enriched 

relative to the cumulates (Table 2-8), and the chondrite-normalised REE 

pattern shows enrichment in LREE and a small positive Eu anomaly (Fig. 2-6). 

The positive Eu anomaly suggests that the microgabbro accumulated feldspar 

although the texture is not obviously cumulus. A possible explanation of 

this rock is that it crystallized near the roof of the magma chamber and 

contains small plagioclase crystals which floated in the highly 

differentiated magma. The enrichment in incompatible elements may reflect 

concentration in late-stage liquids, and, possibly, accumulation of 

intercumulus liquid dispelled from the cumulate pile lower in the magma 

chamber. Alternatively the microgabbro may be related to a LREE-enriched 

parent liquid similar to basalt 712 (see below). 

Basalts 

The basalts analysed here have very similar chemistry, and 

are characterized by high iron contents (14-15% total iron as FeO), 

! 
( 

relatively high Al 20
3 

contents and low mg-numbers ~ 45. The high iron 

contents are considered to be a primary feature and not due to secondary 

iron sulphide since care was taken during sample preparation to exclude 

sulphide veins, and analysed sulphur contents are low (Table 2-7). Many 

of the basalts analysed by Davies (1971) have similarly high iron contents. 

Anhydrous silica contents range from 48 to 52%. The basalts range from 

olivine normative through to quartz normative-types but in view of the 

possibility of major element (especially Si0 2) redistribution during low 

temperature alteration normative classification may be unreliable. In 

general, the basalts analysed here are of similar composition to those 

analysed by Davies (1971) but more fractionated. 



TABLE 2-8. REE ABUNDANCES IN SELECTED SAI!PLES 

Analysis No. 1 2 3 4 5 6 

Sample No. 730 727 709 710a 712 703 

La 3.49 2.18 2 .1 8 7.09 3.34 

Ce 0 .23 8.50 7.16 7.17 19.43 8.97 

Pr 0.045 1.15 1.18 1.19 2.84 1.06 

Nd 0.27 5.24 6.87 6.97 14 .59 4.74 

Sm 0.12 1.42 2.44 2.26 4.24 1.01 
Eu 0.07 0.59 0.90 0.82 1.55 0.34 
Gd 0.20 1.64 3.96 3.66 5.68 1.05 
Tb 0.04 0 .30 0.77 0.68 0 . 98 0.17 
Dy 0 .29 2.04 5.20 4.67 6.59 0.99 
Ho 0.075 0.48 1.31 1. 19 1.53 0.21 
Er 0.22 1.37 4.07 3.52 4.58 0.62 
Tin 0.19 0.58 0.49 0.63 
Yb 0.23 1.34 4.24 3.64 4.53 0.66 

La~/~ 0.3 " 1.50 0.54 0.59 1.02 2.01 

LaN/Yb
N 

0.2 • 1. 72 0.34 0.39 1.03 3.34 

Cs 0.03 0 . 02 0.02 0.07 0.14 
Pb 0.27 0.40 0.36 0.67 0.75 
Tb 0.13 0.23 0.15 0.59 0.47 
U 0 . 05 0.12 0.19 0.23 0.17 
Hf 0.82 2.10 1.65 2.96 1.05 

1. Cumulate gabbro 

2. High-level m1crogabbro 

3. Basalt 

4. Pillow basalt rim 

5. Basalt 

6. Tonalite 

" Interpolated 
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K, Rb, Ba, Cs, and Sr· contents are very low, and K/Rb, K/Ba, 

Na
2

/K
2

0 ratios high, typical of mid-ocean ridge basalts (MORE). Rb/Sr 

ratios are very low « 0.01), typical of MORB. Although these elements 

are known to be susceptible to low temperature alteration (e.g. Hart, 

1969), consistency in both the abundances and abundance ratios of the PUB 

basalts as a whole, and between the chilled margin and interior of a 

single large pillow (Table 2-7; 710a and 710b), suggests that the abundances 

and abundance ratios of these elements in these particular samples at 

least have not changed significantly. Comparison of the PUB lavas with 

MORB is strengthened by the abundances and abundance ratios of elements 

known to be relatively insensitive to the effects of alteration (e.g. 

Cann, 1970; Pearce & Cann, 1973; Smith & Smith, 1976). Ti0
2
/P205 , Ti/Zr 

and Ti/Y ratios for example, like most MORB, are close to chondritic 

abundances (Nesbitt & Sun, 1976). Except for sample 712, Zr/Nb ratios 

are high (30-60) typical of LIL-element depleted or 'normal' MORE (e.g. 

Erlank & Cable, 1976). Overall however, the abundances of Ti02 , Zr, Nb, 

Y and REE are comparatively low, and Ni and Cr contents high, for such 

evolved iron-rich basalts. For example, LREE-depleted MORB with high iron 

contents (mg = 40-50) described from Juan de Fuca Ridge (Kay & others, 1970), 

and DSDP legs 34 (Mazzullo & Bence, 1976) and 3-15 (Frey & others, 1974) 

all have markedly higher Ti0 2, Zr, Hf, Y and Nb contents. High iron 

contents coupled with low Ti, Zr, Hf, Y, etc. and high Ni and Cr are a 

feature however of MgO-poor tholeiitic basalts associated with basalts 

of the komatiite suite in Archaean terrains. For example, the PUB basalts 

are very similar in terms of their comparatively low Ti0 2, Zr, Y and high 

Ni and Cr contents (for rocks of such high iron content) with low MgO, 

iron-rich tholeiitic basalts and metabasalts described from a number of 

Archaean greenstone belts (e.g. Glikson, 1971, 1979; Hallberg, 1972; 

Sun & Nesbitt, 1977; Nisbett & others, 1977; Hawkesworth & O'Nions, 1977). 

Glikson (1971, 1979) and Nesbitt & Sun (1976) have both noted that 
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transition metals in Archaean.low-MgO tholeiitic basalts are generally 

some 20% more abundant than in MORB of comparable Mg-value. 

REE data for three basalts are presented in Table 2-S, and 

the chondrite-normalized patterns plotted in Figure 2-6. Two of the 

basalts,709 and 710a, exhibit strong depletion in LREE, and have LaN/S~ 

ratios of 0.54 and 0.59, typical of LREE-depleted MORB. Both basalts have 

prominent negative Eu anomalies, suggesting extensive plagioclase 

fractionation. The similarity in Y, Zr, Nb, Rb and Ba contents among 

most of the other PUB basalts analysed suggest that REE patterns for these 

basalts will be similar to those of 709 and 710a. Although similar in 

terms of LaN/S~ ratios, the REE patterns of PUB basalts 709 and 710a 

differ from most depleted MORB in that both show depletion of middle REE 

relative to heavy REE (HREE). The PUB basalts have GdN/Yb
N 

ratios of 

0.75 and O.SI whereas most MORB have GdN/YbN ratios close to 1 (e.g. Sun & 

Nesbitt, 1975b; Kay & others, 1970; Schilling, 1971; and others). 

Exceptions are the highly LREE-depleted MORB from DSDP sites 3-14, IS 

described by Frey & others (1974), which also show depletion of MREE 

relative to HREE and are commonly interpreted as being derived from a 

source previously depleted by extraction of a basaltic melt. 

Basalt 712 differs from the other basalts sampled by virtue of 

its higher Ti0
2

, P20
5

, Ba, Rb, Sr, Zr and Nb contents, and markedly lower 

Zr/Nb ratio. The REE abundances of this basalt are also unlike the others 

analysed; the chondrite-normalized pattern is flat at about 20 x chondrites, 

with no Eu anomaly (Fig. 2-6). In terms of its La/Sm ratio this basalt 

would be categorized as a Group II basalt (Bryan & others, 1976) or simply 

a 'chondritic' basalt (PART 1 Chapter 5). 

The data obtained here when considered in conjunction with the 

variation in Ti02 content among the basalts analysed previously 

(0.7-1.5%, Davies, 1971 and Fig. 2-5) suggest that the PUB lavas 

display considerable variation in the level of LREE and other incompatible 
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elements. While part of this .variation can be attributed to crystal 

fractionation processes and, possibly, some to element redistribution 

during low temperature alteration, it is suspected that detailed sampling 

of the basalt sequence may reveal important systematic variations. 

Hornblende granulites 

Chemical analysis of a hornblende granulite shows that it has low 

Si02, and is markedly enriched in Ti02 compared to the PUB gabbros. 

Similarly, the granulite has appreciably higher levels of Na20, K20, P20S 

and Rb, Zr, Nb and Y than the PUB gabbros. Zr/Nb and K/Rb are markedly 

lot~er (6 and 415 respectively) than the PUB gabbros, and are more in line 

with those of alkalic rocks; alkali contents in the granulite however are 

markedly lower than those of alkaline rocks . The above chemical character

istics, together with the lack of correlation with the trends displayed by 

the PUB gabbros (Fig. 2-5), indicate that the hornblende granulites are not 

hydrated PUB gabbros recrystallized under granulite conditions, and argue 

that the granulites are genetically unrelated to the PUB gabbros. 

3-3. Relationship between the ophiolite l ay er s 

Davies (1971) proposed that the gabbro and basalt units of the 

PUB were genetically related by crystal fractionation processes, and that 

the layered peridotites and gabbros accumulated from a basaltic magma on 

the underlying tectonite peridotite. Geochemical studies from other 

ophiolites suggest that all units exposed in some ophiolites may be re

lated viz. the basal tectonite represents the residue from partial melting 

processes which generated basaltic magmas which underwent crystal 

fractionation in a subjacent magma chamber(s) and yielded mafic (peridotitic 

to gabbroic) cumulates (e.g. Montigny & others, 1973; Allegre & others, 

1973; Menzies & Allen, 1973; Kay & Senechal, 1976). 

A genetic link between the cumulates and the overlying lavas of 



the PUB is suggested by; 

i) similar 87 sr/86 sr ratios. The values obtained for the cumulate 

"1' th values of 0.7044 (basalt), 0.7041 (dolerite), and gabbros compare w 

0.7046 (gabbro) obtained previously (Appendix 1). 
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ii) similar Ti02/P20s and K/Rb ratios of lavas and gabbros (Fig. 2-7), 

iii) the similarity in REE patterns between the cumulate gabbro and the 

LREE-depleted basalts with Eu anomalies. The REE abundance of the magma 

in equilibrium with cumulate gabbro 730 have been calculated assuming total 

equilibrium from the REE abundances given in Table 2-8, the modal abundance 

of the phases in the gabbro (determined by major element mixing program), 

and published REE partition coefficients (Appendix 1). Errors and 

assumptions in this approach are outlined in PART 1 Chapter 4. 

This approach seems justified for the PUB rocks since the extremely low 

abundances of LIL elements in the cumulates strongly suggest a close 

approach to total equilibrium, and that any interstitial material has been 

expelled. The calculated equilibrium melt is strongly depleted in LREE 

(CeN/Smw = 0.5), and has a similar profile (Fig. 2-6) to the gabbro, apart 

from a marked negative Eu anomaly, but has higher absolute abundances of 

REE (LREE = 5 x, HREE = 11 x chondrites). The calculated equilibrium melt 

has a similar REE profile to basalts 709 and 710a (although abundances 

are higher in the basalts), and closely resembles the highly LREE-depleted 

DSDP 3-18 basalt (Frey & others, 1974; Fig. 2-6). Since gabbro 730 is 

strongly differentiated relative to the more magnesian peridotites and 

gabbros, the level of REE in the parent magma must have been significantly 

(at least 20%, probably more) lower than that in the melt which equilibrated 

with the gabbro. The REE pattern of the primary magma(s) can be inferred 

to have been similar to, or slightly more depleted in LREE than the calculated 

equilibrium melt since, of the accumulating phases (olivine, orthopyroxene, 

clinopyroxene, plagioclase), only clinopyroxene will effectively fractionate 

the REE (plagioclase crystallization will slightly decrease the La/Sm ratio 



~ 

;Ii 

~ 
~ 

a 
" '" 

1.0,---------------- --7, 

0.1 

• 
'" , , , 

0.01 

0.1 

+ 
+ 

1.0 
Rb ppm 

• 

10 
P/A/776 

Fig. 2-7. Log K
2
0 (%) versus Rb (ppm) diagram for PUB cumulate 

gabbros (closed circles), microgabbro (open circle) 

and basalts (triangles), crosses = tonalites. 



135 

but this effect will be nul1ified by the greater reverse effect of clino

pyroxene). The level of REE in the primary parent magma(s) inferred from 

the cumulates (HREE ~ 7-9 x chondrites or less) is therefore compatible 

with that inferred from the basalts (see 3-4), i.e. less than MORB. 

iv) the correlation between Ti and V, as suggested by Montigny & others 

(1973), since the partition coefficients for Ti and V in olivine, pyroxene 

and plagioclase crystallizing at high temperature from basaltic magma are 

less than unity and approximately similar (e.g. Duke, 1976). The good 

correlation shown in Figure 2-8 between all the members of the PUB 

(r = 0.97) suggests that tectonites may also be genetically related (by 

partial melting processes) to the gabbros and basalts. Gabbros showing 

relatively poor correlation have either very large or very small propor

tions of clinopyroxene. The tonalites show poor correlation. 

Plots of log Ni versus log Ti, V also show clear disinction of 

the tonalites from the members of the PUB. Data for the cumulate gabbros 

and basalts define a curve which is consistent with a cumulate-liquid 

relationship. The microgabbro (and to a lesser extent basalt 712) does 

not fallon this trend but is displaced to higher Ti contents. Data for 

the harzburgites are inconclusive but not inconsistent with a genetic 

relationship with the cumulates and basalts. 

3-4. Chemical affinities of the PUB 

The PUB gabbros and basalts most closely compare with MORB, 

particularly in regard to their low K, Ba, Rb, Sr and Cs contents. The 

abundances of Ti0 2 , Zr, Nb, Hf and HREE are comparatively low for such highly 

differentiated rocks, and might suggest affinities with island-arc or 

marginal basin basalts (cf. Gill, 1976), although in terms of Ti-Zr, Ti-Zr-Y 

etc. (Pearce & Cann, 1973) and K/Rb, K/Ba, etc. (Hart, 1976) discrimination 

diagrams, the PUB basalts would be classified as MORB (Fig. 2-9). 

However, in view of the compositional overlap exhibited by basaltic 

rocks from young island-arcs and marginal basins (e.g. Hawkins, 1976, 1977; 
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Gill, 1976; Ewart & others, 1977; Tarney & others, 1977), use of rigid 

classifications based on abundances of elements which primarily reflect 

mantle heterogeneity may be unreliable. 

Magmas parental to the cumulate sequence must have been 

appreciably more magnesian than represented in the overlying lavas, and, 

correspondingly, contained appreciably lower levels of incompatible 

elements. Since the lowermost cumulate rocks contain cumulus olivine 

Mg90.5 with ~ 0.3% NiO (England & Davies, 1973) the parent magma can be 

inferred to have had a 100Mg/(Mg + Fe
2+) ratio ~ 74 assuming the 

applicability of the experimentally determined olivine-liquid partition 

coefficient of Roeder & Emslie (1970), corresponding to about 12-15% MgO. 

Assuming partition coefficients for Ni between olivine and basaltic melt 

of this composition at high temperatures (say, 1250-1400
o

C) of 7.5-10 

(Hart & Davis, 1978) or the lower values of 7-5 (Arndt, 1977b), the parent 

magma contained at least 300, and possibly as much as 500 ppm Ni. 

Derivation of the ferrobasalts (mg ~ 45) containing ~ 75 ppm Ni from such 

a highly magnesian parent magmaby fractional crystallization requires at 

least 20%, and probably upwards of 40% crystallization. On this basis it 

seems reasonable to infer that the parent magmas contained 2 0.8% Ti0 2 , 

250 ppm Zr and 2 20 ppm Y (i.e. HREE 10 x chondrites). From the REE 

content of the calculated equilibrium liquid for gabbro 730 it is suggested 

that the primary parent magma may have had a REE level of 7-9 chondrites. 

Relatively magnesian basalts with these trace element characteristics 

are not restricted to any particular tectonic setting, and occur at mid-

ocean ridges (e.g. Frey & others,1974; Bryan & others, 1976; Blanchard & 

others, 1976), marginal basins (e.g. Gill, 1976; Hawkins, 1976; Hawkesworth 

& others, 1977; Saunders & Tarney, 1979), and island-arcs (e.g. Gill, 1976; 

Ewart & others, 1977). Low abundances of Ti, REE, Zr, Nb and Hf are 

particularly characteristic of the island-arc tholeiite suite (Jake~ & 

Gill, 1970; Gill, 1976; Ewart & others, . 1977). However, the comparatively 
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high Ni and Cr contents of the PUB basalts set them aside from island-arc 

tholeiites. REE abundances in Archaean basalts are also commonly lower 

than HORB but are not as depleted in LREE and other LIL elements (e.g. 

Nesbitt & Sun, 1976; Sun & Nesbitt, 1978b; Jahn & others, 1974; Hawkesworth 

& O'Nions, 1977). It is concluded therefore that the primary parent magma 

<,as highly magnesian, and strongly depleted in LREE and other incompatible 

~: ele~ents, similar to the highly depleted basalts at DSDP site 3-14, 18, 

but the level of REE was appreciably less than MORB sampled to date. 

The relatively high 87 sr /86sr ratios of the PUB rocks may be 

considered evidence against a mid-ocean ridge origin since most fresh 

HaRE have initial ratios < 0.7030. Exceptions however are the LIL element

enriched basalts of the Mid-Atlantic Ridge near 3S
o

N, 4S oN and the Azores 

(1<hite & Schilling, 1978) which have higher values. Basalts in these areas 

and other regions of the ocean floor in the vicinity of oceanic islands have 

higher abundances of LIL elements, lower abundance ratios of these elements 

(K/Rb, K/Ba, etc.) and are enriched in LREE compared to typical depleted 

MORB with lower 87Sr/86Sr ratios. The PUB values are more in line with 

those reported from marginal basins and island-arcs (e.g. Gill, 1976; 

Meijer, 1976; Tarney & others, 1977; Ewart & others, 1977; Hawkesworth & 

others, 1977; Weaver & others, 1979). Similar 87 sr /86sr ratios have been 

reported from the Troodos ophiolite (Peterman & others, 1971; Kay & 

Senechal, 1976; Spooner & others, 1977), and it is now established that 

these comparatively high values are a primary feature of gabbros in a 

number of ophiolites (c£ . Allegre & others, in press). Spooner & others 

(1977) argued that since the Troodos values overlap the higher values of 

fresh MORB they were consistent with an oceanic crustal origin. Trace 

element abundances in the Upper Pillow Lavas of the Troodos are signifi

cantly different to most MORB (Smewing & others, 1975; Smewing & Potts, 

1976; Simonian & Gass, 1978) however, and the origin of the Troodos ophiolite 

remains a matter of contention (e.g. Kay & Senechal, 1976). 
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It is therefore no.t possible, on the basis of the petrologic 

and geochemical information available at present, to specify a particular 

tectonic setting for the origin of the PUB. Evidence from the cumulate 

rocks points to a magnesian olivine-poor tholeiite parent magma bearing 

similarities "ith both the mafic basalts of the Upper Pillo" Lavas of the 

Troodos ophiolite and "ith basal tic koma tii tes or high-Mg basal ts found in 

Archaean greenstone belts. Trace element data from the overlying basalts 

compare most closely I,ith highly depleted MORB (such as the DSDP leg 3-18 

basalts) but a marginal basin origin cannot be ruled out. The trace 

element data obtained here and the variation in TiOZ contents exhibited by 

the basalts analysed previously (Davies, 1971) indicate that the PUB 

basalts vary in the levels of incompatible elements,ranging from 

'transitional' or 'chondritic' types to highly LREE-depleted basalts. 

Such variations might reflect progressive depletion of the mantle source 

«ith time, as has been suggested for the Troodos lavas (Sme"ing & Potts, 

1976). Detailed sampling of the PUB lavas is needed to establish the 

range of compositions present, and to identify more magnesian compositions 

Hhich Hould alloH quantitative testing of fractionation models relating 

basalt and gabbro layers. 

3-5. Tonalites 

t 
The tonalites are characterized by high Al

Z
0

3
, and 10H FeO , 

MgO, TiOZ and alkali contents; KZO is conspicuously 10H for rocks of this 

silica content. In terms of CaO and NaZO + KZO versus silica variation 

the tonalites are of tholeiitic affinities, and equate Hith the high-

alumina tonalites of Barker & Arth (1976). A feature of the tonalites is 

their 10" KZO, Ba, Rb, Sr, Zr, Nb and Y contents (Table Z-7), and high 

NaZO/KZO' K/Rb etc. ratios, "hich are in line with those of MORB and 

island-arc tholeiites. The t· 1 h· h N· d compara ~ve y ~g ~ an Cr contents together 

I·,ith the 101, Rb, Ba and Sr contents rule out an origin by anatexis of 

sialic crus t. 
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REE abundances determined for sample 703 (Table 2-8) are low, 

and the chondrite-normalized pattern is fractionated and strongly depleted 

in HREE at ~ 3 x chondrites (Fig. 2-10). Low Y values for the other 

samples indicate similarly low abundances of HREE. The REE pattern and 

10\, abundances of Zr, Nb and Ti02 contrast markedly with felsic rocks 

found in other ophiolites (Coleman & Peterman, 1975; Kay and Senechal, 1976; 

Saunders & others, 1979) which are generally accepted as having formed as 

late-stage differentiates of basaltic magma. Additional evidence against 

a genetic link between the PUB and the Eocene tonalites is their markedly 

different Ti02/P
2

0
5 

ratios (Fig. 2-11). The more mafic intermediate rocks, 

basic tonalite and diorite, inferred by Davies (1971) to be differentiates 

of the PUB, show good correlation with the PUB gabbros and basalts consistent 

with this interpretation whereas the tonalites (~ 60% Si0
2

) form a 

separate trend. 

Rocks of quartz diorite composition with strongly fractionated 

REE, and, in particular, near-chondri tic HREE abundances similar to the 

Eocene Papuan tonalites, are commonly interpreted as resulting from either 

partial melting of a basaltic parent composition leaving residual garnet 

or hornblende (e.g. Arth & Hanson, 1975; Barker & Arth, 1976), or from 

fractional crystallization of hornblende (e.g. Arth & others, 1978). An 

origin for the Papuan tonalites by partial melting of eclogite, or of 

amphibolite of sub-alkaline basalt or gabbro composition, to leave 

residual garnet or hornblende is supported by the low total REE, the low 

abudances of K, Rb, Ba, etc. and MORE-like K/Rb ratios (cf. Arth & Hanson, 

1972). Compared to I-type granitoids of tonalitic composition inferred 

to be the partial melts of mafic crust (e.g. Griffin & others, 1978) the 

Papuan tonalites are extremely impoverished in LIL-elements, implying a 

source with very low abundances of these elements. 
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Although the geochemical data presented here preclude a 

genetic relationship with the PUB, an origin by crystal fractionation 

from an alternative mafic parent is possible. Davies (1977) suggested 

that the tonalites may be co-magmatic with the Eocene andesites and 

dacites overlying the basalt layer at the northern end of the PUB. The 

available geochemical data suggest that the tonalites, and possibly the 

Eocene andesites and dacites, might be related to the pre-Miocene (?Eocene

Oligocene) tholeiitic basalts and andesites of the Cape Vogel region (Dabi 

Volcanics), many of which also have very low K20 and TiOZ abundances 

(Dallwitz, 1968; Smith & Davies, 1976). The Dabi Volcanics include the 

highly magnesian clino-enstatite-bearing andesites (Dallwitz & others, 

1966) which, on the basis of the limited data of Sun & Nesbitt (l978a), 

have very low abundances of Ti, Y, Zr, etc. and similar chondrite

normalized REE patterns (but lower absolute levels) to the Papuan 

tonalites (Fig. Z-10). A genetic relationship between the Cape Vogel 

high-Mg andesites and the Eocene tonalites is suggested by the similar 

trends exhibited on the TiOZ-PZ0
5 

variation diagram (Fig. Z-11) and the 

(Mg/(Mg + [Fe) versus TiOZ diagram (Fig. Z-lZ). The data for the clino

enstatite-bearing lavas are scattered due to the accumulative nature of 

many of the rocks (Dallwitz, 1968), but it would appear that the tonalites 

might be derived from a parent high-Mg andesite, mg ~ 75 containing 

~ O.Z% TiO
Z

' Clearly more data, especially trace element data which are 

completely lacking, are needed for the Dabi Volcanics and the Eocene vol

canics at the northern end of the PUB to enable quantitative testing of 

the fractional crystallization model for the PUB tonalites. 

Discussion 

Sun & Nesbitt (1978a) suggested that Ti-poor, high-Mg andesites 

similar to the Cape Vogel lavas are parental to ophiolite sequences 

characterized by abundant cumulus orthopyroxene, and that such lavas 

result from hydrous melting of depleted mantle close to a subduction zone. 



Fig . Z-ll. Ti O
Z 

versus PZOS diagram for PUB ro cks, Papuan tonalites and 

Cape Vogel andes i tes .. PUB : Soli d circles"'" gabbr os, open 

ci rcles = gabbros (Davies , 1971 ) , star = microgabbro , solid 

tri angles"'" basalts, open tr i angles"'" ba salt s (Davi es, 1971) , 

diamonds"'" felsi c differentiates (Davies , 1971 ) . 

Tonal i tes : + "'" t his study , X = Davi es ( 1971 ) . Cape Vogel 

magnes ian andesites = squares (Da llwi tz , 1968 ). Note 

correlation among PUB rocks (chondr i tic ratio ) a nd among 

t onal i tes and andesites (lower Ti OZ ! PZOS rat i o ) . 
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The geochemical data presented here do not favour a genetic relationship 

betl,een the PUB and high-Mg andesites similar to those of Cape Vogel. 

The petrology and geochemistry of the PUB cumulates and basalts argue for 

a Ti-poor, olivine-poor tholeiite parent magma strongly depleted in LREE 

and other incompatible elements. The absence of primary hydrous phases 

in the PUB rocks (except for highly fractionated differentiates) implies 

a volatile-poor parent magma. This parent magma is considered to result 

from large degree of partial melting of depleted mantle peridotite at 

shallow depth under anhydrous conditions (see PART 3). It is proposed 

that the Ti-poor tholeiitic andesites of the Dabi Volcanics, the andesites 

and dacites at the northern end of the PUB and the Eocene tonalites are 

related by crystal fractionation, and represent the early stages of the 

island-arc magmatism erupted close to a subduction zone (Chapter 4) 

immediately prior to emplacement of the PUB. The primary high-Mg andesite 

magmas are considered to result from water-saturated melting of refractory 

mantle peridotite (Green, 1973, 1976a; Sun & Nesbitt, 1978a) due to 

dehydration of the underlying downgoing lithospheric slab, and that these 

hydrous magmas subsequently underwent extensive fractional crystallization 

of olivine and pyroxene at shallow depths. 
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ORIGIN OF THE PAPUAN ULTRAMAFIC BELT 

The petrology and geochemistry of the PUB do not equivocally 

define the tectonic environment of formation of the ophiolite (i.e. 

marginal basin or mid-ocean ridge) and it is necessary to examine the 

regional geology to establish the tectonic history of southeast Papua. 

4-1. Previous models 

Davies (1977) and Davies & Smith (1971) proposed that the PUB 

represents a segment of Jurassic-Cretaceous oceanic crust and mantle of the 

Pacific plate which was emplaced as a result of attempted subduction of the 

thick tvelt of low density Cretaceous sediments at the northeastern margin 

of the Australian continent in a northeasterly-dipping subduction zone. 

Davies (1977) gave the date of emplacement of the ophiolite, and deformation 

and metamorphism of the Cretaceous-Eocene sediments of southeast Papua as 

early to mid-Eocene, corresponding to the timing of the opening of the 

Coral Sea. Connelly (1979) argued, on the basis of improved geophysical 

models resulting from a hypothetical reconstruction of the alignment of the 

ophiolite, that emplacement occurred even earlier, in the Palaeocene. 

These interpretations do not accord with the evidence from the regional 

geology which indicates continuous sedimentation from late Cretaceous to 

middle Eocene in southeast Papua, and implies that metamorphism and 

deformation occurred in the late Eocene or Oligocene (Pieters, 1978; 

Brown, 1977; Brown & others, in press). Further evidence to support a 

late Eocene or early Oligocene age of emplacement is the distribution of 

the Eocene tonalitic stocks: the restriction of these bodies* and the Eocene 

andesite-dacite lavas to the PUB suggests that this magmatic activity 

* The Eocene intrusives are compositionally and spatially distinct from 

younger Miocene intrusives (Smith & Davies, 1976). 



occurred prior to emplacemenc of the PUB. This implies emplacement of 

the PUB not earlier than 50 m.y. b.p. 
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Karig (1972) proposed a more complex interpretation of the 

emplacement (and origin) of the Papuan Ultramafic Belt, involving rifting 

of the Solomon Sea and collision between a reversed arc (represented by 

the PUB, the Solomon and Woodlark basins, and the islands of the Trobriand 

group and the Louisiade Archipelago, and continental crust of the south

east Papuan mainland. In this model the PUB would represent frontal-arc 

basement formed by marginal basin extension associated with an earlier 

period of subduction and arc magmatism. 

Intimately involved in formation of the PUB, its subsequent 

emplacement and the tectonic evolution of the southeast Papuan region is the 

origin of the Solomon Sea, since Finlayson & others (1977) have shown that 

the layers of the PUB are continuous northeastwards with the crust and 

upper mantle layers of the western Solomon Sea. In the model presented 

by Davies & Smith (1971) and Davies (1977) the Solomon Sea (and the PUB) 

represents a segment of trapped Cretaceous ocean floor of the Pacific plate. 

In Karig's (1972) more complex model the Solomon Sea is relatively young 

ocean basin, as earlier advocated by Carey (1958), and the PUB is crust 

and mantle of an older marginal basin. 

4-2. Evidence from the Solomon Sea region 

Karig (1972) characterized the Solomon Sea as an inactive 

marginal sea with high heat flow, and suggested that it formed during the 

mid-Tertiary by back-arc extension as the then-combined Woodlark and 

Pocklington arc moved south. Recent seismic surveys has shown that the 

central Solomon Sea is characterized by rough topography (Finlayson & 

others, 1976), which, together with the high heat flow values (2-3 H.F.U., 

Macdonald & others, 1973) and the relatively thin crust at the centre of 

the basin supports a recent origin. 
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Finlayson & others. (1977) have shown from detailed modelling of 

seismic, gravity and magnetic data that the crust of the western portion of 

the Solomon Sea is anomalously thick, ranging from 20-24 km off the Morobe 

coast and beneath the Trobriand Platform to a maximum of about 27 km at the 

northeastern edge of the Trobriand platform, from where it decreases 

gradually to approximately 13 km beneath the central Solomon Sea. 

Finlayson & others (1977) argued that these thicknesses were excessive for 

typical oceanic crust, and suggested that a marginal basin origin for the 

PUB and \,est Solomon Sea was more likely. They also drew attention to the 

positive gravity and negative magnetic anomalies associated with the 

northern side of the Trobriand Platform, and speculated that these features 

\,ere caused by an ophiolite complex of similar age and extent to the PUB. 

On the other hand, Davies (1977) argued that the seaward thickening of 

crust from 'normal oceanic-type' thicknesses exposed in the PUB were the 

result of volcanism and related plutonism associated with a postulated 

early Tertiary are, and subsequent episodes of magmatism during the late 

Cainozoic. Davies (1977) further argued that the gravity high at the 

northern edge of the Trobriand Platform could be attributed to bathy

metry, and that the corrected free-air anomaly was more diffuse and more 

closely resembed that found over the basement volcanics of New Britain 

than that over the PUB. 

More fundamental problems not resolved by models which require 

the Solomon Sea to be a trapped segment of Pacific plate are the 

'reversed' polarity (i.e. the arc-trench system faces the continent) of 

the inferred continent/arc collision zone, and the small time difference 

between formation and emplacement of the ophiolite. Karig (1974) and 

Coleman (1975) have claimed that 'reverse' polarity in arcs is not an 

initial condition but results from reversal of polarity from a 'normal' 

condition. 
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The alternative model proposed by Karig (1972) views the PUB

Solomon Sea as a reversed early Tertiary frontal arc system. This implies 

the existence of a northerly or northeasterly-facing arc-trench system 

peripheral to the Australian continental margin in the Mesozoic or earliest 

Tertiary. 

4-3. Evidence for a Mesozoic arc-trench sys t em 

There is little direct evidence for the existence of Mesozoic 

arc-trench system in eastern Papua. Johnson & others (1979) have post

ulated the existence of a southwestward-dipping subduction event beneath 

eastern Papua in the late Mesozoic to account for the widespread arc-trench 

type magmatism in the late Cainozoic. As with the volcanism in the High

lands region they interpret the Cainozoic magmatism of SE Papua as resulting, 

not from contemporaneous subduction, but from diapirism and partial melting 

of mantle modified during a Cretaceous subduction event. They suggest that 

the Cainozoic magmatism may have been triggered by uplift. 

More substantial evidence for the existence of a Mesozoic arc

trench system in the SE Papuan region is provided by Brown & others (in 

press) who, from examination of the Cretaceous-Eocene sediments of the 

central orogenic belt, concluded that a volcanic source lay to north and 

east, peripheral to the continental margin in the Cretaceous. Brown & others 

(in press) have proposed that the sediments were deposited in retro-arc 

basins behind a fringing volcanic are, and that these evolved, in places, to 

form remnant arc complexes and back-arc marginal seas which were the sites 

of formation of the ophiolites throughout the orogenic belt. In this model, 

broadly that of Karig (1972), emplacement of the PUB results from closure of 

the marginal basin by subduction in a northeastward-dipping subduction zone 

associated with an early Tertiary island-arc. The central Solomon Sea might, 

in this model, represent an early Tertiary marginal sea formed by extension 

behind the arc-trench system. 
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While this model is broadly consistent with the known geology 

the geology of the ophiolite itself places constraints on the nature of 

the inferred marginal sea. The deep water pelagic and hemipelagic 

sediments (mostly jaspelitic limestone and marl), and lack of volcano

lithic sediments overlying the PUB, clearly indicate that the ophiolite 

did not form in a shallow inter-arc or retro-arc basin. The depleted 

}!ORB-like geochemistry of the PUB basalts is unlike that of basalts 

erupted in ensialic back-arc basins (cf. Tarney & others, 1979; Weaver & 

others, 1979), and unlike marginal basin basalts erupted close to an 

active volcanic arc. Rather, the geochemistry of the PUB basalts indicates 

a mantle source highly depleted in LIL-elements. Such sources seem to be 

only tapped by deep rifting (Green, 1971; see PART 1, Chapter 5), thus 

implying extensive spreading in the basin in which the ophiolite formed. 

As with the Marum ophiolite, the most important factor in 

deciding which model is appropriate for the formation of the PUB is 

the age of formation of the ophioZite. If the PUB is a trapped segment 

of Pacific plate it should be as old or older than the adjacent segment 

of Pacific plate, i.e. early Cretaceous or older (Heezen & Fornari, 1975). 

If the PUB formed in a marginal basin associated with a Cretaceous arc

trench system it should be Cretaceous or younger. As already noted the 

age of formation of the PUB is not well constrained: the available data 

point to a general Creaceous age. Resolution of the problem clearly 

requires more precise dating of the age of formation of the ophiolite. 

Additional features to be assessed in any plate tectonic model for the 

region are the opening of the Coral Sea, and the eruption of widespread 

Cretaceous-Eocene tholeiitic basalts in mainland southeast Papua (Smith 

& Davies, 1976; Milsom & Smith, 1975). 
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4-4. Conclusions 

Geophysical investigations have shown that the layers of the 

ophiolite dip north and east and are continuous with the crustal and 

upper mantle layers of the western Solomon Sea. These surveys also 

indicate the existence of a low velocity zone in the upper mantle beneath 

the ophiolite belt (Finlayson & others, 1976). These findings, and the, 

laboratory velocity measurements of Kroenke & others (1974), confirm the 

geological and petrological conclusions that the PUB represents an over

thrust slab of crust and upper mantle of oceanic affinity which dips 

towards the Solomon Sea, and lend some support to the choked subduction 

model of emplacement suggested by Davies (1977) and Davies & Smith (1971). 

It is not possible on the basis of the petrochemistry of the 

ophiolite to specify an origin for the PUB, i.e. marginal sea or deep 

ocean basin. Therefore, although the emplacement of the PUB by over

thrusting at a southwestward-facing arc-trench system peripheral to the 

Australian continental block seems established, it is not clear whether 

this continent-arc collision resulted from consumption of a marginal sea 

or of oceanic crust at the leading edge of the Australian plate. The 

marginal basin model broadly accords with the overall late Cainozoic 

tectonic history of the region which has been one of arc magmatism and 

basin extension (e.g. Johnson, 1979 for review) but cannot be entirely 

reconciled with the regional geology as presently understood. Clearly, 

any future, more refined model of the tectonic evolution of the Papuan 

region requires greater knowledge of the late Mesozoic-early Tertiary 

regional ' geology and more precise dating of the age of formation of the PUB. 
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SUMMARY 

The anhydrous melting behaviour of two model upper mantle 

compositions, 'Hawaiian' pyrolite and a spinel lherzolite (Tinaquillo 

peridotite), has been studied experimentally at temperatures ranging from 

near, to about ZOOoC above, the solidus at 0-15 kb pressure. Equilibrium 

melting results in progressive elimination of phases with increasing 

temperature. Four main melting fields are recognized; from the solidus 

these are olivine (01) + orthopyroxene (opx) + clinopyroxene (cpx) 

+ AI-rich phase (plagioclase at low pressure, spinel at moderate pressure, 

garnet at high pressure) + liquid (L); 01 + opx + cpx + Cr-spinel + L; 

01 + opx + Cr-spinel + L; 01 ± Cr-spinel + L. Microprobe analyses of the 

residual phases shows progressive changes to more refractory compositions 

with increasing proportion of co-existing melt, i.e. increasing MgIMg + Fe 

and CrlCr + Al ratios, decreasing Al Z0
3

, CaO in pyroxene. 

The degree of melting, established by modal analysi"s, increases 

rapidly immediately above the solidus (up to 10% melting occurs within 

ZS-300 C of the solidus), and then increases in roughly linear form with 

increasing temperature. 

Equilibrium melt compositions have been calculated by mass 

balance using the compositions and proportions of residual phases to over

come the problems of iron loss and quench modification of the glass. 

Compositions from the melting of pyrolite within the spinel peridotite 

field (i.e. ~ 15 kb) range from alkali olivine basalt « 15% melting) 

through olivine tholeiite (ZO-30% melting) and picrite to komatiite (40-60% 

melting). Melting in the plagioclase peridotite field produces magnesian 

quartz tholeiite and olivine-poor tholeiite and, at higher degrees of 

melting (30-40%), basaltic or pyroxenitic komatiite. Melts from Tinaquillo 

lherzolite are more silica saturated than those from pyrolite for similar 



degrees of partial melting, and range from olivine tholeiite through 

tholeiitic pic rite to komatiite for melting in the spinel peridotite 

field. 
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The equilibrium melts are compared with inferred primary magma 

compositions and integrated with previous melting studies on basalts. 

The data obtained here and complementary basalt melting studies do not 

support models of formation of oceanic crust in which the parental magmas 

of common MORB are attributed to segregation from source peridotite at 

shallow depths « 25 km) to leave residual harzburgite. Liquids segregating 

from peridotite at these depths and with> 20% melting are more silica-

rich than common MORB. 
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CHAPTER 1 

INTRODUCTION 

1-1. Prelude 

It is now generally accepted that basaltic magmas result from 

partial melting of a peridotitic upper mantle. Previous melting studies 

on natural basalt and peridotite and simple system analogues (e.g. Green 

& Ringwood, 1967a; Ito & Kennedy, 1967; Green, 1970, 1971, 1973a, b; 

Kushiro, 1969; Nicholls, 1974; Eggler, 1974, 1978) have shown that varying 

degrees of partial melting of peridotite under different conditions (P,T, 

volatile content) may give rise to a wide spectrum of basaltic compositions, 

and provide a foundation for our understanding of magma genesis. The 

results of these studies have been integrated to produce a petrogenetic 

grid (Green, 1971, 1973b) for the origin of a range of natural basaltic 

compositions occurring in the ocean basins and on stable continental regions. 

To date, formulation and experimental testing of the petrogenetic grid 

have relied largely on basalt crystallisation studies i.e. examination of 

liquidus and near-liquidus mineralogy of mantle-derived basaltic liquids. 

However, because of the uncertainties in identifying primary magmas among 

basalts of tholeiitic composition and, in particular, ocean floor tholeiites, 

(which, unlike alkali basalts, generally do not carry mantle xenoliths as 

evidence of their primary nature), direct melting studies of peridotite are 

necessary to more closely constrain conditions of origin of tholeiitic 

magmas. 

PART 3 represents a study of the anhydrous melting of two 

different peridotites at 0-15 kb pressure with the aim of examining both 

the nature of the residual phases and the melt compositions formed upon 

melting of peridotite at comparatively low pressure. The data obtained 

show that the equilibrium liquid compositions formed over a relatively wide 

melting interval are broadly of tholeiitic composition. The experimentally 
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determined liquid compositions and residual mineralogy are then used to 

examine models for the genesis of oceanic crust and ophiolites, and various 

other naturally occurring magnesian tholeiites. 

1-Z. Composition of the oceanic upper mantle 

Evidence supporting the hypothesis of an upper mantle comprised 

of olivine (Hg88- 9Z)' orthopyroxene, clinopyroxene and minor spinel (or 

garnet) and containing approximately 3-4% CaO and Al Z03 has been discussed 

elsel,here (e. g. Ringh'ood, 1975 for a review). Previous experimental studies 

(see Green, 1976b, for review) and, more recently, integration with detailed 

trace element modelling (Frey & others, 1978) have shown that a calculated 

peridotite composition - similar to pyrolite III (Ringwood, 1966) based 

on the HaHaiian tholeiites - is capable of yielding a wide range of basal t 

compositions ranging from olivine melilitite through alkali olivine basalt 

to olivine tholeiite under varying conditions and degrees of partial 

melting.* Ringwood's (1966) pyrolite 111 has therefore been chosen as 

representative of mantle composition in areas of oceanic island volcanism. 

Although originally proposed as a general, conceptual term 'pyroZite' is 

used here for one specific composition (Ringwood, 1966) to enable direct 

comparison with previous studies on this composition and melting studies on 

other possible upper mantle compositions. Pyrolite is also a reasonable 

approximation of upper mantle composition in areas of continental alkali 

basalt volcanism (Frey & others, 1978). This model composition is LREE-

enriched and enriched in incompatible elements relative to the source 

region for most mid-ocean ridge basalts (Frey & others, 1978; Green & others, 

1979). For the latter basalts (MORB), trace element and isotopic studies 

,', 
The TiOZ content of Ringwood's (1966) pyrolite 111 composition is now 

knmffi to be too high for other than the Hawaiian province and 0.3-0.4% 

TiOZ is probably a more reasonable estimate for other provinces and 

other mantle peridotite compositions (Frey & others, 1978). 
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(e.g. Gast, 1968; Kay & others, 1970; Bryan & others, 1976) indicate a more 

refractory peridotite source, depleted in incompatible elements. Accord

ingly, a spinel lherzolite, Tinaquil10 peridotite (Green, 1963) has been 

selected as a specific composition representative of depleted mantle 

peridotite. In addition to having slightly lower CaO and Al20
3 

content 

than the pyrol1te composition used, T1naqu111o peridotite 1s depleted in 

T102 and incompati ble e l emen t s, including REE (Philpotts & others, 1972), 

and is more magnesian than pyrolite. Tinaquil10 lherzolite is also of 

similar composition to the less depleted of the spinel Iherzolites examined 

by Kuno & Aoki (1970), Fr ey & Green (1974) and Frey & Prinz (1977), and 

compar es with estimates of the upper mantle composition based on aver ages 

of spinel lherzolite compositions (e.g. Harris & others, 1967; Maaloe & 

Aoki, 1977), although CaO and Al
2
0

3 
contents are higher for Tinaquillo than 

Maaloe & Aoki I s (1977) aver age oceanic mantle. Tinaquillo lherzolite is 

also more depleted in incompatible elements than the mantle source 

composition suggested for DSDP basalt 3-18 by Green & others (1979). 

Two peridotite compositions have therefore been chosen which, although 

similar in major elements, represent the two ends of a compositiona l 

spectrum in their content of incompatible elements. 

In addition to the mantle heterogeneity reflected in basaltic 

rocks, detailed geochemi cal studies of peridotite xeno liths in basalts, 

high temperature peridotites and peridotitic komatiites (e.g. Frey & 

Green, 1974; Frey & Prinz, 1977; Frey & others, 1978; Sun & pesbitt, 1977, 

1978b) have shown that the mantle chemistry is complex; many source regions 

have apparently been enriched by addition of a small incompatible element

enriched melt fraction, whereas others have been depleted. Green (1971) 

and Green & Lieberman (1976) have presented a model of chemical zoning 

within the mantle, suggest ing that the deeper part of the Low Velocity Zone 

(LVZ) is depleted in incompatible elements and overlain by a n enri ched 

layer, due to continuous upward migration of a small melt fraction 
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« 2% melt) of olivine melilitite composition. With reference to this 

model, it is suggested that the peridotite compositions selected may be 

reasonable approximations to the upper and lowermost parts of the LVZ of 

the mantle, i.e. source regions for magmas of oceanic islands and mid-

ocean ridges respectively, but we emphasize that we envisage a continuum 

of mantle compositions from enriched to highly depleted and refractory 

peridotite. 
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CHAPTER 2 

EXPERIMENTAL TECHNIQUE 

2-1. Preparation of starting mixes 

Starting mixes ~ .. ere prepared from analytical reagent grade 

o 
chemicals, carefully ground under acetone « 5 ~m) and sintered at 1000 C 

The initial mix was then recrushed under acetone and heated to lOOOoC in a 

sealed evacuated silica tube with a quart z - fayalite - magnetite buffer. 

A split from t he mixes was t hen anal ysed for FeD and Fe
Z

0
3 

by spectro

photometry. The compositions prepared are presented in Table 3-1. These 

compositions are of pyrolite and Tinaquillo l herzol i te modified by the 

extraction of 40% olivine to facilitate identificat ion of minor phases. 

The validity of this approach has been discussed previously (e.g. Green 

& Ringi.;;'oo d, 1970), and is here re-affirmed by t he fact t ha t all runs , 

including the highest temperature experiments, were oversaturated in 

olivine. Whi le t he use of t hese modified compositions is relevant to 

peridotit e melting studies in that t h e correct residual phases are always 

present, it does introduce a small error in regard to the Mg-value 

( 100 Mg ++) . f h .. ratlo 0 t e startlng mlX. Mg + Fe Ideally the composition of the 

olivine removed should be that of the equilibrium residual olivine for 

each particular P, T and degree of melting . Since this is not feasible, 

olivine of an average residual composition was removed (Mg9l.6Fe8.lNiO.Z 

MnO. l for pyrolite and Mg9l.9F~.ONiO.OMnO.l for Tinaquillo l herzoli te). 

For low to moderate degrees of melting the olivin e compositions removed 

are sli ghtly more magnesian than t he equilibrium olivine for the original 

peridotite compositions, and, thus, the mix compositions and phase 

compositions are slightly too iron-rich for low degrees of melt ing. The 

extraction of olivine also produce s slightly greater change in Mg-value 

of residual phases with increasing temperature (percent melting) for the 

modified perido tite composition than for the unmodified peridotite, due 



T . .\.3LE 3-1. COHPOSITIONS OF PYROLITE AND TINAQUILLO 

L;:JERZOLITE hND HODIFIED EJCPERIHENTAL COMPOSITIONS* 

Pyrolite Pyrolite Tinaquillo Tinaquillo 
- 407. 01 lherzolite - 407. 01 

Si02. 45.2 47.9 44.95 47.5 

Ti0 2 0.71 1.18 0.08 0.13 

A1 203 3.54 5.91 3.22 5.35 

Fe 203 0.48 0.20** 0.09 0.15 

F,O 8.04 8.63 7.58 7.38 

NnO 0.14 0.13 0.14 0.18 

HgO 37.5 28.8 40.03 32.8 

C,O 3.08 5.14 2.99 4.97 

Na 20 0.57 0.95 0.18 0.30 

K
2

0 0.13 0.22 0.02 0.03 

P20 5 0.06 0.01 0.02 

NiO 0.20 0.13 0.26 0.43 
Cr 203 0.43 0.72 0.45 0.75 

CIPIJ Norms 

0, 0.8 1.3 0.1 0.2 

Ab 5.0 8.0 1.5 2.5 
An 6.6 11. 2 7.9 13.2 
Di 6.8 11.0 5.4 9.0 
Hy 15.8 26.5 18.0 30.8 
01 62.5 38.2 65.9 42.5 
11 1.3 2.2 0.2 0.3 
Mt 0.7 0.3 0.1 0.2 
C, 0.6 1.0 0.6 1.1 
1 OOHg /Hg+ Fe ++ 89.3 85.6 90.3 88.8 
100Mg/Hg+Fe 88.7 85.4 90.4 88.6 

x Compositions are of pyrolite (Ringwood, 1966) and pyrolite minus 407. 

olivine (~!g91.6Fe8.1NiO.2HnO.l)' and Tinaquillo peridotite (Green, 1963) 

and Tinaquillo minus 40% olivine (Mg9l.gFe8.0NiO.OMnO.l)' 

xx FeO by spectrophotometry - P. Robinson. analyst. 
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to the decrease of buffering effect of the larger amounts of olivine. 

HO\"ever, these errors are small, and more than compensated for by the 

improved quenching characteristics due to high proportions of glass to 

crystals, and the greater accuracy and ease of modal analyses. In addition 

the higher Fe-content is partly counteracted by the iron loss from the 

charge (see below). 

2-2. Apparatus and methods 

Experiments were carried out in solid media (piston-cylinder) 

high pressure apparatus using a piston-in technique and a pressure 

correction of minus 10% nominal piston pressure. Pressures have been 

previously calibrated on the quartz t coesite transition at 1100oC, 32 kb, 

and albite t jadeite + quartz at 600°C, 16.2 kb by Brey & Green (1975), 

and the error in pressure measurement is considered to be + 3% at '\.0 15 kb 

but may increase to + 20% at < 3 kb. 
o Temperatures (+5 C) were measured 

by a Pt - Pt 10% Rh thermocouple. No correction was made for the effect 

of pressure on the thermocouple emf. 

Pyrex glass sleeves with graphite inserts were used in the 

0.5 inch diameter furnace assemblies to minimize hydrogen diffusion from 

dehydration of the outer talc sleeve. Experiments on the stability of 

buffer assemblages using this furnace assembly indicate prevailing fa 
2 

conditions < NNO (Green, 1976a; D. Gust, pers. comrn. 1979). However, 

. 3+ 
the comparatively h~gh Fe contents of residual spinels (se~ below) suggests 

the fa in the runs may have been greater than this, as a consequence of 
2 

alloying of Fe with the Pt capsule according to the reaction Pt + 3FeO t 

(Fe, Pt)SS + Fe203 • Because iron loss is dependent on run duration, the 

3+ 2+ 
Fe /Fe ratios of the spinels are not considered a reliable indicator of 

prevailing fa. Samples (15 - 20 mg) were contained in sealed Pt capsules 
2 

and preheated at 900 - 1000
0

C for 8-12 hours packed in metallic iron powder 

in an attempt to presaturate the Pt capsule in iron. All runs were anhydrous, 
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and the powdered starting mix was dried overnight at llOoe. Several 

short-duration runs were made using unsealed spec-pure iron capsules. 

These experiments produced a lower fa ' did not yield chrome spinel, 
2 

and in some cases, the charges dissolved iron from the capsule and 

contained dispersed small spheres of metallic iron. 

The I-atmosphere partial melting experiments were carried out 

in a I-atmosphere quenching furnace using 20 rug samples in spec-pure iron 

capsules sealed in evacuated silica tubes. These samples also resulted 

in fa below the QFM buffer and the charge dissolved additional iron. 
2 

For these reasons phase relations only, and no compositional data, are 

presented for the I-atmosphere experiments. 

2-3. Microprobe analyses 

The charge was recovered as a coherent cylinder of residual 

crystals and glass. A small portion of one split was crushed and 

examined optically in refractive index oil. The other split was mounted, 

polished, and examined optically in reflected light and by scanning 

electron microscope. Optimization of the back-scattered and secondary 

electron images enabled clear resolution and discrimination of all phases 

(except for fine-grained runs near the solidus), including melt and quench 

crystals, up to X 2000 magnification. Discrimination of phases was based 

on form and contrast using the back-scattered electron image in which 

'brightness' is dependent on the mean atomic number of the phases in the 

target. In this way quench phases e.g. quench clinopyroxene rims on 

primary phases, can be distinguished from primary phases because of the 

higher Ti, Al and Fe contents in the quench phase compared to the primary 

equilibrium phase. Scanning electron microscope photographs of some of 

the experimental charges are given by Jaques & Green (1979) - Appendix 4. 

Simultaneous quantitative analysis for 10 elements (Na-Fe) was 

made using a JEOL JX-SOA electron microprobe - scanning electron microscope 
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fitted with an energy dispers.ive (EDAX) analytical system based on the 

~,! 1 d method of Reed & Ware (1973, 1975). Operating conditions emp oye an 

I 

~ 

I , 
I 

accelerating voltage of 15 Kv, beam current of 3 nanoamps, a beam diameter 

of less than 0.5 microns, and 100 seconds counting time. Full details of 

the method are given by Griffin (1979). Glass analyses and analyses of 

the bulk charge were made using rapid reduced area scans to minimize 

alkali volatilization and enSure representative analysis. At least 5 

analyses of each phase, including glass and bulk charge, were made for 

each run: some 2000 analyses were acquired during the study. All iron 

analyses are reported as weight percent FeD unless otherwise stated. 

2-4. Iron Loss 

A number of studies (e.g. Green & Ringwood, 1967a; Merrill & 

Wyllie, 1973; Green, 1973b, 1976a; Stern & Wyllie, 1975) have documented 

loss of iron from the sample to platinum group metal capsules during 

experiments, and shown that the extent of iron loss is particularly 

dependent on temperature and run duration. The problem of iron loss in 

partial melting experiments was re-examined as part of this study (see 

Appendix 4), and it was shown that iron is lost preferentially from the 

charge in the order 1iquid>01ivine>pyroxene, and that this preferential 

iron loss commonly results in non-equilibrium crystal-liquid and crysta1-

crystal (e.g. olivine - orthopyroxene) Fe/Mg partitioning, due to the 

different rates of adjustment of phases to the iron loss. Qn a local scale 

this is demonstrated by reverse zoning of larger crystals and by the fact 

that smaller crystals are generally more magnesian than cores of larger 

ones. Jaques & Green (1979) stressed that even where iron loss was 

minimized by presaturation techniques the extent of compositional inter-

change between sample and container needed to be carefully evaluated. 

Capsule materials other than Pt (e.g. graphite, molybdenum, spec-pure iron) 

are difficult to seal and thus fO can be only poorly controlled, and 
2 
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CO
2 

may gain access to the charge with consequent change to the H
2

0 or 

degree of melting and nature of residual phases. 

Pt capsules have been used in the experiments but excessive iron 

loss from the charge has been circumvented and the consequent effect on the 

compositions of phases minimized by carrying out repeated runs of varying 

duration, and monitoring the extent of the iron loss by analysis of the 

bulk charge after the run. From this, optimum run conditions, in terms 

of attainment of equilibrium and minimum iron loss, were established. Iron 

loss in these experiments was also monitored by examining the Fe-Mg 

partitioning between residual phases using the core composition of large 

(> 20 ~) orthopyroxene 

as a reference. Since 

crystals, which re-adjust more slowly to AI B 
h v ol/opx (h lC AlB - (~ (~) 

t e " j) W er e D - (Mg) (Mg) 

iron loss, 

is known 

to be insensitive to temperature and pressure and has been determined 

experimentally as 1.1 + 0.1 (e.g. Medaris, 1969; Matsui & Nishazawa, 1974; 

Mori & Green, 1978), this relationship has been used to test the Fe-Mg 

partitioning between olivine and orthopyroxene for equilibri~m. In all 

except the shortest duration runs, olivine compositions are 1 to 4 mol % 

more magnesian than the equilibrium value. Data obtained during this and 

previous partial melting studies (e.g. Green, 1976a; Jaques & Green, 1979) 

show that the observed olivine - glass Fe-Mg partitioning is variable, 

being dependent on temperature and run duration (i.e. the extent of iron 

loss and on quench modification of the glass), and therefore is of little 

use in determining equilibrium in situations where iron loss has occurred. 

Similarly, the observed olivine compositions in an experiment cannot be 

used to constrain the Mg-value;'~ of equilibrium melt unless first corrected 

for the effect of Fe-loss. 

Mg-value 2+ 
100Mg/(Mg + Fe ) 
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2 5. Determination of liquid Gompositions and pe r centage melting 

The problem of growth of metastabl e, non-equil ibrium phases, 

both as discrete crystals and as rims and outgrowths on primary phases, 

during quenching of the charge, and the consequent modification of mel t 

compositions in partial mel ting experiments is well known (Green, 1973b, 

1976a; Cawthorn & others, 1973; Nicholls, 1974). 

The problem of quench modific ation of the partial melt 

compositions has been further examined with the aid of the scanning electron 

microscope coupl ed to the energy-dispersive microprobe (Appendix 4). It 

was found that significant quenching probleos occur both at comparativel y 

low degrees of oelting (~ 10%) where the sol id/l iquid proportion is high, 

and at high degrees of mel ting ( 30-40%) where ol ivine and l ow Ca-pyroxene 

readi l y quench from the low viscosity, magnesian l iquid . It was al so 

shown that the combined effects of iron loss and quenching result in gl ass 

compositions significantly more silica-rich, and containing 1.ess FeD and 

NgO and generally more A120
3 

and CaO, than the equilibrium l iquids ca1-

cu1ated by either crystal-l iquid element partition data or mass bal ance 

after allowing for iron loss. For these reasons, equilibrium liquids 

have been calcu lated by mass bal ance from a knowl edge of the composition 

and proportions of the residual phases. 

The proportions of residual phases were establ ished by point-

counting of scanning e l ectron microscope photographs of the polished mount 

using a transparent 10 x 9 cm grid. A minimum of 1200 point~ were counted 

in replicate and averaged. Point counting of phases was not possible for 

the high degree melting runs where ol ivine or ol ivine + chrome spinel were 

residual phases because of strong crystal settling within the charge, even 

in runs of short duration. For these experiments the equilibrium liquid 

composition was calcul ated b b 1 . ol/liquid y mass a ance assum~ng a ~ of 0.3 

(Roeder & Emslie, 1970; Green & Ringwood, 1967a) after correcting for iron 

loss from the charge (cf. Green, 1973b). The use of this fixed ~ may 
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introduce a small error since i.t was later found (PART 4) that Fe-Mg 

partitioning between olivine and liquid is pressure dependent at pressures 

above 5 kb: ~ increases with pressure resulting in more magnesian 

equilibrium liquids at higher pressure for olivine of the same composition. 

Liquid compositions were calculated by mass balance after 

conversion of the volume percent modes to weight percent modes using 

appropriate mineral densities (Trager, 1956). The liquid density was 

calculated by the method of Bottinga & Weill (1970) using the least modifi.ed, 

most magnesian glass composition (obtained by reduced-area rapid scans) 

with adjustment for the effect of pressure on the density (Kushiro & others, 

1976). Iteration of the mass balance calculations to overcome the density 

difference between the equilibrium liquid and the analysed glass made 

negligible difference to the resultant liquid composition. Compared to the 

analysed glass compositions (available on request) the calculated liquids 

are more magnesian, have higher FeD content, lower Si02 and, generally, 

lower Al20
3 

and CaD contents (Table 3-2) (see also Appendix .4). 

An additional uncertainty in the composition of the calculated 

liquids is Fe203 of the melt, and, consequently, 100 Mg . 
calculated Mg + Fe2+ rat~os, 

since change in oxidation state may occur during the run. In Tables 3-9 

100 Mg 
and 3-10 calculated Mg + Fe2+ assume no change in Fe20

3 
content and 

100 Mg . 2+ 
Mg + Fe rat~os assume all Fe as Fe . 

2-6. Errors and limitations 

Errors involved in the calculation of the equilibrium liquids are 

difficult to define precisely. Errors in point counting may be as high as 

2 volume % for phases present in excess of 5% due to inhomogeneous 

distribution, and crystal settling. The effect of a 2% error in the 

determination of the percentage of melting is shown in Table 3-2 for the 

melting of pyrolite at 10 kb, 14500 C (residual olivine and chrome spinel) 



TABLE 3-2. COMPARISON GLASS AND CALCULATED MELT 

COMPOSITION, AND ESTHlATED ERRORS 

10 kb 1300
0
C 10 kb l4500C 

37% 39%* 41% Gla ss 
71% 73% 75% 

Gl ass me l t me l t me l t melt melt melt 

Si02 
51. 3 49.3 49.8 49.9 52. 4 51.5 51.2 51. a 

Ti02 
2. 8 3.0 2.7 2.6 1.6 1.7 1.6 1.6 

A1 20
3 

12.4 12. 8 12.5 12.1 7 .9 8 .2 8 .0 7.8 

FeO** 8. 9 9.0 9 . 0 8. 5 8 .8 9. 9 9 .5 9.5 

MnO 0 .1 0 .1 0 .1 0 .1 0 .1 0 .1 

MgO 10.4 11.5 12.0 13.4 20.7 19 .8 2 1.0 21.7 

CaO 11. 8 11. 2 10. 9 10.6 7.1 7.2 7.0 6.8 

Na
2
0 1. 9 2.5 2 .4 2 .3 1.2 1.3 1.3 1.3 

K20 0.5 0.6 0.6 0 .5 0 .3 0.3 0 .3 0 .3 

CIPW NORH 

Or 3.0 3.6 3 . 6 3.0 1.8 1.8 1.8 1.8 

Ab 16. 1 21.2 20 .3 19.5 10 .2 11.0 11.0 11.0 

An 23. 8 21.9 21.6 21.2 15.3 15.7 15. 1 14.6 

Di 28.0 27. 1 26.2 25.2 15.9 16 .1 15.7 15.3 

Hy 23. 0 3.2 7 .2 9 .7 44. 7 40 .0 37.4 36 .1 

01 0 . 8 17.2 16.0 16.5 9 .2 12.2 16.0 18 .2 

Il 5.3 5. 7 5.1 4 .9 3.0 3 .2 3 .0 3.0 

100Mg/MgHFe 67.6 69.5 70. 4 73 .8 80 .7 78. 1 79.7 80 .3 

* Percent melt ing i s of pyroli te minus 40% olivine c omposition. 

"* Total iron as FeD 
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o and 10 kb, 1300 C (residual olivine, orthopyroxene and chrome spinel). 

Uncertaintly of + 2% in estimation of percentage melting produces small 

differences in Mg-value and normative compositions which do not however 

overlap the composition of analysed glass in the runs. 

It was not possible to adequately discriminate residual phases 

in the low degree melting range, i.e. within 2SoC of the solidus, due to 

the fine grainsize of the charge. Long run times to obtain sufficiently 

large crystals result in excessive iron loss and a non-equilibrium residual 

assemblage. An additional problem is the nucleation of stable calcic 

pyroxene: residual clinopyroxenes, particularly at low pressure, showed 

a range of calcium contents, some being sub-calcic (see later). 
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CHAPTER 3 

MELTING RELATIONS 

Data on the experimental runs are presented in Table 3-3. The 

phase relations of the melting of both pyrolite and Tinaquillo lherzolite 

at 50°C intervals from the solidus to above the orthopyroxene-out curve 

are plotted as a function of T and P in Figure 3-1. Also shown are the 

pyrolite solidus and subsolidus relations previously defined by Green & 

Rin~vood (1967b, 1970). The position of the Tinaquillo lherzolite solidus 

o 
is shown as approximate only, but appears to lie some 30-40 C above the 

pyrolite solidus, reflecting its more refractory composition. The sub-

solidus assemblage at low pressure (0-10 kb) consists of olivine, ortho-

pyroxene, clinopyroxene and plagioclase (plus minor accessory ilmenite, 

chrome spinel, apatite); at pressures above 10 kb this assemblage is 

replaced by olivine, aluminous pyroxenes and spinel, and above 25-30 kb 

by olivine, pyroxenes and garnet (Green & Ringwood, 1967b)~ -

Three main fields have been defined within the melting range 

studied for anhydrous melting of both peridotites. From near the solidus 

these are: olivine + orthopyroxene + clinopyroxene + chrome spinel + 

liquid, olivine + orthopyroxene + chrome spinel + liquid, and olivine + 

chrome spinel + liquid. Incomplete data close to the solidus indicate 

the presence of a narrow field in which an aluminous phase - plagioclase 

at 1m..,. pressure, aluminous spinel at moderate pressure, and garnet at 

high pressure (~ 30 kb, Green & Ringwood, 1967b) - co-exists with olivine, 

2 pyroxenes and liquid. 

The present data, though incomplete, indicate that this phase 

melts within 25-30
o

C of the solidus (in the case of aluminous spinel by 

solid solution change to chrome spinel, Fig. 3-4). The clinopyroxene-

o bearing field for these peridotites extends some 75-100 C above the 

solidus and expands at low pressure « 5 kb), particularly in the case of 



TABLE 3-3. EXPERIMENTAL RUN DATA 

P T T ilile .1QQJ!9. , 
Capsule Pnases present Run tio. ( kb) (oC) (hours) ~q + Fa 

har~e 

Pyro li ie [,,; OIJS 4~ 0 li vi ne 

A555 0 1170 Fe Ol+Opx+Cpx+L 

A55·\ 0 1200 2.5 Fe 01 + Opx + Cpx + L 

A556 0 1225 3 Fe 01 + Opx + L 

A553 0 1250 2 Fe 01 + L 

958 2.25 1100 2 i't 85.8 01 +Opx+Cpx+PJ+Sp+l 

T-1'19 2 1150 3.5 pt 88.2 Ol+Opx+Cpx+Sp+L 

T-III 2 1200 2 PI 86.0 Ol+Opx+Sp+L 

T-107 2 1250 2 PI 89.5 01 + Opx + Sp 4- L 

T-185 2 1250 0.5 PI 86.5 0I+0px+Sp+l 

T-133 2 1300 I PI 87.1 Ol+Sp+L 

1-1\7 1200 2.5 PI 87.2 01 + Opx + Cpx + Sp + l 

T-186 1200 0.75 PI 86.2 OJ +Opx+Cpx+Sp+l 

T-1011 5 1250 2 PI 8G.9 01 + Opx + Sp + L 

T-167 1250 0.75 PI 86.2 Ol+Opx+Sp+L 

T-I02 1300 2 PI 87.2 Ol+Opx+Sp+L 

T-166 1300 0.5 PI 86.5 0I+0px+S·p+L 

T-119 1350 2 PI 88.9 0I+0px+Sp+l 

!-I 58 1350 0.33 PI 87.0 01 + Sp + l 

956 6.75 1200 2 PI 85.5 OJ +Opx +Cpx +Sp +L 

892 9 1200 2 PI 86.7 0I+0px+Cpx+Sp+L 

T-IOO 10 1250 2 PI 86.1 0I+0px+Cpx+Sp+L 

T-140 10 1250 1 F, 84.6 0I+0px+Cpx+L 

T _69 b 10 1300 2 PI 86.9 0I+0px+Sp+L 

T-118 10 1350 2 pt B7.0 01 + Opx + Sp + L 

T-139 10 1350 0.5 Fe 85.1 OJ+Opx+~ 

T-90 10 1400 2 PI 88.0 0I+0px+Sp+l 

!-I 57 10 1400 0.33 PI 86.6 OJ + Opx + Sp + L 

T-IOI 10 1450 2 PI 89.7 OI+S,+L 

T-138 10 1450 0.25 Fe 83.3 01 + L 

T-1'8 15 1350 2. 5 pt 87.7 OJ +Opx+Cpx+Sp+L 

T-142 15 1400 I PI 86.2 01 + Opx + Sp + L 
T-184 15 1450 0.5 PI 80.4 0I+0px+L 

T-1't3 15 1500 0.75 PI 88.8 OI+Opx+S,+L 
T-150 15 1550 0.33 PI 89.2 01 + L 



Run 110. 

T-13\ 

T-151 

T-1 23 

T -121 

T-1 99 

T-162 

T-163 
T-1 32 

T-129 

T-180 

T-1 20 

T-154 

T-135 

T-128 

T-136 
T-137 

T-141 

T-1 55 

T-165 

T -1 56 

T-145 

T-194 

T-183 

T-216 

T-218 
T-1 64 

p 
(kb) 

2 

2 

2 

2 

Z 

2 

5 

5 

5 

5 

5 

5 

10 

10 

10 

10 

10 

10 

10 

15 

15 

15 

15 

15 

15 

15 

T 
(DC) 

TABLE 3-3. CONT. 

Ti llle 
(hours) 

Capsule 100 til 
~ ... Fe 
Char~e 

Tlnaguil lo lherzolite ninus ~O~ oliv ine 

1200 

1200 

1250 

1300 

1300 

1350 

1200 

1250 

1300 

1300 

1350 

1400 

1250 

1300 

1350 

HOO 

1400 

1150 

1500 

1350 

HOO 

1400 

1450 

145 0 

1500 

1550 

2 

" 
2 

2 

0.5 

0. 5 

4 

1 

2 

0. 5 

2 

0.33 

2 

2 

1 

1 

1 

0.5 

0.33 

3 

1 

0.33 

0.5 

0. 33 

0.33 

0. 5 

Pt 

Pt 

I't 

Pt 

Pt 

I't 

Pt 

Pt 

Pt 

Pt 

Pt 

Pt 

Pt 

Pt 

Pt 

Pt 

Pt 

Pt 

Pt 
Pt 

Pt 

Pt 

I't 

Pt 

Pt 

Pt 

90.0 

90.1 

90.0 

94.8 

89.2 

90.6 

89 .4 

89. 0 

90.8 

89.5 

91.0 

90 .0 

89. 0 

90.0 

89. 2 

91 . 3 

91.4 

90.7 

90.8 

91.0 

90.4 

90.6 

91 .8 

• Phases present 

01 ... Opx + Cpx + Sp + l 

01 ... Opx + epx + Sp + L 

01 ... Opx + Sp + l 

01 + Opx + Sp .,. L 

01 • Op, • Sp • l 

01+Sp+l 

01 + Opx + epx + PI + Sp + L 

01 + Opx + Cpx + Sp + l 

01 + Opx + Sp + L 

01 + Cp): + Sp .;. L 

01 + O;lX + Sp + l 

01 • Sp + l 

01 + Opx + Cpx + Sp + l 

01 + Opx + Cpx + Sp + L 

01 + OPIC ... 'Sp + L 

01 + OPIC + Sp + l 

01 + Cpr. + Sp + L 

01 + Sp + l 

01 • Sp • l 

01 + OPIi: + Cpx + Sp + L 

01 + Opx + Sp + L 

01 • Op, • Sp + l 

OI+Op:r+l 

01+0px +L 

01 + Opx + L 

01 + l 

OJ • oli vine, Opx • orthopyroxene, Cpx • cl inopyroxene, Sp • sp inel, PI • plagioclase, 
l • liquid (gl ,ss ) 

a Pritla ry phases only, excludes quen~h pyro;o;ene ao%r olivine present In !:l ost runs. 

b Additional eXPQrioents by Jaques and Green (1 979). 
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Fig. 3-1. P-T diagram for melting of pyrolite (composition of Ringwood, 

1966) and Tinaquillo lherzolite. 01 = olivine, Opx = ortho

pyroxene, Cpx = clinopyroxene, Sp spinel, Cr = chrome spinel, 

Pi = plagioclase, L = liquid. Data for 18 and 22.5 kb pyrolite 

runs from Green & Ringwood (1967b). Plagioclase-spinel peri

dotite transition boundaries from Green & Ringwood (1970). The 

solidus and subsolidus boundaries for Tinaquillo lherzolite are 

interpolated. 
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pyrolite. The upper stability. limit of orthopyroxene lies approximately 

lS0-200
o

C above the solidus of both peridotites and the field expands 

slightly with increasing pressure. The liquidus of either peridotite has 

not been determined but the pyrolite 1-atmosphere liquidus is approximately 

1700-17S0
o

C by comparison with the data for peridotitic komatiite 49J 

(Green & others, 1975b). 

The melting relations defined here (together with the pyrolite 

melting runs of Green & Ringwood, 1967b) are broadly similar to those 

established by Ito & Kennedy (1967) and Mysen & Kushiro (1977) for the 

anhydrous melting of garnet peridotite at 0-40 kb, and 2S and 3S kb 

respectively. Ito & Kennedy (1967) did not define a field in which 

clinopyroxene was a residual phase, but noted that garnet and clinopyroxene 

melted within the temperature interval of approximately SOoC above the 

solidus at high pressure. The presence of residual orthopyroxene at low 

pressure « S kb) in our experiments is in agreement with the 1-atmosphere 

data of Ito & Kennedy (1967), but conflicts with the incongruent melting 

behaviour of orthopyroxene in the MgO-Si0
2 

system. This illustrates very 

\,ell the contrast between the abrupt disappearance of a phase and change 

in melt proportions characteristic of simple, pure Mg systems (Kushiro, 

1969; Presnall & others, 1979), and the gradual reaction and disappearance 

of a phase over a moderately large temperature interval in complex Fe-Mg 

systems. 

The percentage of melt obtained from the melting ~f pyrolite and 

Tinaquillo lherzolite at lS kb is plotted as a function of temperature in 

Figure 3-2. Satisfactory determination of the percentage of melting at 

less than about 10% melting was not achieved because of the experimental 

difficulties already discussed. From Figure 3-2 it is seen that the 

amount of melt increases rapidly in the initial stages of melting, and 

then increases at a steady rate. Comparison of pyrolite and Tinaquillo 

lherzolite shows that more liquid can be extracted from pyrolite: 



60 15kb 
50 I 
40 ~I~I 
30 

I A 
~ ....-./ 

I ,-1""-
20 ;}~/ 
10 /1././ 

<!l // 
I z 

I- 1300 
-' 

1400 1500 1600 
UJ 
::;; 

I- 60 
z 10kb 
w 

" 50 II: 
W 
"- f 

40 I~I 
30 r- I"-------::::V""-

1---- ---
20 _____ 1------;;1 -1----
10 I---

/' . 

,I , , 
1200 1300 1400 1500 

TEMPERATURE, °c 
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approximately 20% melt can be derived from pyrolite before clinopyroxene 

disappears but only about 12-15% melt can be derived from Tinaquillo 

before clinopyroxene is ~xhausted. Mysen & Kushiro (1977) claim that the 

anhydrous melting relations of peridotite resemble those of simple systems, 

and that melting may approximate an invariant character. This conclusion 

is not supported by our data (Fig. 3-2). Our data do not permit evaluation 

of the melting behaviour betHeen the 50°C intervals to determine if minor 

inflections Ccf. Kushiro, 1969), or steps (Wyllie, 1971), occur as phases 

disappear from the residue. Presnall (1969) has shm.,n graphically that 

equilibrium melting is a continuous process and we interpret our results 

as demonstrating the 'smoothing effect' of Fe-Mg, AI-Cr, Al-Si, Na-Ca, 

solid solutions in the percent melt versus temperature plot. Following 

the initial stages of melting, where the amount of melt increases rapidly, 

the percentage of melting increases approximately linearly as a function 

of temperature. The melting behaviour observed in our experiments bears 

similarities with that predicted by O'Hara (1968, Fig. 8, stages 3-5), 

although the observed melting interval is less than that suggested in 

his model. 

Modal variation (volume %) of the residue phases for the modified 

(-40% olivine) peridotite compositions are shown in Figure 3-3. In each 

case the melt fraction increases while the proportion of residual phases 

decreases regularly. Ito & Kennedy (1967) also observed a progressive 

decrease in the proportion of residual phases and eventual elimination of 

the phase from the residue. Although the melting of orthopyroxene in the 

complex composition differs from that in the CaO-MgO-Si0 2 system (Kushiro, 

1969) and the CaO-MgO-A1
2

0
3
-Si0

2 
system (Presnall & others, 1979), 

comparison of the relative proportions of olivine and orthopyroxene at 2 and 

5 kb ",ith the 10 and 15 kb experiments show that the field of orthopyroxene 

expands with pressure as previously noted (e.g. Green & Ringwood, 1967a). 

Helts produced by moderate degrees of melting at low pressure are over-
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saturated in Si02 , and become olivine normative at higher pressure 

(Tables 3-9, 3-10). 

Melting experiments have not been carried out in the high 

degree melting range (> 50% melting) since degrees of partial melting 

166 

of this order may not be geologically feasible. All our experiments at 

high degrees of melting (~ 40%) showed strong crystal settling of olivine 

in the fluid komatiitic liquid. This observation supports Arndt's (1977a) 

claim that high degrees (40-80%) of melting of peridotite are unlikely 

to be attained, because before that degree of melting is reached, a highly 

fluid picritic-komatiite liquid will segregate from the source peridotite. 

Green & others (1975b) proposed that peridotitic liquids required 

unusually rapid rates of diapiric ascent to counter the settling problem, 

and Arndt (1977a) proposed that peridotitic komatiites result from a 

process of sequential melting. 
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CHAPTER 4 

CQ}lPQSITIONS OF RESIDUAL PHASES 

II-I. Olivine 

All runs are oversaturated in olivine. Variation in olivine 

composition, expressed as changes in 
100Hg 
Mg+Fe with temperature, are shown 

in Figure 3-4. Olivine adjusts readily to iron loss from the charge 

and. consequently, ",here the K. all betHeen the analysed olivine and 
-1) opx 

the cores of large orthopyroxene grains show the analysed olivine to be 

out of equilibrium (i.e. excessively magnesian due to iron loss, as is 

the case for almost all runs), the equilibrium olivine composition has 

been calculated using a K 01/ ~ -n opx 1.1. Where olivine is the only 

residual phase, the equilibrium olivine composition has been calculated 

prior to iron loss, using the analysis of the bulk charge (obtained by 

rapid reduced area, ~ 250~, scans) and the original bulk composition. 

Olivine ~~O~gFe ratios progressively increase with-temperature 

(% melting) from less than 88 near the pyro1ite solidus to approximately 

95 at 15 kb 15500C (~ 50% melting) where olivine is the only residual 

phase. For the Tinaqui110 lherzolite composition, residual olivine is 

. lOOH" more magneslan and Mg + Fe ratios range from 90 near the solidus to 

approximately 95 (~ 44% melting). Calcium contents for olivine in both 

peridotites lie in the range 0.2 to 0.4%, and decrease with increasing 

temperature (% melting). 

The rates of adjustment to iron loss from the charge differ for 

olivine and liquid, or olivine, pyroxene and spinel, and preclude any 

meaningful examination of Fe-Mg partitioning between phases where iron 

loss has occurred. 
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4-2. Spinel 

Spinel analyses are presented in Tables 3-4 and 3-5, and 

compositional variation, expressed as 
lOOCr . 

Al 
ratlos, 

Cr + 
with temperature 

ShOiVD in Figure 3-4. Variation in spinel composition is dominantly 

Cr-Al substitution in trivalent cations, and spinels become increasingly 

chrome-rich with increasing degree of il 
. IODCr 

melting unt a maXlffium Cr + Al 

ratio of '" 80 is reached. Spinels of this composition are highly 

refractory, containing'" 55-58 wt % CrZ03 , similar to chrome spinels 

from alpine peridotites and tectonite harzburgite in ophiolites. The 

~~O~gFe ratios increase with increasing temperature, a consequence of 

increasing degree of melting, and of iron-loss. Compared to chrome spinels 

from alpine peridotites, ophiolites and stratiform intrusions the 

experimental spinels are deficient in iron, reflecting both substantial 

subsolidus re-equilibration of the natural rocks, and, possibly, iron 

loss from the experimental charge. 
3+ 

Calculated Fe contents are 

comparatively high, and may reflect increased fa due to the Fe alloying 
2 

with the Pt capsule. 

Chrome spinels near the solidus at low pressure (Z-5 kb) are 

distinctly more chrome-rich than those at higher pressure (10-15 kb). 

This is consistent with the melting of different subsolidus assemblages 

of plagioclase + chrome spinel « 10 kb) and aluminous spinel + aluminous 

pyroxenes (> 10 kb), and the presence of a plagioclase-field immediately 

above the solidus at low pressure. The distribution coefficient 

K = (Al/crl I (Al/Cr) is greater than unity, in accord with experimen-- 1) cpx sp 

tal data from simple Cr-bearing systems (Dickey & Yoder, 197Z) and natural 

peridotites. The AIZ03 content of orthopyroxene shows a direct correlation 

with the AlZ03 of co-existing spinel (Fig. 3-5a) , and the crC: Al ratios 

of spinel correlate with the Cr 
Cr + Al ratio of co-existing orthopyroxene 

at constant pressure. Both correlations appear dependent on bulk 

composition as well as temperature and pressure (Fig. 3-5) as might be 



TABLE 3-4. AVERAGE SPINEL ANALYSES PYROLITE 

15 kb 10 kb 5 );b :? kL 

TCC 1350 1400 1500 1250 1300 1350 1400 1450 1200 1250 1300 1350 1150 1200 1250 1300 

TiO
Z 

1. 23 1. 18 0,73 1.98 1. 13 1. 25 1. 03 0.65 1. 23 1.22 1. 03 1,10 2.24 1. '10 1. 07 1.10 

..1.12°3 25·3 19.3 11. 1 22.7 17 .4 15.5 10.9 9.04 16.6 12.4 10.2 3.8 14.5 i 1, 5 8,';9 8.45 

F,O 21.7 18.6 12.0 21. 4 19·3 18 . 5 14.0 12.1 21. 2 19.3 18,5 15.4 19 .7 1'1 .6 18,0 17.2 

MgO 16,3 16,9 17.0 15.4 15.8 lb.l 17.2 19,8 15.1 15.2 16.4 16 .5 15.0 15.2 16 , 0 16.5 

C,O 0.27 0.50 0.41 D,60 D,56 0.55 0.59 D,15 D,42 D,55 D,63 D,75 0,60 0,41 D,63 a .~o 

Cr 203 35.2 43.5 58,8 38.5 45.8 48.1 56.3 58.3 45.5 51. 3 53. 2 %.4 48,0 54.2 55.5 %.4 

100 Mg 
57 62 72 % 59 61 69 75 56 58 61 66 58 61 61 63 Mg"7'Fe 

1 00 Cr 

C"r"'71i 48 60 78 53 64 68 78 81 65 74 78 79 69 76 81 82 

C, 
Cr + ..1.1 + Fe3+ 

D,42 D,53 D,73 D,47 D,56 0,60 D,70 0.72 0,% 0.65 0.67 D,71 0,61 D,68 D,70 0.72 

" Cr + III + Fe3+ 0.45 D,35 0.21 D,41 0.32 D,28 D,20 D,17 0.31 0.23 0,19 0,18 D,27 0,22 0.17 D,16 

F,J> 

Cr + ..1.1 + Fe3+-
0 , 13 0,12 O.Db 0,12 0,12 0,12 0,10 0,11 0,13 0,12 0,14 0,10 0,12 0,10 0,13 0,13 

100 Mg 2+ 
Mg + Fe 

73 77 80 70 74 75 82 92 91 73 79 79 71 73 77 79 

All MnO< 0,15 wt %. Fe3+ calculated assuming AB
2

0 4 stoichiometry and RO R
2

0
3 

• 1 



TABLE 3-5. AVERAGE SPINEL ANALYSES TINAQUILLO LHERZOLITE 

15 kb 10 kb 5 kb 2 l;h 

'c 1350 1400 1250 1300 1350 1400 1450 1500 1250 1300 1350 1400 1200 1250 1)00 1350 

Ti0
2 

0.25 D.25 0.32 0.15 0.18 0.32 0.25 

..1.12°3 
41.3 25.9 JI.4 27,0 21.4 14.7 11.9 10.3 18.3 15.4 11.9 10.1 18.4 15.0 12.4 11.0 

F,O 13.6 12.5 11.4 14.4 12.8 10.1 9.8 9.60 13.6 11.2 11.7 11.5 13.3 9,66 10,0 10.2 

MgO 21.2 19.0 19.6 18.9 18.0 lB.3 18.6 19.4 18.6 18.3 18.6 18.4 17.9 18,0 18.5 18.3 

C,O 0.% 0.31 0.43 0.53 0.50 0.27 0.27 D.49 0.50 0,60 o. 'B 0.53 0,55 0.50 0,64 0, ~8 

cr
2

0
3 23·3 42.3 30.9 38.9 47.2 56.6 59.4 60,2 48.8 54.5 57.4 59.5 49.5 56.6 58,4 59.9 

~ 73 73 75 70 72 76 77 78 71 74 74 74 71 77 77 76 
Mg + Fe 

100 Cr 
27 52 36 o;-:;:Ai 49 60 72 77 80 64 70 76 80 64 72 76 79 

c, 
Or + Al + Fe3+ 0.25 0.49 0.34 0.45 0.56 0.68 0.72 0·73 0,58 0.b5 0.70 0.73 0,59 0.69 0,71 0.74 

Al 3+ 
Cr+Al+Fe 

0.66 0.44 0.61 0.46 0.38 0.27 0.22 0.19 0.32 0.28 0.22 0.19 0.33 0.27 0.23 0.20 

F 3+ , 3+ 
Cr + Al + Fe 0.09 0,07 0.05 0.09 0.06 0.05 0.06 0.08 0.10 0.07 0.08 0.08 0.08 0.04 0.06 0.06 

~ 87 83 82 83 81 84 86 91 85 85 87 87 82 83 87 86 
2+ 

Mg + Fe 

All MnO < 0.15 wt %. F,3+ calculated assuming ..1.8
2
0

4 
stoichiometry and RO R

2
0

3 - 1 : 1 • 
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expected if Cr-Al substitution in spinel is non-ideal (Wood & Nicholls, 

1978). As for clinopyroxene, the AI-Cr . el i s greater than unity 
Opx-spl.n 

indicating that Cr is preferentially partitioned into spinel; the ~IS 

at Imf pressure are higher than at higher pressure. 

4-3. Or t ho pyroxene 

Representative orthopyroxene analyses are presented in Tables 

The lOOMg ratios of large orthopyroxene grains (Fig. 3-4) 
Mg + Fe 

3-6 and 3-7. 

h (% 1 · ) f b t 100Mg 89 h increase wit temperature me cl.ng rom a ou Mg + Fe = near t e 

pyrolite solidus to 93-94 at the orthopyroxene-ouc curve. Orthopyroxene 

from the melting of Tinaquillo lherzolite is slightly more refractory, 

Hith 
l OOMS ratios of 91-94. Orthopyroxene grains are commonly zoned, 
Mg + Fe 

with rims which are 1-2 mol % more magnesian, due to iron loss. A1 203 

and Cao contents decrease with increasing temperature, and compositions 

near the orthopyroxene-out curve have very low CaO and A1
20

3 
contents 

(1-2%). The linear decrease of A1
203 

in orthopyroxene with tncreasing 

temperature (Fig. 3-5b,c) is further evidence that melting is a continuous 

process, and that melting is dominated by solid solution behaviour rather 

than eutectic behaviour. Alumina contents in orthopyroxene are higher 

at higher (10 to 15 kb) pressure for sjmilar degrees of melting, and co-

existing liquids (Tables 3-9, 3-10) are lower in A1
2

0
3

. The data imply 

that A1
2

0
3 

solubility in pyroxene increases with pressure over this 

pressure range. The solubility of A1 20
3 

in orthopyroxene in spinel 

peridotite and plagioclase peridotite is at present in dispute (cf. 

MacGregor, 1974; Obata, 1976; Presnall, 1976). Stroh (1976) has shown 

that the addition of Fe and Cr to the simple system MgO - Si0 2 - A1 203 

markedly affects the activities of phases at equilibrium. Because of the 

complexity of interplay of pressure and temperature, varying % melting, 

liquid composition and spinel composition, the data is not analysed 

further in terms of mineral equilibria or P, T dependence of A1
2

0
3 
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TOe 

Si0
2 

TiO 
2 

A1
2

0
3 

F,O 

MgO 

e.o 

cr
2

0
3 

o • 6 

Si 

AI 

AI 

Ti 

F, 

Mg 

c. 
e, 

Total 

100 Mg/Mg+Fe 

C. 

Mg 

F, 

TABLE 3-6. SELECTED ORTHOPYROXENE ANALYSES 

1350 

54.8 

0.33 

3.93 

6.25 

30.8 

2.76 

1.15 

1.907 

0.093 

0.068 

1400 

55.4 

0.37 

2.67 

5.97 

32.0 

2.10 

1.42 

1. 925 

0.075 

0.034 

15 kb 

1450 

56.2 

o. :JJ 
1.76 

5.22 

33.5 

1.46 

1.58 

1,941 

0.059 

0.0 13 

1500 

56.4 

0.23 

1.57 

4.12 

34.9 

0.99 

1.74 

1.939 

0.061 

0.003 

12 50 

54.5 

0.58 

3.76 

6.81 

30.6 

2.62 

1.17 

1.901 

0.099 

0.056 

1300 

55.3 

0.42 

2.72 

6. J8 

31.5 

2.42 

1 .:JJ 

1.924 

0.076 

0.036 

10 kb 

1350 

55.8 

0.32 

2.10 

5.80 

32.9 

1.58 

1.42 

1.935 

0.065 

0.023 

0.009 0.010 0.008 0.006 0.015 0.011 0.008 

0.182 0.174 0.151 0.118 0.199 0.186 0.168 

1.598 1.657 1.725 1.788 1.591 1.633 1.700 

0.103 0.078 0.054 0.037 0.098 0.090 0.059 

0.032 0.040 0.043 0.047 0.032 0 .036 0.039 

3.990 3.992 3.993 3.999 3.991 3.991 3.995 

89.8 90.5 92.0 9J.8 88.9 89.8 91.0 

5.5 4.1 2.8 1.9 5.2 4.7 3.0 

84.9 86.8 89.4 92.0 84.3 85.6 88.2 

9.7 9.1 7.8 6.1 10.5 9.7 8.8 

All MilO <: 0.15 wt %, Na
2

0 < 0.2 wi % 

1400 

56.8 

0.22 

0.98 

5.06 

34.3 

1.19 

1.48 

1.958 

0.040 

0.006 

0.146 

1.762 

0.044 

0.040 

3.996 

92.4 

2.3 

90.2 

7.5 

1200 

55.8 

0.48 

2.25 

6.85 

31 .5 

2.35 

0.65 

1.944 

0.056 

0.036 

0.013 

0 .200 

1.635 

0.088 

0.018 

3.989 

89.1 

4.5 

85.1 

10.4 

PYROLITE 

5 l;b 

1250 

56. r, 

0.29 

1.47 

6.69 

32.5 

1.68 

0.98 

1.958 

0.042 

0.018 

0.008 

0.194 

1.682 

0.062 

0.027 

3.991 

89.6 

3.2 

86.8 

10.0 

1300 

56.9 
0.20 

0.79 

5.84 

33.7 

1.44 

1.05 

1.969 

0.031 

0.001 

1100 

55.7 

0.65 

1.89 

7.10 

31.7 

2 • .:6 

0.45 

1.942 

0.058 

0.020 

0.005 0.017 

0.169 0.207 

1.738 1.647 

0.053 0.092 

0.029 0.012 

3.995 3.996 

91.1 88.8 

2.7 4.7 

88.7 84.7 

8.6 10.6 

1150 

56.1 

0.55 

1.49 

6.83 

31.9 

2.50 

0.58 

1.95~ 

0.046 

0 . 015 

0.014 

0.199 

1.656 

0.093 

0.016 

3.993 

89.3 

4.8 

85.0 

10.2 

2 tb 

"1200 1250 

55.6 

0.37 

0.89 

6.64 

57.2 

0.18 

0.65 

5.94 

JJ.8 

1.43' 

0.82 

32.3 

2.41 

0.66 

1.970 

0.030 

0.007 

1.977 

0.023 

0.003 

0.010 0.005 

0.193 0 .172 

1.675 1.740 

0.090 0.053 

0.018 0 .022 

3.994 3.995 

89.7 91.0 

4.5 2.7 

85.6 88.5 

9.9 8.8 
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Si0
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Al 

AI 

Ti 
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Cr 

Total 

100 Mg/Mg+Fe 

'" 
Mg 
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TABLE 3-7. SELECTED ORTHOPYROXENE ANALYSES TINAQUILLO LHERZOLITE 

1350 

55.0 

0.10 

4.29 

5.45 

31.4 

2.71 

1.11 

1.904 

0.096 

0.079 

0.003 

1400 

55.5 

3.33 

5.08 

32.4 

2.41 

1.28 

15kb 

1.919 

0.081 

0.055 

1450 

%.1 

2.19 

4.66 

34.0 

1.68 

1.35 

1.934 

0.066 

0.023 

0.158 0.147 0.134 

1.6201.6701.747 

0.1010.0890.062 

0.1.))0 0.035 0.037 

3.991 3.996 4.003 

91.1 91.9 92.9 

5.4 4.7 3.2 

86.2 87.6 89.9 

8.4 7.7 6.9 

1500 

56.9 

1.68 

3.72 

35.2 

1.12 

1.39 

1.949 

0.051 

0.017 

0.107 

1 .7'/7 

0.041 

0,038 

3.999 

94• 4 

2.1 

92.4 

5.5 

All Mn~ 0.15 wt %, Na
2

0",,-0.2 wt % 

1250 

54.B 

0.17 

4.40 

5.58 

31.4 

2.46 

1.19 

1.899 

0.101 

0,079 

0.004 

D,162 

1 . 522 

0.092 

0.033 

3.991 

90.9 

4.9 

86.5 

B.6 

1300 

55.0 

D.15 

3.55 

5.40 

31.8 

2.64 

1.34 

1.909 

0.091 

D,054 

0.004 

D.157 

1.645 

0.098 

0.037 

3.996 

91. 3 

5.2 

86.5 

B.3 

10kb 

1350 

55.8 

2.78 

5.14 

32.8 

2.01 

1.45 

1.929 

0.071 

0,032 

0.149 

1.690 

0.074 

D,040 

3.995 

91.9 

3.9 

88.3 

7.B 

1400 

%.9 

1.07 

4.40 

34.9 

1.16 

1.55 

1.9% 

0.043 

1200 

55 .6 

D,15 

2.44 

5.86 

32 .1 

2.80 

0.89 

1.934 

0.066 

0.034 

0.004 

0.127 0.170 

1.791 1.664 

0.043 0.104 

0.042 0.024 

4.002 4.000 

93.4 90.7 

2.2 5.4 

91.4 85.8 

6.4 8.8 

1250 

56.3 

D.12 

1.49 

5.77 

32.7 

2.67 

0.94 

5kb 

1.953 

0,047 

0,014 

0.003 

D,167 

1.691 

0.099 

D,026 

4.000 

91 .0 

5.1 

86.4 

B.5 

1300 

56.8 

1.36 

5.24 

33.1 

2.59 

0.95 

1.963 

0,037 

0.018 

0.151 

1,705 

0.095 

D.026 

3.995 

91.9 

4.9 

87.3 

7.8 

1350 

'iI.3 

D,94 

4.35 

35.1 

1.23 

1.08 

1.967 

0.033 

0.005 

0,125 

1.795 

D,045 

0.029 

4.000 

93.5 

2.3 

91.3 

6.4 

1200 

57. 1 

0.91 

5.88 

32.9 

2.55 

0.64 

1.977 

0,023 

0,014 

0.003 

0.170 

1.698 

0.095 

0.018 

3.995 

90.9 

4. B 

86.5 

B.7 

2kb 

1250 

57.6 

0.66 

5.21 

34.0 

1.72 

0.86 

1.983 

0.017 

0.010 

0.150 

1.745 

0.063 

0.023 

3.991 

92.1 

3.2 

89.1 

7.7 

1300 

57.7 

0.53 

4.70 

35.0 

1.19 

0.86 

1.981 

0.019 

0.002 

0.135 

1.791 

0.044 

0.023 

3.996 

93.0 

2.2 

90.9 

6.9 
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solubility in phases. The data in Tables 3-6 and 3-7 indicate a strong 

site preference of Al for the tetrahedral position and that this preference 

increases ,·lith temperature. Chromium contents and 100Cr ratios increase 
Cr + Al 

"ith temperature (% melting). Orthopyroxene at Z and 5 kb has noticeably 

lm,er chromium contents than those at 10 and 15 kb, and co-exists with 

more chromium-rich spinel. 

4-4. Clinopyroxene 

Selected clinopyroxene compositions are presented in Table 3-8 

and plotted in the relevant pyroxene quadrilateral in Figure3-6. The clino-

pyroxenes are of diopsidic composition, have low jadeite component, and 

comparatively low calcium contents. As for orthopyroxene, Al
Z

0
3 

contents 

are greater at higher pressure for similar degrees of melting and decrease 

with increasing temperature (decreasing Al
Z

0
3 

content of liquid). Cr
Z

0
3 

100Cr 
contents and Cr + Al ratios increase with increasing temperature and, as 

for orthopyroxene, Cr
Z

03 contents are higher at higher press~re (10-15 kb) 

for similar degrees of melting reflecting changes in the Cr/Al partitioning 

between spinel and pyroxene with increasing pressure. 

Clinopyroxenes analysed within a single run exhibited a range of 

CaO contents, especially at low pressure: analyses presented in Table 3-8 

are the more calcic examples of the range. The compositions of the 

residual clinopyroxenes need to be critically examined, particularly in 

view of the fact that clinopyroxene co-existing with orthopyroxene on 

anhydrous liquidi are commonly highly subcalcic (e.g. Green & Ringwood, 

1967a). More importantly, Green (1976c) has demonstrated the experimen-

tal difficulties which exist in the nucleation and growth of sub calcic 

'pigeonitic' pyroxenes. Previous studies have shown that the pyroxene 

miscibility gap narrows, and the field of Ca-poor clinopyroxene contracts 

to,mrds the En - Di join, with increasing pressure (e.g. Mori, 1978; 

Hensen, 1973). However, data available at low pressure are mostly 



TABLE 3-8. SELECTED CLI NOPYROXENE ANALYSES 

PyrJ!. l lte li nagu illo 

P kb 15 10 5 1 2 1 15 10 10 5 

1°, 1350 1150 11()] 11 00 11 50 11(0 1350 11'50 1300 1150 

5i0
2 

51.5 51.3 52.5 52.7 54.1 54 .1 51.8 51. 4 53.~ 53.1 

1102 
0.80 0.90 1. 03 1. 05 0.72 0.63 0.13 0.17 0.12 0.18 

A1 1% 4.05 4.40 4. 01 3.41 1.14 1.68 4.89 5.11 It. 48 4.1 8 

feD 5. 09 ' .• 99 5.1 3 5. 35 5.1 9 5.1 0 3.65 4. 38 4.29 5. 41 

!lgO 10.5 10.1 10.5 11.1 13.1 14.5 1I .5 11. 6 14.1 14.6 

Cao 14.3 15.9 15. 3 15.7 13.9 11.7 15.1 13.4 11.7 11 .6 

11'20 0.55 0.30 0. 43 0.40 0. 30 0. 11 

Cr2
0
3 1.\2 1.15 1.11 0.58 0.75 1.17 1.40 1.52 1.58 0.82 

0.6 

5i 1.885 1.834 1.890 1.898 1.938 1.935 1.887 1.811 1.894 1.893 

~I 0.115 0.116 0.110 0.112 0.062 0.065 0.11 3 0.129 0.106 0.107 . 
~I 0.081 0.071 0.061 0. 033 0.018 0.006 0.093 0.086 0. 081 0.068 
Ii 0.012 0.024 0.028 0.018 0.019 0.017 0.006 0.007 0.003 0. 005 
Fe . 0.1 53 0.1 50 0.1 54 0.1 61 0.1 55 0.1 51 0.109 0.1 31 0.1 18 0.1 III 
!lj 1.097 1.079 1.100 1.1 38 1.131 1.303 1.145 1.103 1.179 1.304 
C, 0.550 0.614 0.590 0.606 0.533 0.486 0. 578 0. 51 3 0. 445 0.441 
113 0.038 0.01l 0.030 0.028 0.01'1 0.015 
Cr 0.040 0.033 0. 031 0.017 0.021 0.033 0. 040 0.043 0.044 0.013 
Total 3.991 3.992 3.990 3.993 3.987 3.997 3.998 4.003 3.995 4.003 

100 1Jg/~,..Fe 87. 8 87.8 87.7 87. 6 88.8 89.5 91 .3 90.1 90.9 89. 0 
C, 30.6 33.3 32.0 31.8 27.8 25.0 31.6 17.8 14.0 13.2 
Il;j 60. 9 58. 5 59. 6 59.7 64 .1 67.1 61. 5 65 .1 69.1 68 . 4 
Fe 8.5 8.2 8. 4 8.5 8.1 7. 8 6.0 7.1 6.9 8. 5 

All i na "- 0;15 rrt % 
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restricted to the En - Di and'Fs - Hd joins (see Mori, 1978 for 

summary), and only in a few cases have experiments been reversed. 

Compared to the solvus defined by pyroxenes that have crystallized from 

basaltic magmas (e.g. Atkins, 1969; Wager & Brown, 1968; Hodges & Papike, 

1976), the residual clinopyroxenes examined here are decidedly less 

calcic. Comparison with experimental data shows that residual clino

pyroxenes at 15 kb 13500 C (Table 3-8) lie within the 15 kb 1Z00
o

C solvus 

of Mori (1978) in the Ca-Mg-Fe-SiOZ system, and both residual pyroxenes 

are in reasonable agreement (Ca-px slightly less calcic) with the En - Di 

solvus defined by Lindsley & Dixon (1976). Residual clinopyroxenes at 

low pressure are less calcic than those defined in En - Di exsolution 

and dissolution experiments under similar P, T conditions (Warner & Luth, 

1974; Mori & Green, 1975; Lindsley & Dixon, 1976). 

However, a lack of data in Fe-bearing systems means that the 

composition of clinopyroxene co-existing with orthopyroxene at high 

temperature under anhydrous conditions and 0 - 10 kb pressure range is 

not adequately constrained. Given this uncertainty, we have tentatively 

accepted the compositions of the most calcic, low alumina clinopyroxenes 

in our experiments as equilibrium compositions. The possibility that the 

equilibrium residual clinopyroxene is more calcic does not greatly affect 

our calculations of the equilibrium liquid compositions if we can assume 

that the modal abundance of a more calcic pyroxene would be less than that 

of a less calcic clinopyroxene, i.e. that chemical equilibrium obtains 

for Ca-Mg-Fe partitioning between the liquid and the total residual 

pyroxene components regardless of their appearance as orthopyroxene, 

subcalcic or calcic clinopyroxene. This assumption appears reasonable 

for Ca-Mg-Fe, but is unlikely to hold for elements such as AI, Ti, Na 

and Cr, whose partitioning into pyroxene as minor components is likely to 

be strongly influenced by the nature of the pyroxene. 
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Clinopyroxene contains more Al than orthopyroxene, in accord 

'·lith observations on natural co-existing pyroxenes. Mysen & Boettcher 

(1975) sho\oled that the Cr-Al partitioning between orthopyroxene and 

clinopyroxene "as temperature dependent, and derived an equation for use 

as a geothermometer. Application of this geothermometer to our data 

(excluding the 2 kb runs) for co-existing pyroxenes generally gave 

temperature estimates lmver (up to 200
0

C for the 1350
0

C runs) than the 

run conditions, al though good agreement Has obtained for the 5 and 10 kb 

pyrolite data. Hmvever, our experiments "ere conduct ed at considerably 

higher temperatures than the range considered by Mysen & Boettcher (1975), 

and it is notable that their data showed departures from their line of 

best fit at temperatures above 1100oC. 
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CHAPTER 5 

EQUILIBRIilll MELT COMPOSITIONS 

The compositions of equilibrium partial melts for each P and T 

studied have been calculated by mass balance using the data on phase 

compositions and proportions. These liquid compositions and their CIPW 

norms are presented in Table 3-9 and 3-10. The basaltic liquids are 

classified on a normative basis following Green & Ringwood (1967a). 

Some of the liquids are of komatiitic composition; the terms peridotitic, 

pyroxenitic and basaltic have been used in a broad sense only since 

opinion differs as to the classification criteria of magmas of the 

komatiite suite. 

5-1. Pyrolite 

i.e. 

At 15 kb liquid compositions range from olivine basalt (mg ~ 67 

100Mg ) 
Mg+EFe at 18% melting with residual olivine, orthopyroxene, clino-

pyroxene and spinel to olivine tholeiite (mg ~ 70-75) with residual 

olivine, orthopyroxene and chrome spinel (20 - 30% melting) to tholeiitic 

picrite to komatiite (mg ~ 80) at 40 - 50% melting in equilibrium with 

residual olivine. 

Liquids at 10 kb range from olivine basalt (16% melting) with 

residual olivine, orthopyroxene, clinopyroxene and spinel through olivine 

tholeiite (residual olivine, orthopyroxene and chrome spinel) to pyroxene-

rich komatiite at 44% melting leaving residual olivine and chrome spinel. 

Compared to the partial melts at 15 kb, liquids at 10 kb are more aluminous 

and have a higher hy/oZ ratio. 

Partial melts at low pressure - 5 and 2 kb - are distinctly more 

silica saturated than those at high pressure, due to expansion of the 

primary field of olivine into quartz-normative basaltic compositions at 

the expense of orthopyroxene (as shown by the decrease in modal abundance 
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TABLE 3-9. CALCULATED EQUILIBRIUM MELT COMPOSITIONS PYROLITE 

15 15 15 15 15 10 10 10 10 10 5 5 5 5 Z Z Z Z 

1350 1400 1450 1500 1550 1250 1300 1350 1400 1450 1 ZOO 1250 1 JOO 1350 1150 1 ZOO 1250 1300 

16 25 JZ 41 51 15 ZJ ZB 35 44 20 25 31 JB 21 24 31 39 

49.0 49.3 50.0 50.5 49.5 49.7 49 .S 50,3 50.5 51.2.. 5Z.1 52.4 52.5 5Z. B 52.S 53.0 53.3 52.5 

3.2 2.5 Z.1 1.7 1.4 J.Z 2.7 Z.J 1.9 1.5 J.O Z.5 Z.J 1.B Z.B 2.5 Z.Z 1.B 

12.9 11.7 10,3 B.3 7.0 14.5 12.5 11.3 9.5 B.O 14.9 13.Z 11.3 9.1 15.1 13.5 11.0 B.9 

0.7 0.5 0.4 0,3 O.Z 0,7 0.5 0.4 0.3 0.3 0.5 0.5 0.4 0.3 0.5 0.5 0.4 0.3 

9.5 9.1 9.5 9,7 9.3 B.Z a.s U 9J L2 U 7.1 L' L9 7.1 7. ,. 9.0 

0.1 0. 2 O.Z 0.1 0.1 O.Z 0.1 M ~1 M ~1 M ~1 U 0.1 0.1 M M 

11.5 13.2 15.0 20.3 24.9 10.Z 12 .0 lJ.9 17.5 21.0 B.9 9.9 12.9 17.2 B.7 10.5 13.J 17.9 

9.1 10.7 9.2 7.4 5.1 9.1 10.9 10.1 B.3 7.0 9.511.4 9.7 7.9 9.4 9.7 9.4 7.7 

3.1 Z.J 1.B 1. 4 1.1 J.J Z.4 2.0 1. 5 1.3 2.B 2.3 1.9 1.5 2.7 2.3 1.B 1.5 

0.7 0.5 0.4 0. 3 0.3 O.B 0.5 0.5 0.4 0.3 0.5 0.5 0.4 0.3 0.5 0.5 0.4 0.3 

0.' 1.1 0.7 1.1 2.' 1.0 

4.1 J.O 2.4 1.B 1.B 4.7 3.5 3.0 2.4 1.B 3.5 3.0 2~4 1.B J.5 J.O. 2.4 l. B 

25.2 19.5 15.2 11.9 9.3 27.9 20.3 15.9 13.5 11.0 23.7 19.5 15.1 12.7 22 .9 19.5 15.2 12.7 

19.2 20 .1 lB.B 15.5 13.3 22.4 21.5 20.4 17.B 15.1 25.3 24.2 21.1 17.2 27.3 25.0 20. B 15.7 

20.9 25.5 21.5 17.0 13.5 lB.J 25.1 23.9 lB.7 15.7 15.7 25.9 21.7 17.5 15.5 lB.5 20.7 17.2 

1:1 7.3 21.B 32.4 31.3 2.5 B.3 19.2 29.037.922.120.5 no 44.5 22.3 25.0 34 .1 42.7 

21.1 lB.l 15.5 17.B 27.B 15.B 14.3 11.7 14.3 15.0 2.2 5.0 

1.1 0.7 0.5 0.4 0.3 1.0 0.7 0.5 0. 4 0.4 0.9 0.7 0.5 0.4 0.9 0.7 0.5 0.4 

5.1 4.B 4,0 3.2 2.7 5.1 5. 1 4.4 3.5 J.O 5.7 4.9 4.4 3.4 5.3 4.9 4.2 3.4 

58 72 ~ 79 ~ 00 n 74 n BO W ~ n n 59 n ~ w 
57 ~ 74 79 B2 57 W 73 75 BO ~ 70 72 77 ~ ~ ~ 7B 



TABLE 3-10. CALCULATED EQUILIBRIUM MELT COMPOSITIONS TINAQUILLO LHERZOLITE 

Pkb 

T", 
% ~ elt of 
Tinaouillo lherzolite 

SiOZ 

TiOZ 

~ 1 2°3 
F e

2
0
3 

r.o 
linD 

l~gO 

CoO 

~aZO 

' 10 

CIP ~ ~or~ 

Ot3 
Dc 

Ab 

'" B. 

01 

By 

01 

" II 

1 00 ~~(UJ + Fe ++ 

100 Hg ~I~ + Fe 

15 15 15 15 15 10 10 10 10 10 5 5 5 5 1 1 1 1 

1350 14 00 1450 1500 1550 1250 1300 1350 1400 1450 1250 1300 1350 1400 1200 ' 1250 1300 1350 

11% 16% 15 " 44 11 1 5 11 19 40 14 11 19 39 17 " 29 35 

47.3 4B.O ~ B.4 ~9.5 50.4 47.9 49.0 50.2 50.5 51.5 50.3 51.4 51.5 51.6 54.0 53.5 53.3 52.9 

0.5 0.4 0.3 0.2 0.2 0.2 0.3 0.3 0.2 0.2 0.3 0.3 0.2 0.20 0.4 0.3 0.3 G.Z 

14.B 12.6 11. 6 9.2 7.315.7 14. B 12.5 10.5 7.616.413.910.4 B.5 17.2 12.7 10.6 6.7 

O.B 0.5 0.4 0.3 0.2 O. B 0.5 0.4 0.3 0.2 0.5 0.4 0.3 0.2 0.5 0.4 0.3 0.2 

9.2 6.4 9.0 9.0 B.3 6.5 7.5 7.5 B.5 B.Z 5.1 7. 3 6.4 B.3 4.5 5.9 7.7 B.Z 

0.3 0.2 0.2 0.2 0.1 0.3 0.2 0.2 0.1 0.2 0.1 0.1 0.1 0.1 0.1 u.l 0.1 0.2 

14.5 15.4 lB.1 22.4 25.3 13.3 13.7 15.5 19.2 23.9 10.3 13.5 lB.5 22.9 9.0 13.5 15.9 20. 6 

11.0 13.2 11.0 6.5 5.7 11.6 12.5 12.3 9.9 7.4 12.5 12.1 9.B 7.5 12.9 11.5 9.9 6.2 

1.3 1.0 0.7 0.5 0.4 1.3 1.1 0.9 0.5 0.5 1.3 0.9 0. 5 0. 5 1.1 O.B 0.5 0.5 

0.2 0.1 0.07 0.05 0.04 0.2 0.1 0.09 0.05 0.04 0.1 0.09 0.05 0.05 0.1 0.07 0.05 0.05 

7.7 4.0 1.9 

1.20.50.40.30.21.20.50.50.40.20.50.50.40.30.5 0.4 O.~ 0. 3 

11.0 6.5 5.9 4.2 3.4 11.0 9.3 7.5 5.1 4.2 11.0 7. 5 5.1 4.2 9.3 5. 6 5.1 U 

34.0 30.1 26.9 22.7 lB.O 35 . 4 35 . 2 29.6 25.6 lB.9 44.1 33. 5 25.5 20.6 41.7 30.9 25.5 21 . 4 

15.5 26.4 20.5 15.5 12.1 17.9' 22.0 25.0 16.7 14.2 14.4 21.0 16.5 13.1 17 . 9 21.0 16.0 15 . 4 

11. 7 9.3 22.1 35.5 42.6 12.4 17.9 25.3 35.5 47.3 25.9 35.1 42.7 49.1 21.2 35.5 45.9 54.7 

23.2 21.5 20.7 20.5 22.5 19.:3 13.4 10.4 12.5 14.4 

1.1 

1.0 

74 

73 

0.7 

0. 6 

77 

75 

0.5 

0.5 

76 

76 

0.' 
D.' 
B3 

61 

0.3 

0.4 

65 

65 

1.1 

0.' 
74 

71 

0.9 

0.5 

75 

75 

0.5 

0.5 

76 

76 

0.4 

0.' 
60 

60 

0.3 

0.4 

Bi 

64 

,,' 
0.9 

0.5 

75 

73 

0.7 

0.5 

0.5 

71 

75 

5.9 11. 6 

o. , 
0.' 
60 

79 

0.3 

O. , 

63 

63 

0.9 

0.6 

76 

75 

0.5 

0.5 

7B 

77 

0.' 
0.5 

50 

79 

3,1 

0.3 

0.' 
61 

61 



174 

of residual orthopyroxene relative to that at higher pressure). Liquids 

range from quartz tholeiite to pyroxenitic komatiite at higher degrees of 

partial melting. Quartz tholeiites produced by lower degrees of partial 

melting have considerably higher abundances of A1 20
3 

and incompatible 

elements than those produced by large degrees of melting. Melts at low 

pressure are also distinctly more aluminous for similar degrees of partial 

melting than those at high pressure where the co-existing residual 

pyroxenes are aluminous (cf. Green & Ringwood, 1967a). 

Variation of oxide percentages with percent melting for each 

pressure are ShO'~l in Fig. 3-7. Silica contents and the degree of silica 

saturation (at 10 kb and 15 kb) increase with increasing degree of 

melting to a maximum at, or near, the orthopyroxene-out boundary, then 

decrease as the liquid becomes more magnesian by melting of residual 

olivine. MgO contents increase sharply as the residue becomes more 

refractory at higher degrees of melting. A1 203 contents decrease regularly 

with increasing degree of melting as do Ti, Na and K, which are readily 

partitioned into the melt. CaO contents increase as the liquid moves 

',ith increasing degree of melting from the olivine - two pyroxene residue 

field to the olivine-orthopyroxene field, but then decrease, following the 

elimination of calcic clinopyroxene as a residual phase. The A1 20
3

/caO 

ratio, therefore, changes with percent partial melting: at low degrees 

of partial melting (olivine, orthopyroxene and clinopyroxene in the 

residue) the A1 20
3

/caO ratio is higher than that of the source peridotite, 

whereas at high degrees of melting (olivine or olivine + minor ortho

pyroxene residual) the A1 20
3

/caO ratio of the liquid is constant and 

closely matches that of the source peridotite. Similarly, the A1203/Ti02 

and CaO/Ti0 2 ratios increase with increasing degree of partial melting 

until the ratio of the source peridotite is reached, as predicted by Sun 

& Nesbitt (1977). For pyrolite, the A1203/Ti02 ratios range from 4 to 5, 

and CaO/Ti0 2 ratios from 3 to 4, and are generally lower than commonly 
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observed in 'primitive! magmas from either oceanic island or ocean floor 

tholeiites, reflecting the high Ti02 content of the pyrolite composition 

based on Hm,raiian tholeiite. 

Partial melting trends are well illustrated on the normative 

(Jadeite + Tseherlllakls silicate) - Quartz - Olivine diagram (Green, 1970) 

~"hieh approximates a plane at '\, 20% diopside parallel to the base of the 

"Basalt Tetrahedron I (Qz - Fo - Ne - Di). The equilibrium partial melts 

(data plotted in molecular norms) define curvilinear melting paths 

(Fig. 3-8a) ~"hich show an initial trend towards increasingly hypersthene

normative compositions due to progressive melting of pyroxene from the 

residue. Liquids formed by high degrees of melting lie on an olivine 

control line since olivine is the only residual phase. The melting 

trends clearly demonstrate the increasingly olivine-normative nature of 

partial melts at high pressure (i.e. 10 kb liquids are more hy-normative 

than those at 15 kb) and show the extension of partial melts at low 

pressure into the quartz-normative field. 

It is clear from the trends that liquids derived by lower 

degrees of partial melting at high pressure will cross the critical plane 

of silica undersaturation to alkaline compositions. This accords with 

previous studies which suggested that alkali olivine basalt could be 

derived by approximately 10 to 15% melting of pyrolite at pressures 

greater than 10 kb (Green & Ringwood, 1967a; Green, 1970, 1971). 

Experimental studies on melting of pyrolite and basaltic cqmpositions 

have also shown that increasingly undersaturated compositions (olivine 

basanite to olivine nephelinite and melilitite) result from even lower 

degrees of melting at high pressures where olivine, orthopyroxene, clino

pyroxene, and garnet (± phlogopite) are residual phases, and demonstrate 

the importance of H20 and CO 2 in the genesis of highly undersaturated 

basalts (Bultitude & Green, 1968; Green, 1970' 11971, 1973a, b; Brey & 

Green, 1975; Eggler, 1974, 1978). 
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Partial melts at low pressure, however, do not trend toward 

the critical plane of silica undersaturation and low degree « 10%) 

partial melts will be saturated to oversaturated in silica, probably 

aluminous quartz tholeiite, in equilibrium with residual olivine, ortho

pyroxene, clinopyroxene, plagioclase and chrome spinel. At high degrees 

of partial melting at low pressure quartz tholeiite liquids cross the 

plane of silica saturation to olivine-normative compositions. 

5-2. Ti naguillo Lherzolite 

Partial melts from Tinaquillo lherzolite at 15 kb range from 

olivine tholeiite (rng ~ 73) at approximately 11% melting with residual 

olivine, orthopyroxene, clinopyroxene and chrome spinel through tholeiitic 

picrite (rng ~ 77) with residual olivine, orthopyroxene and chrome spinel 

to komatiite (rng ~ 84) at about 35-45% melting in equilibrium with 

residual olivine. 

Liquids at 10 kb show a compositional range over the melting 

interval 11 to 40% melting similar to that at 15 kb except that 10 kb 

liquids contain more normative hypersthene and lower normative olivine. 

Partial melts at low pressure (2 and 5 kb) and low degrees of 

melting are quartz tholeiite or tholeiite lying practically on the 

Hy-Plag-Di plane. The quartz tholeiite and tholeiite melts at low degrees 

of partial melting are highly aluminous, e.g. 17-18% Al 20
3 

with high 

normative An + Ab content. With higher degrees of melting liquids change 

to olivine-poor tholeiite composition. 

Liquids produced by melting of Tinaquillo lherzolite, although 

distinctly more magnesian (e.g. Mg7s- 83 compared to Mg68 _80), show 

similar trends to those of pyrolite on the (Jd + Ts) - Qz - 01 diagram 

(Fig. 3-8b). Melt compositions tend towards hypersthene-normative compo

sitions until orthopyroxene is eliminated, and then lie on an olivine 
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control line by melting of residual olivine. Melts at higher pressure, 

15 kb, are more olivine-normative than those at lower pressure, and melts 

at low pressure extend into quartz normative compositions. Compared to 

the partial melts from pyrolite, Tinaquillo liquids are markedly more 

hypersthene normative at similar degrees of melting and very poor in 

Ti, Na and K reflecting the refractory nature of Tinaquillo lherzolite. 

For example, 11%melting of Tinaquillo peridotite (at 15 kb) yields an 

olivine tholeiite "hereas the same amount of melting of pyrolite will 

produce an allffili basalt. The more hy-normative nature of the Tinaquillo 

liquids is clearly demonstrated on the (Jd + Ts) - Qz - 01 diagram 

(Fig. 3-8b). Although, like pyrolite melts, the Tinaquillo liquids trend 

toward the critical plane of silica undersaturation, the 11% melts are 

well displaced from it. It appears, therefore, that alkaline liquids 

can only be obtained from refractory peridotites like Tinaquillo at very 

low degrees of melting « 5%?) at high pressure (~ 20 kb). In addition, 

the very low abundances of incompatible elements (especially LREE) in 

Tinaquillo lherzolite (Philpotts & others, 1972) argue that alkali 

basalts cannot be derived from depleted lherzolites similar to Tinaquillo 

lherzolite. 

5-3. Comparison with basalt melt ing studies 

Reversal of the calculated equilibrium melts, i.e. crystal-

lization of each of the liquids at the particular P and T conditions, 

presents a formidable task. However, previous melting studies on a range 

of basaltic compositions provide a comparison for the calculated partial 

melts. The results of the complementary studies are broadly consistent 

but differ in detail of liquid composition (cf. Fig. 3-8 and Fig. 5, 

Green, 1970, Fig. 3, Green 1976a). 

Green (1970, 1971) inferred from available anhydrous melting 

studies on olivine tholeiite and high-alumina tholeiite compositions 
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(Green & RingHood, 1967aj T.H. Green & others, 1968) that liquids with 

olivine, orthopyroxene and clinopyroxene as liquidus phases at 9 kb 

contained ~ 10-15% normative olivine, 10-15% normative hypersthene and 

high A1 20
3 

content (15-16%), whereas liquids with olivine and orthopyroxene 

only as liquidus phases have higher normative hypersthene and olivine, and 

10'l1er A120
3 

content. These studies also sugges ted that basalts with olivine 

and orthopyroxene on their liquidi contained approximately 20% normative 

olivine, 12-14% normative hypersthene and 13-14% A1 20
3 

at 12 kb; ~ 26% 

normative olivine, ~ 12% normative hypersthene and 12-13% A120
3 

at 15-16 kb; 

and ~ 28% normative olivine, ~ 12% normative hypersthene at'1S kb (Green, 

1970, 1971). 

In comparison, data from the partial melting of pyrolite indicate 

that olivine tholeiite melts at 10 kb are in equilibrium with residual 

olivine and orthopyroxene and, although they contain 10-15% normative 

olivine as predicted, they are somewhat richer in normative hypersthene 

and have lONer A120
3 

contents than inferred from the basalt crystallization 

data. This study also indicates that partial melts of pyrolite at 10 kb 

in equilibrium with residual olivine, orthopyroxene and clinopyroxene are 

of olivine basalt composition. Similarly, partial melting of pyrolite at 

15 kb produces olivine tholeiite liquids with less normative olivine 

(15-20%) and less A1203 (10-12.5%) than implied by the basalt crystallization 

studies. The derivation of alkali olivine basalt at low degrees of partial 

melting at pressure> 15 kb leaving residual olivine, orthopyroxene, clino-

pyroxene and spinel - also supported by the melting study by Thompson (1975) 

on a relatively primitive alkali olivine basalt from Skye (Mg = 65, ~ 3% 

normative Ne) - is supported by the present study. However, our data do 

not directly bear on the genesis of more undersaturated rocks since it is 

now ~".ell established that such magmas t d . f HOd are genera e ~n presence 0 2' an , 

• for more undersaturated rocks, CO
2

• 
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The derivation of alkali olivine basalt at low degrees of 

melting is restricted to pressures> 10 kb, and is obviously favoured by 

source peridotites with high incompatible element content. At lower 

pressures « 10 kb), liquids are enriched in A1
2

0
3 

and, for low degrees 

of melting, have high A1 20
3

/CaO ratios - this is consistent with the 

pattern predicted from the basalt melting studies, and reflects the low 

A1 20
3 

content of residual pyroxenes at low pressure. However, the effect 

is most evident in quartz tholeiites and olivine-poor tholeiites, and 

does not produce liquids resembling ocean-floor tholeiites with ~ 10% 

olivine and 15-17% A1
2

0
3

. Thus, the earlier model for derivation of ocean 

floor tholeiites (Green & Ringwood, 1967a; Green, 1971), involving 

segregation of olivine tholeiite magmas at about 30 km depth, has been 

abandoned in the light of the new data presented here and in recent 

studies of ocean-floor basalts (Green & others, 1979; PART 4). 

The melting studies on both peridotite and basalt are in agree

ment that melts become more olivine normative at higher pressure. It is 

suggested that approximately 20-30% melting of pyrolite and lherzolite 

similar to Tinaquillo lherzolite at 20 kb will produce olivine-rich 

tholeiite and tholeiitic picrite with approximately 25% normative olivine. 

Studies by Green & others (1979) and the results presented in PART 4 show 

that primary picritic magmas of this composition are likely parents to 

high-alumina olivine tholeiites (MORB) by separation of about 15% olivine, 

and that these tholeiitic picrite parents segregated at about 60-70 km 

depth at temperatures of about 1400-1450oC. 

5-4. Effect of volatiles in the genesis of tholeiitic basalts 

Volatiles, particularly H20 and CO 2 exert a marked influence on 

melting of peridotite, affecting the character of the solidus, the 

stability of residual phases and the melt compositions, particularly at low 

degrees of melting (e.g. Green, 1973, 1976a; Kushiro, 1969, 1972; Eggler, 

1974, 1978; Brey & Green, 1977; Wyllie, 1979). Water is probably the more 
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significant volatile component in the genesis of most basalts (excluding 

the highly undersaturated rocks). Nelting studies on pyrolite (Green, 

1973b) , show that for t,-rater-undersaturated melting of pyrolite the above-

solidus stability field of amphibole is very limited, and, consequently, 

buffering of any co-existing melt by amphibole will not be significant for 

most basalts produced at temperatures above the water-undersaturated 

solidus. For moderate to large degrees of melting,therefore, melts 

produced under water-saturated conditions will be similar to those 

produced under anhydrous conditions. Presnall & others (1979) reached 

the same conclusion and noted that the effects of small amounts of H20 

and CO 2 are opposite and will tend to cancel each other. However, with 

increased water contents (water-saturated solidus) the prioary field of 

olivine is expanded and liquids become increasingly silica saturated 

(Kushiro, 1972; Nicholls, 1974; Green, 1973b, 197 6a). 

3+ 2+ 3+ The very low H20 contents « 0.5%) and low Fe /Fe + Fe 

of fresh basaltic glasses suggest that water is not important in the 

genesis of MORB (Moore, 19 70; Bryan & Moore, 1977; Langmuir & others, 

1977). Moreover, analysis of glass-vapour inclusions in olivine and 

plagioclase phenocrysts quenched in glassy rims of pillow basalts froD 

mid-ocean ridge spreading centres suggests that the source region may 

be virtually anhydrous (Delaney & others, 1978). Very low water contents 

were also found in a similar study of Hawaiian p illow lavas (Muenow & 

others, 1979) implying that olivine tholeiites in ocean basins in 

general are derived by water-undersaturated melting of a nearly anhydrous 

up per mantle. The present experimental study under anhydrous conditions 

is therefore directly appropriate to the genesis of these basalts. 

The results ob tained here can be compared with those for water-

saturated melting of pyrolite. Since the principal effect of water-

saturated melting, at moderate to large degrees of melting, is to expand 

the field of olivine (Kushiro, 1972), the silica content of the 
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equilibrium melts under anhydrous conditions may be taken as a minimum 

for similar degrees of melting under hydrous conditions. Comparison of 

the anhydrous partial melts of pyrolite (Table 3-9) with those from 

hydrous melting of pyrolite (Green, 1976a; Nicholls, 1974) shows that 

for similar degrees of partial melting the hydrous melts are distinctly 

more siliceous, and lower in CaO, MgO and FeO, due to expansion of the 

field of olivine and of diopside at the expense of orthopyroxene. For 

example, 28% melting of pyrolite under anhydrous conditions at 10 kb 

produces an olivine tholeiite (12% normative olivine, 50% Si02), whereas 

28% of pyrolite under water-saturated conditions produces a magnesian 

quartz tholeiite containing ~ 9% normative quartz and ~ 56% Si02 

(Green, 1973, 1976a). At lower pressure (5 kb), 25% dry melting produces 

a quartz tholeiite with ~ 1% normative quartz (Table 3-9) whereas 25% 

melting under water-saturated conditions produces a magnesian 'andesite' 

with ~ 15% normative quartz (Nicholls, 1974). In both these examples 

the hydrous melt is distinctly more siliceous, containing about 6% 

more Si0 2 than an equivalent melt under anhydrous conditions. The 

anhydrous melting data therefore provide a useful comparison with previous 

studies of hydrous melting of peridotite. 

5-5. Summary 

From the results and the foregoing discussion we conclude that: 

t, ! 1) Olivine tholeiites and tholeiitic picrites result from moderate to 

large degrees of partial melting (10-30% depending on the nature of 

the source peridotite; 20-30% for pyrolite) at pressures greater than 

7-8 kb in equilibrium with olivine + orthopyroxene + chrome spinel + 

clinopyroxene. 

2) Partial melting at low pressure (5 kb or less) produces quartz 

tholeiites and tholeiites, and, at high degrees of partial melting, 

silica-rich olivine-poor tholeiites resembling basaltic and pyroxenitic 
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komatiite. Melts at low pressure are distinctly more aluminous than 

those at high pressure, and, at low degrees of melting, are of high

alumina quartz tholeiite composition. 

3) Alkali basalts, and more undersaturated rocks, result from less than 

15 % melting at pressures greater than 10 kb, and probably greater 

than 15 kb, to leave a residue of olivine + orthopyroxene + clino

pyroxene + spinel or garnet depending on the pressure. 

4) Olivine-rich (peridotitic) komatiites result from high degrees of 

partial melting (> 40%) at pressures greater than 10 kb to leave 

residual olivine, or at higher pressures, olivine + orthopyroxene. 

These results are integrated in P-Tdiagrams for both pyrolite 

and Tinaquillo lherzolite (Fig. 3-9). Our results are thus consistent 

with evidence from trace elements which suggest that tholeiites are derived 

by comparatively large degrees of partial melting (20-30%), whereas alkali 

basalts result from less than 15% of partial melting (e.g. Cast, 1968; Sun 

& Hanson, 1975; Frey & others, 1978). Trace element abundances in komatiites 

suggest comparatively large degrees of partial melting, and, in many cases, 

melting of a mantle source strongly depleted in incompatible elements 

(e.g. Arndt, 1977a; Arth & others, 1977). 
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CHAPTER 6 

PARTIAL ~lliLTING AND THE OCEANIC CRUST - OPHIOLITE MODEL 

6-1. The ophiolite model 

Popular models for the formation of ocean crust (e.g. Greenbaum, 

1972; Cann, 1974; Christensen & Salisbury, 1975; Dewey & Kidd, 1977) equate 

ophiolites with oceanic crust generated at present day spreading centres, 

and regard the various lithologies of both as cogenetic. Thus, the 

layered cumulate gabbro and peridotite of oceanic layer 3 and ophiolites 

are generally regarded as accumulation of phases involved in low-pressure 

crystal fractionation of the overlying basaltic lavas in a magma chamber(s) 

beneath an axial zone of crustal dilation (as evidenced by dyke swarms). 

The tectonite harzburgite-dunite basement of ophiolite sequences is 

generally interpreted as the refractory residue remaining after partial 

melting which generated the primitive basalts of the pillow lavas. Such 

models of oceanic crust rely heavily on the ophiolite analogue for 

information on the lower crustal lithologies, and particularly for internal 

relationships. 

A consequence of ophiolite analogue models for oceanic crust 

is the implication that partial melting and magma segregation occurred 

at shallow depth. However, models invoking shallow segregation of MORB 

(high alumina olivine tholeiites) are at variance with the results of 

experimental petrology. We have shown that partial melting of peridotite 

at shallow depths within the plagioclase peridotite field (25 krn or less) 

Hill produce quartz tholeiite or olivine-poor tholeiite, and not MORB-type 

olivine tholeiite magmas. Crystallization on the more primitive MORB 

(Green & others, 1979; PART 4) suggest that MORB high-alumina olivine 

tholeiites are derived from picritic parents segregated at 60-70 krn 

depth. These studies have also shown that high-alumina olivine tholeiites, 

such as DSDP 3-18 (or their picritic parents) are incapable of yielding 
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cumulate sequences containing abundant magnesian orthopyroxene (Mg87- 90 ) 

and highly calcic plagioclase such as occur in the Marum and Papuan 

ophiolites (PARTS 1 and 2) and a number of other ophiolites (e.g. Church 

& Riccio, 1977; Coleman, 1977). On these grounds, Green & others (1979) 

proposed that such cumulate sequences crystallized from magnesian lavas 

characterized by high Si0 2 contents (> 50% Si0
2

, low normative olivine), 

high CaO and low Na20 content, and suggested that these magmas might arise 

by second-stage melting of a refractory peridotite diapir at shallow depth. 

Duncan & Green (1979) have suggested that examples of such 

second-stage melting may be the Ti-poor lavas of the Troodos Complex 

(Smewing & others, 1975; Simonian & Gass, 1978). Similar Ti-poor, high

silica magnesian basalts have been reported from other ophiolites (e.g. 

Newfoundland, Church & Coish, 1976; Gale, 1973). Sun & Nesbitt (1978a) 

inferred that these Ti-poor 'ophiolitic' basalts were not formed at mid

ocean ridges but originated at spreading centres close to a subduction 

zone by wet melting of mantle severely depleted by one or more previous 

melting episodes. 

The data for the melting of Tinaquillo peridotite, a relatively 

refractory lherzolite inferred to have been depleted by a previous 

melting event, show that Ti-poor magnesian quartz tholeiites with high 

Al203/Ti02 ratios can be generated by anhydrous melting of depleted 

peridotite at low pressure. We believe that the Ti-poor silica-rich 

basalts of the Upper Pillow Lavas of the Troodos Complex are comparable 

to the magnesian quartz tholeiite liquids in our anhydrous melting 

experiments at low pressure, and are distinct from the more silica-rich 

high-Mg andesites or 'boninites', which probably represent water-saturated 

melting of refractory peridotite at shallow depth (Green, 1973b, 1976a). 

The concave upward REE pattern (Sun & Nesbitt, 1978a) and correspondingly 

higher abundances of K, Rb, Sr and LREE of the high-Mg andesites are best 
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explained by two-component mixing (i.e . prior depletion and later addition 

of a LREE- enriched component), as proposed by Green (1 9 76a). We suggest 

that the added fluid component may have been derived by dehyd ration of 

subducting lithosphere at shallow depth, and that high-Mg andesites result 

from water-saturated melting of peridotite close to the trench in the fore

arc region of an island-arc due to dehydration of the downgoing litho

spheric slab . In contrast, magnesian quartz tholeiites such as the Ti-poor , 

severely LREE-depleted lavas of Troodos (UPL ) show no evidence either of 

excess water, or of addition of an incompatible element-enriched fluid. 

Duncan & Green (1979) have suggested that they may arise by anhydrous 

melting of a depleted peridotit e diapir at shallow level after yielding 

olivin e tholeiite or t holeii te picrite magmas at greater de pt h . A similar 

model has b een pr oposed by Smewing & others ( 1975) and Smewing & Potts 

(197 6) who invoked a continuous melting process to explain the progressive 

depletion in incompatible elements (especially REE) of the Troodos Upper 

Pillow Lavas. I t is suggested that second-stage or continuous melting 

occurs at mid-ocean ridges and in marginal b asins but Ti-poor magnesian 

tholeiites may b e more common in back-arc or inter-arc basins where the 

mantle is refractory having been depleted by previous partial melting 

episodes (Green, 1973b , 197 6a). 

6-2. Comparison with mafic tholeiites in other areas 

t Flood basalts 

Continental f lood basalts are characterized by an overall 

chemical uniformity, notably high 5i02 and Al20
3 

and low MgO contents; 

many are more appropriately termed tholeiitic andesites (e. g . Thompson , 

1975; Wilk inson & Binns, 197 7). A feature of most flood basalts is their 

enrichment in incompatible elements and high 87/8%r rat i os relative to 

ocean floor tholeiites. Most flood basalts have Mg-values too low to b e 
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considered primary magmas derived from magnesian (pyrolite-like) mantle 

peridotite, and extensive olivine fractionation is commonly invoked in 

their petrogenesis (e.g. Cox, 1972; McDougall, 1976). However, mafic 

olivine-rich lavas have been documented in several areas of flood 

volcanism, chiefly in Tertiary volcanic province of Baffin Island - West 

Greenland (Clarke, 1970; Clarke & Pedersen, 1976) and the Nuanetsi Province 

of Rhodesia (Cox, 1972; Cox & Jamieson, 1974). 

Clarke (1970) and Clarke & Pedersen (1976) suggested from the 

abundance of olivine microphenocrysts and skeletal olivine that the mafic 

olivine tholeiites of the Baffin Island - West Greenland region represent 

primary magmas. Clarke (1970) inferred from comparison with the phase 

relations in model peridotite projections that Baffin Island olivine 

tholeiites containing approximately 18-20% MgO and 27-30% normative olivine 

might represent primary magmas derived from partial melting of garnet 

peridotite at about 30 kb. Associated mafic picrites and more felsic 

tholeiites were considered to form by olivine accumulation and fraction

ation respectively (Clarke, 1970). Compared to the partial melts presented 

here, the Baffin Island - West Greenland olivine tholeiites are lower in 

Si0 2 and richer in normative olivine, suggesting segregation at greater 

depth. Similarly, they are more olivine normative than the tholeiitic 

picrite compositions studied experimentally by Green & others (1979) and 

in PART 4 which segregated at about 60-70 km suggesting that they may, 

as inferred by Clarke (1970), represent primary magmas segregated at about 

80-100 km depth. 

Cox (1972) and Cox & Jamieson (1974) inferred that the Nuanetsi 

olivine tholeiites containing ~ 15% MgO found at the base of the Karroo 

might represent primary magmas segregated from residual harzburgite at 

about 35 km depth since many of the lavas had olivine and orthopyroxene 

as liquidus and near-liquidus phases at 7-10 kb. While, like the Baffin 

Island - lvest Greenland basalts, the Nuanetsi lavas show strong evidence 
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of olivine control, Cox & Jamieson (1974) invoke polybaric crystal 

fractionation of both olivine and orthopyroxene. Many of the Nuanetsi 

lavas containing 12-16% MgO compare with the pyrolite partial melts at 

10 kb in equilibrium Hith olivine and orthopyroxene (although A1 20
3 

and 

CaO contents are higher in the experimental melts), suggesting that they 

might be derived at comparatively shallow depths, 25-40 km, by about 

20-35% partial melting. The high abundances of incompatible elements, 

expecially K20, in the Nuanetsi lavas indicate that they were derived 

from a mantle more enriched in incompatible elements (especially K20) 

than pyrolite. 

Basaltic komatiites 

Pyroxenitic and basaltic komatiites (Arndt & others, 1977), 

high-Mg basalts (Williams, 1972) or spinifex-textured basalts (Sun & 

Nesbitt, 1978b), a group of lavas characterized by high Si0 2 contents 

(50-55% Si0 2 ; low normative olivine or normative quartz) and high MgO 

contents (10-20%) are intermediate between peridotitic komati~tes and 

tholeiitic basalts. Opinion is divided as to whether these lavas represent 

primary magmas formed by lower degrees of melting than peridotitic 

komatiites, or whether they represent differentiates of more peridotitic 

primary magmas (e.g. Arth & others, 1977; Sun & Nesbitt, 1978b). Compo-

sitionally, many of these magnesian basalts resemble the magnesian olivine-

poor tholeiites and quartz tholeiites in our low-pressure melting experi-

ments (except for Ti0 2 , Na 20 and K20), suggesting that they might represent 

primary magmas formed by about 25-40% melting in the plagioclase peridotite 

stability field, probably 5-10 kb. This interpretation is supported by 

melting studies on a spinifex-textured basalt (~ 55% Si02 , ~ 12% MgO, 

Hg = 70) from the Pilbara region (Green & others, in prep.) which shows 

that olivine and orthopyroxene are co-liquidus phases at about 7 kb, 

consistent with the partial melting data. 
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6-3. Conclusions 

1) Equilibrium melting under anhydrous conditions results in progressive 

elimination of phases Hith increasing T. Four main fields are 

recognized from the solidus, these are; 01 + opx + cpx + aluminous 

phase (pIag, sp or ga) + L; 01 + opx + cpx + Cr s~inel + L; 01 + opx 

+ Cr spinel + L; 01 ± Cr spinel + L. The residual phases progressively 

change composition to more refractory compositions with increasing 

proportion of co- existing melt, i.e. increasing lOOMg/Mg + Fe and 

CrIer + AI ratios, decreasing Al
Z

0
3 

and CaD in pyroxene, etc . 

2) The degree of melting increases rapidly immediately above the solidus 

(up to 10% melting occurs within 25-30DC of the solidus) and then 

increases in roughly linear form with increasing T. 

3) Equilibrium melt compositions from pyrolite within the spinel peridotite 

field range from alkali olivine basalt « 15% melting) through olivine 

tholeiite (20-30%) and picrite to komatiite (40- 60% melting). Melting 

in the plagioclase-peridotite field produces magnesian quartz tholeiite 

and olivine- poor tholeiite with high alumina contents due to expansion 

of the primary field of olivine at low pressure. Liquids in equilibrium 

w'ith olivine, 2 pyroxenes and an aluminous phase (plagioclase, Al-spinel 

or garnet) result from low degrees of partial melting « 10%) and are 

enriched in incompatible elements. 

4) Melts from spinel lherzolite are more silica saturated than those from 

pyrolite for similar degrees of melting. This is primarily a result 

of the higher alkali content of pyrolite. Melts ~vithin the spinel 

peridotite field range from olivine tholeiite through tholeiitic picrite 

to komatiite with increasing degree of melting. Although similar (in 

major elements) olivine tholeiite magmas can be derived from both 

pyrolite and Tinaquillo lherzolite . the degree of melting for such 

liquids is lower and the depth of melting is greater for the Tinaquillo 

lherzolite parent. 
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5) The results of the peridotite melting study support melting studies 

on 'primitive' high-alumina olivine tholeiites from the ocean floor 

(·,hich suggest that such magmas result from 10-30% melting (depending 

on the peridotite source composition) at depths of 60-70 km. The 

liquidus and near-liquidus phase relations of such basalts are not 

consistent "ith oceanic crust models based on the Marum, Papuan, 

Troodos and Betts Cove ophiolites. The primary magmas "hich generated 

these ophiolites are considered to be magnesian quartz tholeiite or 

olivine-poor tholeiite formed by partial melting of refractory peri

dotite in the plagioclase-peridotite field (0-25 km). 

6) Like most HORB, tholeiitic basalts in other tectonic regions appear 

to have undergone 10" pressure crystal-fractionation. T"o examples 

of primary magmas in continental and continental-margin areas may be 

the olivine-rich lavas of Baffin Island - West Greenland, and of the 

Nuanetsi province. Our partial melting data are consistent "ith the 

derivation of the Baffin Island picritic tholeiites (~ 30% normative 

olivine) by partial melting of garnet peridotite (Clarke, 1970) and 

the Nuanetsi olivine tholeiites (10-15% normative olivine) by 20-35% 

melting at 25-40 km depth. 

7) Basaltic komatiites (12-20% MgO, < 5% normative olivine) may be 

primary magmas derived by 25-40% melting of plagioclase peridotite. 
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SUMMARY 

The liquidus and near liquidus crystallization of a relatively 

primitive basalt composition from the Lau Basin (basalt 95-1) has been 

studied experimentally at pressures up to 15 kb. Olivine is the liquidus 

phase at 1m" pressure « 12 kb) and is joined by calcic plagioclase and 

;) clinopyroxene at lower temperature. Calcic clinopyroxene is the liquidus 

phase at higher pressure (~ 12 kb) and there is no near-liquidus field of 

orthopyroxene. The low pressure experiments show that basalt 95-1 could 

be a derivative liquid by olivine fractionation from a more olivine-rich 

parent. Olivine-addition experiments show that a picritie magma (95-1 + 18% 

olivine MgS9 ) containing approximately 27% normative olivine is saturated 

in olivine, orthopyroxene and clinopyroxene at ~ 20 kb and 1450oC. 

Examination of olivine-liquid pairs over a range of temperatures 

o (1200-1400 C) and pressures (0-15 kb) indicates that Fe/Mg partitioning is 

pressure dependent at pressures above 5 kb. Our experiments .show variation 

in ~ from 0.29 - 0.30 at 5 kb, 0.36 - 0.33 at 10 kb to 0.33 - 0.34 at 15 kb. 

The experimental study precludes a simple genetic relationship 

between 95-1 (or its picritic parent) and ophiolite complexes and segments 

of oceanic lithosphere characterized by cumulus magnesian orthopyroxene and 

harzburgitic basement. However, basalt 95-1 is characterized by a very high 

CaO/Na20 ratio (13.5) and is capable of crystallizing the highly calcic 

plagioclase (> An
90

) commonly found as megacrysts in MORE and in cumulate 

gabbro and peridotite of ophiolites and oceanic crust. As such, basalts 

like 95-1 may be genetically related to segments of oceanic crust and 

ophiolites containing olivine, plagioclase and clinopyroxene as the dominant 

cumulus phases. 
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Marginal basins or back-arc basins are a common feature of many 

arc-trench systems, particularly those in the Western Pacific, and may have 

been an important feature of convergent plate boundaries in the past. 

Bathymetric, heat flow, magnetic and seismic property measurements in 

marginal basins over the past decade point to an origin by crustal dilation 

and sea-floor spreading partly, if not directly, analogous to that occuring 

at mid-ocean ridges (e.g. Karig, 1971; Sclater, 1972; Packham & Falvey, 

1971). Dredge sampling, particularly in the Lau, Mariana and Scotia basins, 

has shown that marginal basins are commonly floored by olivine tholeiite 

basalts similar to mid-ocean ridge basalts (MORB) (Hawkins, 1977; Hart & 

others, 1972; Tarney & others, 1977; Dietrich & others, 1978) and it is 

tacitly assumed that they are derived by similar mantle processes. On the 

other hand the apparent restriction of active back-arc or inter-arc basins 

to arc-trench systems with well developed arcs and subduction characteristics 

has prompted models of formation of back-arc spreading related to the down

going lithosphere. Mantle counterflow or convection induced in the over

lying asthenosphere by subducting lithosphere is one of several mechanisms 

commonly suggested (e.g. Toksoz & Bird, 1977). 

Since the original suggestion (Dewey & Bird, 1971) that ophiolites 

may represent obducted segments of marginal basin crust marginal basins have 

attracted considerable interest as possible sites for formation of ophiolites 

and a number of petrologists have attempted to establish a geochemical 

distinction between oceanic crust formed at mid-ocean ridges and that 

formed in marginal basins. However, it now seems clear that marginal basin 

basalts span the entire spectrum of compositions found for MORB, although 

marginal basin basalts are more radiogenic and commonly enriched in LREE and 
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other L1L elements over normal" MORB (Saunders & Tarney ) 1979; Tarney & 

others, 197 7; Gill, 1976; PART 1, Chapter 5). An additional complexit y 

is t hat many marginal basin basalts appear transitional between MORB and 

island-arc tholeiites (e. g. Gill , 1976 ; Hawkesworth & others, 1977 ; Ewart 

& others, 1977). It can also be concluded from these studies t hat the 

mantl e beneath marginal basins is at least as heterogeneous as that beneath 

mid-ocean ridges . 

This part represents an experimental study of one of the more 

primitive marginal basin olivine tholeiit e basalts aimed at defining its 

melting relations, depth of segregation and residual mineralogy . The low 

pressure l iquidus and near-liquidus ph ases are then compared with the 

accumulate sequen ces observed in ophiolites (particularly the Marum and 

Papuan ophio lites) and the oceanic crus t. 

1-2. Sample Selection 

Basalt 95-1 from the Lau Basin, a young back-arc or int er-arc 

basin lying between t h e Tonga-Kermadec and Lau-Colville rid ges at the 

Australian-Pacific pla te boundary (Hawkins, 197 6) , was selected as a model 

composition for experimental study. This basalt, one of t he most magnesian 

of t he 'least a l tered' Lau Basin sample s described by Hawkins (1 976 ) with 

10C!1gf(Mg + l:Fe) = 68.5, is a vitrophyre containing microphenocrysts of 

mag nesian olivine (Hg
86

) and has a comparatively high Ni content (250 pp m) 

, 

~) I 

suggesting that it is rel atively unfractionated. The possibilit y that basalt 

95-1 contains resorped phenocryst s is discounted in view of the petrographic 

evidence to t he contrary. 

Compositionally basal t 95-1 is an olivine tholeiite similar to the 

high -alumina olivine tholeiites erupted at mid-ocean ridges, and is 

particularly similar to the 'MgCa ' basalts (terminology of Helsom & others, 

I I 1976) repor ted from DSDP Leg 3 by Frey & ot hers (1974). However, in terms 

of trace elements basalt 95-1 differs from MORB by virtue of its very low 
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Ti02 content and extreme depletion in LREE and other LIL elements (Gill, 

1976). The very low Ti02 content of 95-1 prompted Sun & Nesbitt (1978a) 

to group it ,.ith Ti-poor magnesian tholeiites found in ophiolites and 

island-arcs which they collectively referred to as 'ophiolitic basalts'. 

1-3. Exp erimental Methods 

Sample prepara tion 

A glass of 95-1 composition was prepared by reacting A.R. grade 

chemicals and fusion in a Pt crucible under Ar atmosphere. Lau Basin 

basalt 95-1 lies at the iron-rich end of the range of compositions 

expected in equilibrium with residual mantle peridotite containing olivine 

Hg88- 92 e.g. basalt Mg-values 68-78 (Green & others, 1979) and may not be 

a primary basalt (i.e. derived directly by partial melting of a peridotite 

mantle source without prior fractional crystallization). Since only olivine 

occurs as microphenocrysts in the vitrophyre and olivine is the liquidus 

phase to 12 kb (see below) olivine is considered to be the only phase 

likely to be involved in pre-eruptional crystal fractionation, and a more 

magnesian composition (termed 95-2 for convenience) consisting of 95-1 plus 

15% olivine was also prepared both as a glass and as sintered oxide mix in 

a sealed evacuated silica tube. Electron microprobe analyses of the pre-

pared glasses are presented in Table 4-1. The prepared glass 95-1 differs 

slightly from the natural basalt 95-1 in having slightly less FeO and 

slightly more Na 20. These differences arose due to Fe loss to the Pt 

crucible on fusion, and alkali contamination of the batch of silica used 

in the preparation of the 95-1 glass. These differences will have little 

effect on the phase relations other than to slightly raise the liquidus 

temperature and result in slightly more Mg-rich liquidus olivine and less 

calcic plagioclase than the natural rock. 

All experiments were carried out under anhydrous conditions since 

3+ 
we have inferred, by analogy with the very low H

2
0 contents and Fe contents 



TABLE 4-1. 

COHPOSITIO;'; S USED IN EXPERIHENTi\L STUDY 

Lau Basin 95-1 + 157. 01 95-1 + 187. 01 
basalt 95-1 95-1 95-2 95-3 

Si0
2 

47.84 47.8 47.0 47.0 

Ti0 2 0.37 0.4 0.3 0.3 

A1 20
3 15.93 16.2 14.0 13.4 

Fe 20
3 

2.20 0.39 0.52 

FeO 7.05 8.7* 8.35** 9.4* 8.93** 9.1* 

MnO 0.16 O. , 0.10 0.10) 

~!gO 11. 02 11. 2 16.0 16.9 

C,O 13.75 13.9 12.1 11. 9 

Na 20 1. 02 1.4 (1.43),:** 0 . 9 0.9 

K 0 , 0.03 ( 0.03) (0.03) (0.03) 

P2 05 0.01 ( 0.01) (0.01) (0.01) 

NiO 0.03 0.03) (0.05) (0.05) 

Cr 20
3 0.10 0.12 0.16 0.16 

H 0+ 0.21 , 
H,O 0.29 

CIPH NORH 

0, O. 18 0.18 0.18 0.18 

Ab 8.63 12.1 7. 62 7.62 

An 38.80 37.7 34.1 32.4 

D1 23.59 25.3 20.9 21. 3 
Hy 17. 6 1 4.19 10 . 1 9.88 
01 6.49 19.4 26.3 27.5 

11 0.70 0.76 0.57 0.57 
M, 3. 19 

Ap 0.02 0.02 0.02 0.02 
l OONg 

68.5 Mg+LFe 69.6 75.2 76.8 

, Total iron as FeO 

" FeD by spectrophotometry - p. Robinson, analyst. 

'" Na 2D by atomic a bsorption spectroscopy _ P. Rob 1nson, analyst 
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of fresh HORB glasses (e.g. Bryan & Hoore, 1977; Delaney & others, 1978; 

)reunOl, & others, 1979), that Lau Basin basalt 95-1 was derived under 

ess~ntially anhydrous conditions. This assumption seems reasonable for 

rlORE-like olivine tholeiites erupted in more evolved marginal basins well 

rcomoved from a volcanic arc since at that depth the underlying slab will 

be dcohydrated (e.g. Hyllie, 1979) but is unlikely to hold for magmas erupted 

in the early stages of inter-arc basin formation where magmas are likely to 

be generated in the presence of "ater derived from the downgoing lithospheric 

slab. In any event conclusions drawn from the anhydrous study will also be 

applicable in general terms to water-undersaturated melting « 0.4% H20 in 

the source). 

I-Atmo s phere experiments 

The sintered oxide mix was used in the 0 kb experiments which were 

carried out by placing ~ 20 mg sample in spec-pure iron capsules which were 

sealed in evacuated silica tubes and suspended in a vertical, Pt-wound, 1-

atmosphere quenching furnace. Use of crystalline starting material for low 

pressure runs is considered preferable since previous studies have shown that 

vitreous starting material may inhibit nucleation of plagioclase. Hicro-

probe analysis of the bulk change revealed slight gain in Fe from the 

capsule in some of the 0 kb runs resulting in slightly more Fe-rich 

liquidus olivine compositions than those obtained in graphite e.g. liquidus 

olivine Hg89 • 6 at 0 kb compared with Hg90 . 4 at 5 kb. 

High pressure experiments 

The high pressure experiments were carried out in solid media 

piston-cylinder apparatus, Boyd & England (1960), with piston-in technique 

using a pressure correction of minus 10% nominal piston pressure. Temperature 

(± SoC) was measured using a Pt-9Q% PtlQ%Rh thermocouple with no correction 

made for the effect of pressure on the thermocouple emf. The prepared 

glasses were finely crushed under acetone and dried at 1100 C overnight. 

Furnace assemblies were of l:;" diameter with pyrex sleeves. Graphite capsules 
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were used for runs at 10 kb and" above since at these pressures previous 

experiments had shown that this procedure did not cause change in FeO 

content of the charge. Prevailing fO conditions using this furnace 
2 

assembly are below the Ni-NiO buffer for all temperatures and pressures 

(Green, 1976a; D. Gust, pers. comm. 1979) and for graphite capsules, 

below quartz-fayalite-magnetite buffer (Ryabchikov & others, unpubl). 

Thompson & Kushiro (1972) estimated fO conditions using graphite capsules 
2 

to be in the field of wustite for pressures of 10-20 kb. Sealed Pt cap-

sules, preheated immersed in fine Fe powder at 900-10000 C for 4-6 hours in 

an attempt to minimize Fe loss, were used for the 2 kb and some 5 kb runs 

in preference to graphite capsules since at pressures below 5 kb use of 

graphite capsules results in reducing conditions with fO «QFM 
2 

(Ryabchikov & others, unpubl) , which reduce some FeO to metallic Fe in the 

charges. Near liquidus runs at 5 kb in graphite capsules differed from 

those in Pt capsules by the presence of chrome spinel in the Pt capsules 

and its absence in the graphite. Prevailing fO conditions using Pt cap-
2 

sules are therefore considered to be greater in the Pt capsules than in the 

graphite, possibly due to iron loss to the Pt capsule according to the 

reaction 

3FeO + Pt 
+ 
+ (Fe,Pt)ss + Fe203 

The small amount of iron (up to 10%) lost to the Pt capsule from the charge 

during the runs resulted in slightly more Mg-rich compositions than those 

obtained in graphite. 

Microprobe ana l ysis 

Crushed portions of the run charges were examined optically in 

refractive index oil. Polished mounts of runs were examined in reflected 

light and by scanning electron microscope-microprobe. Mineral and glass 

analyses were obtained using a JEOL JX-SOA electron probe microanalyser 

fitted with an EDAX energy dispersive analytical system and scanning 

electron microscope at Hobart, and the energy dispersive TPD probe at AND 
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(Appendix 1) . Optimization of the combined backscattered and secondary 

electron images enabled resolution and identification of phases at up to 

2000 x magnification. Analyses of glass were made using rapid, reduced 

area scans to minimize alkali volatilization. Between 5 and 20 analyses 

Here carried out on each experimental run and the analyses listed in 

Tables 4-3 to 4-8 were selected as having totals between 98 and 102% 

(commonly 98.5 and 100.5%) and acceptable structural formulae. 
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CHAPTER 2 

EXPERIMENTAL RESULTS 

Experimental run data for the compositions studied a re presented 

in Table 4-2 and phase relations shown as a function of temperature and 

pressure in Figure 4-1. 

2- 1. 95-1 

Ol i v ine (with minor sp ine l) is the liquidus phase to 12 kb where 

it is jo ined by clinopyroxene . Clino pyroxene is the liquidus phase above 

12 kb. Compos itions o f run products are presented i n Table 4-3 and 4-4. 

At 5 kb the c rystallization 

. lOCer 
chrome sp1nel (Cr + Al 

IOOMg 
37, 

Mg + Fe 

s equence is olivine (MgS7 . S ) and 

= 70 ) at 1240oC. followed b y plagio-

clase (Ao
S5

•
6

) at 1220oC, and c linopyroxene a t 1IS0oe (cf. 95-2). The 

perc ent age o f c rystallization increases markedly at about 12000 C to ~ 40% 

crystallization. The liquidus oliv ine composition i s close t o , al though 

slightly more magnesian t han that of the microphenoc ryst s in the natural 

basalt (MgS6 ) indicating that the microphenocryst s are in equilibrium with 

the host liquid . The plag iocla se c omposition, AuS5 . 6 ' is relatively calcic 

and similar to the more ca lcic compositions reported from plagioclase-

phyric Lau Basin ba salts by Hawkins (1976). 

At 10 kb the crystallization s equence is olivine (with minor 

a 
chrome spinel) at 1290 C followed by c linopyroxene (5% A1203; Ca32.1Mg59.6 

FeS • 3) a t 1260oC, a nd plagiocla se (AnSI) at 1240oC. Chrome sp inel crystal

liz ing at 10 kb i s more aluminous, C!O~C~l ~ 30.5, tha n chrow.e spinel 

crys tallizing at 5 kb. 

At 12 kb olivine is j oined by aluminous clinopyroxene (Table 4-4) 

and alumi nous cl inopyroxene (6% A1 203) alone is the liquidus phase at 15 kb, 

where the slope of the liquidus changes. 
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2-2. 95-2 

Olivine (with minor chrome spinel) is the liquidus phase to 18 kb 

where it is joined by clinopyroxene. Clinopyroxene is the liquidus phase 

at 20 kb. Compared to glass 95-1 the olivine-added 95-2 composition expands 

the field of olivine crystallization raising the liquidus by about looDe. 

The pressure at which clinopyroxene occurs on the liquidus is also higher 

for 95-2. The compositions of run products have been discarded where 

analyses of the bulk charge show significant iron loss to have occurred in 

the runs made in Pt capsules. 

At 0 kb)~ olivine (Mg
90

) is the liquidus phase and crystallizes alone 

to 1230
0

C where it is joined by plagioclase. Over this interval the liquid 

line of descent is dominated by increasing CaD, Al2D3 and SiD 2 content, 

and sharply decreasing MgD (Fig. 4-2). Olivine changes systematically 

becoming less magnesian with decreasing temperature and increasing degree 

of crystallization, Mg
90 

at 1340
o

C, 
o 0 at 1230 C and Mg

79 
at 1190 C. 

Plagioclase, An
91

, crystallizes at 12300 C where the A1
20

3 
content of the 

liquid is approximately 15-16%, and clinopyroxene Ca40 •8 Mg 48 •
9 

Fe 10 . 3 

crystallizes at 11900 C where the percentage of crystallization increases 

markedly, the solidus lying at about 1140-1150
o

C. The liquid line of 

descent over the internal 1230-1190oC is dominated by increasing Si02 and 

FeD, and decreasing A1 203 and MgD. Glass compositions in runs below 12000 C 

are considered to be unreliable because of the presence of quench clino-

pyroxene rims on primary phases. 

lOOCr At 2 kb and 5 kb olivine (with minor chrome spinel; Cr + Al= 45.9 

2 kb lOOCr = 44 ) at ; Cr + Al at 5 kb is the liquidus phase and the olivine field 

o 
extends to about 100 C below the liquidus where it is joined by calcic 

plagioclase. Plagioclase crystallizing from 95-2 is more calcic than that 

from 95-1 e.g. An91 at 2 kb 1200
0

C compared to AnS at 5 kb 1220oC. 
5.6 

o point at which plagioclase begins to crystallize differs by only 10 C 

,'( The 0 kb and seed experiments were performed by Mr. K.L .. Harris. 

The 
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(i. e. Hithin experimental error" ± SoC) bet,,,een the two compositions. 

C M Fe crystallizes at I1S0oC (2 kb) and Clinopyroxene a35 . 3 g54.2 10.4 

12000 C (5 kb) and is relatively aluminous containing 4-6% A1 203 · The 

percentage of crystallization increases markedly at the point where clino-

pyroxene begins to crystallize and this is evidenced by the sharp decrease 

in 100Hg/(Hg + Fe) ratio of the co-existing olivine. 

Olivine is the liquidus phase at 10 and 15 kb. Aluminous clino-

pyroxene with moderate CaO content (Table 4-7) crystallizes with olivine 

at IS kb 1400oC. Clinopyroxene Ca23 . 7 Mg 67 . 7 FeS. 5 alone crystallizes at 

20 kb where the liquidus changes slope. Compared to the liquidus clino-

pyroxene in 95-1 this pyroxene is more magnesian and considerably less 

calcic (Table 4-7), being of subcalcic composition. As for 95-1 composition 

there is no liquidus or near-liquidus field of orthopyroxene. 

2-3. Depth of magma segr egation 

Lack of a liquidus or near-liquidus field of orthopyroxene for 

both 95-1 and 95-2 is at variance with evidence which strongly support the 

view that orthopyroxene is an expected residual phase from partial melting 

of mantle peridotite to yield olivine tholeiites (OT their tholeiitic 

picrite parents). Firstly non-cumulus magnesian harzburgite and lherzolite 

are far more common in nature than non-cumulus dunite; non-cumulus magnesian 

IVehrlite is rare. Secondly anhydrous melting studies on five model mantle 

peridotite compositions (Ito & Kennedy, 1967; Mysen & Kushiro, 1977; 

PART 3) from 0 to 40 kb pressure show that orthopyroxene is a residual 

phase for all except high degrees of melting where olivine (+ chrome 

spinel) is the residual phase. No field of olivine-clinopyroxene (wehrlite) 

or plagioclase Hehrlite was found in any of the studies. 

Comparison of the liquidi of 95-1 and 95-2 with the melting 

I ' relations of the tIVO peridotite compositions (pyrolite and Tinaquillo 

peridotite) studied in PART 3 shows that olivine and orthopyroxene are 



,~ '.-/ 
~) ",, ~au .. ..... Iy ... D( ' )-. <~ O rr Dduot, . , 

.. 
~O l _o.B 

li C: 

41 : 0 ) 

r<oJ' 9.16 

1':00 

~.:iI ~' .l .. , 
I'~!" 

'So 
«:0) 

, . 

" , .~ 

" U .. , 0. 20'0 ., 
':' 1.1 17 .. 
S. 

" 
l~t.t ,.~ 

lC~ ~ .. n.B 

" 

.. 
',. ,. ,. .. 

';' 

'0,01 iton •• foO 

1 0 ~ b "", I:w. O·C 
10 ~bu ~, lo"C 
15 kb .. ll tO"l: 
IS kb.or IJ.I, O"C 
IS ~bH 1400"C 
!O ;' b u I H ODe 

.. 
" " " " 

~1 .6 <0 .0 n. 6 U .S 40.6 

D.H c .n 
H. 2 1. 0J is. B 

i.4S I ~.) 4 ,)0 i .l) 10.7 

IS •• ".1 1B .6 10.) 4S .~ 

n.l 0 .16 lJ .0 H .l O.ll 

o .D ! 0 .!0 

o.OJ 

0 .1 94 l.BS) 0 .! 11 

D.HD 

O. HI O.IlS 0 .21 1 

I . )38 a .IID l. 162 

O.OiO 0 .601 0 .004 

0 .011 

,.~ 1. 101 1.001 

14. 1 06 .0 Ba.l 66 .6 81 .0 

" 11 .~ 

~ ~s.o 

;, n.' 

- oiL vi De. b • , 10 .. 
~ - . aVL De. b • c.h nop)'r . xono. c - Sh •• 
• _ o' LVLDO. b • &h" 
• - o liv ;~c. b _ &h" 
• • • liviD •• b • elic.p,n •• o., c • gh .. 
, - clic.,., < ,.c~ •• b • e • • " 

" , » , la oDd .0 . 1>.>< 

" " .. " " " .. ~ 

41.7 40. 4 4R. 6 40. 1 H . I 41. 0 ~ l. i 46 . 3 

0 .11 ,. ~ D.n 0. 10 

14. 2 14. 0 1, 10 14. i J.n U.I 
I. )) I Ll ! .2 1 u. ~ ,. ~ 10.1 l ,18 i.l ) 

0.12 0.12 

14.0 47.1 D.l H. z n .) 14.S 23. I U.OO 

12 . 4 0.48 12. 1 o. n 12. 2 12.1 I l.l 1l.1 

o. at 0. 1 0 ,.~ o.i l 

0. 46 , .,. 

a.I H 0. 110 l.DS4 l. 841 

a. liZ o.1L 6 

o.22 i D.B6 0. 160 O.US 
0 . 00] ,.~ 

l. 162 l. n3 l. 21 S l.2U 

O.Oll 0. 001 0. 4S1 0.411 

o.ou 0.001 

l, Oro ,. ~ l. n4 l.nB 

n.4 n.~ 12.0 BB. 2 BB . 4 n n.B 12.9 

C& 24 .9 c.21 .1 
:(& 66 .1 iii: 61 .1 

;, .. , ;, .., 



•• 

201 

residual phases for the entire P-T range defined by the 95-1 liquidus and 

the bulk of the P-T range of 95-2, except at low pressure (Fig. 4-3). 

Derivation of 95-2 and similar tholeiitic picrites from melting of peridotite 

at 1m, pressure (0-5 kb) can be ruled out because liquids formed by partial 

melting of peridotite in that pressure range and at appropriate temperature 

are not of olivine tholeiite or tholeiitic picrite composition but magnesian 

quartz tholeiite (PART 3). 

Since neither of the compositions studied has orthopyroxene as a 

near-liquidus phase and because Green & others (1979) demonstrated that 
, 

addition of ~ 17% olivine to DSDP basalt 3-18 resulted in a shift of the 

olivine-pyroxene cotectic to higher pressures where the increased activity 

of pyroxene at the expense of olivine resulted in orthopyroxene as a co-

liquidus phase we have added a further 3% olivine to 95-2 in an attempt to 

define the P-T conditions where olivine co-exists with orthopyroxene 

(+ clinopyroxene). This new composition, termed 95-3 Q.OOMg/ (Mg + EFe) = 76.8 

Table 4-1) has olivine (Mg91 . 4), as a liquidus phase to 20 kb·and the 

olivine-clinopyroxene cotectic moves to higher pressure. Clinopyroxene 

co-existing with olivine at 18 kb 14000 C and clinopyroxene crystallizing 

alone at 20 kb 14000 C and 22 kb 14600 C is distinctly sub calcic and strongly 

zoned from low A1 20
3

, low CaO cores to more calcic and aluminous rims 

(Table 4-8). No near-liquidus field of orthopyroxene was observed. 

Previous studies on various basalts have found that orthopyroxene 

occurred as a liquidus phase between the P-dependent fields of olivine at 

lower pressure and clinopyroxene at higher pressure and have shown that 

clinopyroxenes co-existing with orthopyroxene on anhydrous liquidi are 

extremely subcalcic (e.g. Green & Ringwood, 1976a; Green & Hibberson, 1970; 

Green & others, 1975a). Moreover study of liquidus pyroxenes in lunar 

basalts has shown that experimental difficulties exist in crystallization 

of orthopyroxene and that metastable nucleation and growth of subcalcic 

('pigeonitic') clinopyroxenes in place of the stable co-existing 
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orthopyroxene-clinopyroxene pair commonly occurs (Green, 1976c). Because of 

this and the subcalcic nature of the near-liquidus clinopyroxenes crystal-

lized from 95-3 composition we have added enstatite seeds to test for 

orthopyroxene saturation. 

Two seed compositions were used: 1) Tern-Pres synthetic clino-

enstatite, 2) bronzite 2539, CalMgssFe14' 0.9% A1203 " The seeds were crushed 

to 5-10~ grain size and 1% wt added to 95-3 composition. Experiments were run 

at 20 kb 14S0DC (ol+cpx+gl) and at 22 kb 1460DC (cpx+gl). No relic seeds 

were observed in any of the runs and none crystallized primary orthopyroxene. 

Subcalcic clinopyroxene co-existing with olivine at 20 kb 14'SOoc has 

extremely subcalcic cores (~ 6% CaO) with low alumina contents (Table 4-8). 

Clinopyroxene at 22 kb 1460
0

C is of sub calcic composition. The seed experi-

ments reaffirm previous difficulties experienced in nucleating co-existing 

orthopyroxene and calcic clinopyroxene rather than metastable low-calcium 

pyroxene. The experiments have not demonstrated crystallization of ortho-

pyroxene but we infer from the extremely subcalcic nature of the clinopyroxene 

that 95-3 composition, i.e. 95-1 + 18% olivine is close to saturation in 

orthopyroxene as well as calcic clinopyroxene and lies on oT very close to 

the two pyroxene boundary. 

We interpret these data to indicate that a picritic magma containing 
c 

approximately 27% normative olivine and parental to 95-1 by the separation 

of about 15 to 18% olivine (mean composition Mg 89 ) segregated from residual 

lherzolite (olivine, orthopyroxene and clinopyroxene in resiQue) at about 

o 70 km (~ 20 kb) at a temperature of about 1450 C. This depth of magma seg-

regation is very similar to that invoked for DSDP basalt 3-18 (Green & others, 

1979) except that a harzburgite rather than a lherzolite residue was inferred 

for DSDP 3-18. 

2-4. Olivine-melt equilibria 

Previous experimental studies on both terrestrial (Roeder & Emslie, 

1970; Roeder, 1974) and lunar basalts (Longhi & others, 1978) have shown 
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is nearly constant (0.3 ± 0.03) over a range of temperature and compositions. 

Data for olivine-liquid pairs from the 0 kb experiments have been plotted in 

Fig.4-4a and for the high pressures in Fig. 4-4b. Experiments performed in 

platinum capsules have been excluded due to uncertainties introduced by iron 

loss. All iron is assumed to be FeD since the Fe 20
3 

content of the starting 

mix ~".as 10.0 (Fe20/FeO '\, 0.05) and the furnace assembly used results in 

reducing conditions with fa sufficiently low to inhibit crystallization of 
2 

spinel. Data are plotted as mole percent oxide and equations calculated 

following Roeder & Emslie (1970). Also included are unpublished data for 

t~ro runs on a basalt similar in composition to 95-2. Data for 95-1 at 5 kb 

o 1200 C are not included because of the presence of quench clinopyroxene. 

Although limited, the data in Fig. 4-4 show that the regression 

lines for log KFe and log ~g are mutually parallel in both the 0 kb and 

high pressure experiments indicating that ~ is practically independent of 

temperature (Roeder & Emslie, 1970). Equations obtained by regression lines 

through the 0, 5 and 10 kb data points are listed in Table 4-9. The 0 kb 

and 5 kb data for log KFe and log K
Mg 

(Fig. 4-4) are in agreement (within 

experimental error) whereas the 10 kb data points are displaced to higher 

log K values. This displacement results in a systematic increase in ~ 

with pressure, e.g. 0.29-0.30 at 5 kb, 0.30-0.33 at 10 kb and 0.33-0.34 at 

15 kb. The increase of ~ with pressure is such that olivine co-existing 

with a given liquid at high pressure is more iron-rich than olivine co-

existing with the same liquid at low pressure (cf. Tables 4-3 to 4-7). Our 

data therefore supports previous suggestions (Longhi & others, 1978; Bender 

& others, 1978) that pressure does effect Fe-Mg partitioning between 

olivine and liquid above 5 kb. 
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TABLE 4-9. 

Temperature dependence of Fe-Mg partitioning for 

olivine - liquid pairs according to the reaction 

B log K = --- + A 
10 TOK 

p log (K) B A r 

OKb KFe 3.129 -2. 022 0.994 

r(lg 3.240 -1.571 0.985 

5 Kb KFe 3.028 -1. 833 0.987 

KMg 3.632 -1. 960 0 . 995 

10 Kb KFe 
3.177 - 2. 008 0.996 

r(lg 4.039 -2 .048 0.995 
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CHAPTER 3 

PETROGENESIS OF THE LAD BASIN BASALT 

3-1. Crys t a l fractionation 

Hawkins (1976) suggested that the Lau Basin basalts had undergone 

low pressure crystal fractionation involving olivine MgSS ' and possibly 

plagioclase since microphenocrysts of these phases occur in the more 

primitive of the Lau Basin basalts. Our experimental results show that 

the crystallization interval between olivine and plagioclase is small 

(Fig. 4-1). As shown in Figure 4-2, fractionation of olivine and plagioclase 

will result in an increase in Fe/Mg and Na/Ca ratios, and an increase in 

Si0 2 and decrease in Al20
3 

content. Clinopyroxene fractionation, additional 

to olivine and plagioclase, seems likely for the most evolved Lau Basin 

basalts; fractionation of all three phases will result in increased Fe/Mg 

and Na/Ca ratios and increased abundances of incompatible elements (including 

Ti0 2) but little change in Si02 content. While fractional crystallization 

of olivine, olivine + plagioclase and olivine + plagioclase + clinopyroxene 

can account for much of the variation in major element geochemistry 

exhibited by the Lau Basin basalts, variations in trace element abundances 

cannot be satisfactorily explained by crystal fractionation (Gill, 1976). 

In particular, the very low abundances of LIL elements of basalt 95-1 mean 

that it cannot be parental to more evolved Lau Basin basalts many of which 

have considerably higher abundances of LIL elements. 

Numerous petrologic studies have stressed the importance of crystal 

fractionation in mid-ocean ridge basalts and it is now clear that most MORB 

have undergone variable degrees of fractionation of olivine (+ spinel), 

olivine + plagioclase, or olivine + plagioclase + pyroxene (e.g. Miyashiro 

& others, 1969; Kay & others, 1970; Bryan & others, 1976; Hekinian & others, 

1976; Blanchard & others, 1976; Flower & others, 1977; Rhodes & others, 1979). 

The similarity in liquidus phases and magma compositions of the Lau Basin 
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basalts, and olivine tholeiites from other marginal basins, suggests that 

crystal fractionation of olivine, plagioclase and pyroxene is equally 

important in modifying compositions of basalts erupted in marginal basins. 

3-2 . Plag i oclase composi t ions 

The calcic plagioclase compositions obtained in this study are 

similar to the bytownite compositions observed in the more primitive MORE. 

Hekinian & others (1976) recognized a correlation with crystal size and 

morphology and noted that phenocrysts are more calcic (An
75

_
8S

) than micro

phenocrysts (An
7

D-SO) and microlites (An
60

_
7S

)' Xenocrysts and megacrysts 

are generally highly calcic, An
S9

_
95 

(Bryan & others, 1976; Hekinian & 

others, 1976; Flower & others, 1977; Donaldson & Brown, 1977) although 

exceptions have been reported (Bryan & Moore, 1977). Donaldson & Brown 

(1977) have pointed out that the calcic megacrysts are too calcic to be in 

equilibrium with their host compositions. The data obtained in this study 

are particularly relevant to this problem since Lau Basin basalt 95-1 has 

a higher CaO/Na20 ratio than any other basalt from the ocean basins. The 

liquidus plagioclase for 95-2 (CaO/Na20 = 13.5) is An90 .
9

, and for 95-1 

glass (CaO/Na20 = 9.7) is AnS5 . 6 ' and in reasonable agreement with the 

compositions predicted from crystal-liquid equilibria (Drake, 1976). This 

crystal-liquid partitioning is thought to be independent of pressure 

(Drake, 1976) although Green & others (1979) noted that plagioclase 

crystallized from DSDP 3-1S, in the absence of other calcium-bearing 

phases, became slightly less calcic at higher pressure. Bender & others 

(197S) in the experimental study of FAMOUS basalt 527-1-1, also noted 

that the first formed plagioclase became more sodic with increasing 

pressure. Our data for 95-1 show that the plagioclase crystallized at 

10 kb is more sodic than that at 5 kb, i.e. An
S5

.
6 

at 5 kb, An
S1 

at 10 kb. 

Hm.;rever, the presence of co-existing clinopyroxene in the 10 kb run means 

that this change may be due to changed (Ca/Na) ratio in the liquid rather 
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Melsom & Thompson, 1970; Bonatti & others, 1971; Hodges & Pap ike , 1976). 

The presence of magnesian orthopyroxene in cumulate peridotite 

and gabbro from the ocean floor conflicts with the melting relations of 

relatively primitive MORB studied previously (Green & others, 1979; Bender 

& others, 1978) and of 95-1 studied here: these studies show that ortho-

pyroxene is not a near-liquidus phase at low pressure. Bender & others 

(1978) claimed that FAMOUS basalt 527-1-1 (lOOMg/(Mg + LF~ = 68, 18% 

normative olivine) was multiply saturated (olivine, orthopyroxene, and 

clinopyroxene) at 10.5 kb. However, orthopyroxene was in fact only 

o 
crystallized in one run at 15 kb where it occurred alone 40 C below clino-

pyroxene liquidus, and the assemblage claimed to have equilibrated at 

10.5 kb shows non-equilibrium Fe-Mg partitioning. Orthopyroxene is 

however a near-liquidus phase at low pressure for the more fractionated 

MORB studied by Kushiro & Thompson (1972), and Fujii & Kushiro (1977). 

For these compositions, Mg-values of 66 and 60 respectively, orthopyroxene 

co-exists with olivine, plagioclase and clinopyroxene at or n-ear the 

liquidus at 5-S kb. This orthopyroxene would not be more magnesian than 

MgS7 ' If these magmas are primary and their depth of segregation is 

~ 20-30 km then we must envisage a mantle source peridotite with olivine 

~ MgS6 ' thus differing considerably from previous estimates of the 

composition of the oceanic upper mantle (PART 3), and from the source 

peridotite (olivine ~ Mg
90

) for ocean floor basalt DSDP 3-1S (Green & 

others, 1979). Inhomogeneity of this extent in such a key parameter as 

the Mg/(Mg + Fe) of the upper mantle has been argued previously for 

continental areas (Wilkinson & Binns, 1977), and might possibly be a 

feature of the 'primitive' upper mantle source regions in the oceanic 

regime, although evidence from lherzolite nodules in oceanic regimes 

appears to favour a more refractory oceanic mantle. If we accept as a 

reasonable constraint that oceanic upper mantle source regions should have 

olivine of Mg90 + Z. then addition of olivine (+ other phases) to basalts 
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such as those studied by Kushiro & Thompson (1972) and Fujii & Kushiro 

(1977) is necessary to deduce their parental compositions. Multiple 

saturation of these basalts at 5-8 kb means that there is no clear 

compositional trend to be reversed to lead back to parental compositions. 

Additional evidence against a primary origin for these basalts are their 

low Ni contents which are appreciably lower than commonly inferred for 

primitive magmas (e.g. Allegre & others, 1977; Sato, 1977). We thus 

conclude that these magmas are themselves not of appropriate composition 

to precipitate the accumulative phases of Mg-orthopyroxene-bearing ophiolite 

complexes, nor are they appropriate as partial melts in equilibrium with 

the refractory harzburgite of ophiolite complexes. 

Magnesian orthopyroxene may be expected to crystallize at low 

pressure from more silica-rich strongly hypersthene-normative liquids such 

as the magnesian olivine-poor and quartz tholeiites (50-54% Si0 2) found 

in a number of ophiolites (see PART 3, Chapter 6; and compilations by 

Duncan & Green 1979; Sun & Nesbitt, 1978a). PreliminaryexpeTimental 

results (R.A. Duncan, pers. comm. 1979) on a magnesian olivine-poor 

tholeiite composition inferred to be parental to the Upper Pillow Lavas 

supports this view. Sun & Nesbitt (1978a), following Church & Riccio's 

(1977) observation of the association of olivine-orthopyroxene cumulate 

sequences in ophiolites with Ti-poor high silica magnesian lavas, referred 

to these magmas as 'ophiolitic basalts'. Duncan & Green (1979) have 

distinguished quartz tholeiites and olivine-poor tholeiites developed at 

spreading centres from high-magnesian 'andesites', apparently generated in 

island-arc situations. These authors used compositions from Troodos 

ophiolite complex and Cape Vogel, Papua New Guinea respectively to typify 

the two magma types. 

Magnesian quartz tholeiites or magnesian tholeiites with low 

normative olivine similar to either the 'Troodos type' or 'Cape Vogel type', 

have not been recovered from marginal basins to date but low-TiO silica 
2 
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saturated basalts and basaltic andesites are common in the Tonga and 

Kermadec Islands immediately east of the Lau Basin (Ewart & others, 1977). 

These lavas have low abundances of REE and other incompatible elements. 

Olivine-normative basalts also occur in the Tong-Kermadec chain and their 

compositions overlap the olivine tholeiites of the Lau Basin (Ewart & 

others, 1977). 

We conclude that although olivine tholeiites like the Lau Basin 

basalt studied here are an important magma type occurring in back-arc 

basins, differing in some chemical characteristics from both 'primitive' 

MORB and from highly magnesian andesites and basaltic andesites in island

arcs, these basalts - high alumina MgCa olivine tholeiites - are not 

related to ophiolite sequences characterized by highly magnesian cumulate 

orthopyroxene and residual harzburgite. 

3-4. Composition of the mantle beneath Lau Basin 

From our experimental study we concluded that the picritic 

tholeiite parental to olivine tholeiite 95-1 segregated at about 70 kID 

to leave residual olivine, orthopyroxene and clinopyroxene (+ chrome 

spinel). These results and the composition of the picritic parent are 

now used to infer the composition of the source peridotite. From the very 

low abundances of Ti02' Na20, K20, P 205 and LIL elements of 95-1 it can 

be reasonably inferred that it (and its picritic parent) were derived 

from a peridotite more refractory than 'Hawaiian' pyrolite. This is 

confirmed by examination of the melting relations of pyrolite (Fig. 4-3 

and PART 3) which show that clinopyroxene is not a residual phase in 

melting at 20 kb 1450
o

C. Clinopyroxene is a residual phase (together with 

olivine and orthopyroxene) at 20 kb 14500 C for the more refractory 

Tinaquillo peridotite however (PART 3). The data presented in PART 3 

suggest that tholeiitic pic rite Mg ~75 may be formed by about 18% melting 

of a peridotite similar to Tinaquillo peridotite at about 20 kb 1450oC. 
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This melt "ill be in equilibrium with olivine (Mg 91 + 0.5)' orthopyroxene, 

clinopyroxene and chrome spinel. The 15 kb data (PART 3) suggest that for 

~ 15-20% melting of Tinaquillo the modal proportions of the residual phases 

will be approximately olivine 65, orthopyroxene 29, clinopyroxene 5 and 

chrome spinel 1. We have calculated a peridotite source composition using 

these relative proportions, the compositions of residual pyroxenes and 

spinel from melting of Tinaquillo peridotite at 15 kb 14000 C (PART 3) and 

olivine Mg
90

• Our estimate compares favourably with previous estimates of 

the oceanic upper mantle (Table 4-10) and is very similar to Tinaquillo 
. 

lherzolite, although less magnesian and richer in Al
2

0
3 

and CaO. Estimates 

made using the composition of liquidus olivine and near-liquidus low-

calcium pyroxene for 95-3 at 20 kb gave very similar results apart from 

a slightly higher CaO content. 

We have also calculated the REE abundances in the model source 

peridotite using the REE data for 95-1 (Gill, 1976), diluted by addition 

of 18% olivine, and the partition coefficients of Frey & others (1978) 

(Appendix 1). The calculated REE abundances in the source are very low 

and strongly depleted in LREE with LaN/s~ ~ 0.5, LaN/Yb
N 

= 0.17 and LREE 

~ 0.2 x chondrites and HREE ~ 1 x chondrites. These estimates are less 

than previous estimates of the REE content of the oceanic upper mantle 

which imply HREE abundance equal to 2-3 chondrites (e.g. Frey & others, 

1978; Green & others, 1979). The REE abundances in the mantle source for 

95-1 parent are similar to strongly LREE-depleted Tinaquillo and Lizard 

peridotites and generally lower than spinel lherzolite nodules and alpine 

peridotites (e.g. Frey & others, 1971; Frey & Green, 1974; Loubet & others, 

1975). We interpret this extreme depletion in LREE and overall low 

abundance of REE to indicate the mantle source for 95-1 is residual after 

previous extraction of a basaltic melt. 

Sun & Nesbitt (1978a) have shown that a number of Ti-poor basalts 

from island-arcs and ophiolites have CaO/TiO and Al 0 /TiO ratios 
2 2 3 2 



TABLE 4 -10. 

ES TI}Jc\TED ~[ANTLE COMPOSITION 

A B C D E F G 

% Melt 15-20 24 

% Olivine (65 57 . 5 

% Orth opyroxene (29 18 

% Clinopyroxene ( 5 

% Spi nel ( 0 .5 

Si0
2 

45 -4 5 .2 45 .0 45 .0 45.2 46 .1 44.2 44.5 

Ti0
2 

0.08-0 .09 0. 17 0 .08 o. n 0 .2 0.13 0. 25 

Al
2
0

3 3. 6 - 4.2 4 .4 3.22 3 . 5 4.3 2.05 4. 5 

FeO 8. 4 -8 .5 7.6 7. 66 8. 6 8 .2 8.29 8. 5 

MnO 0 . 1 0 .11 0. 14 0. 14 · 0.13 0. 14 

MgO 38. 7-37. 4 38. 8 40. 0 37.5 37.6 42. 2 38.0 

CaO 3. 1-3. 6 3. 4 2. 99 3. I 3. I 1.9 2 3 . 2 

Na
2
0 0. 15 -0 . 20 0 .40 0 . 18 0. 57 0 .4 0.27 0. 50 

K20 0 .005-0. 006 0.003 0. 02 0 . 13 0 .03 0.06 0. 02 

Cr
2
0

3 
0. 55-0 . 53 0 .45 0. 45 0.43 0.44 0.40 

NiO 0.26-0.24 0. 26 0. 26 0. 20 0.23 

100 ~ 8 9.1-88.7 90.1 90 .3 8 8. 6 89 .1 90.0 88 . 3 (Mg + !:Fe) 

A. Es tima ted source comp osit ion foe 95-1 parent 

B. Es t ima ted sou rce comp osit ion foe DS DP 3-18 paren t (Green &: others, 1979) 
C. Tinaqu illo perido ti te (Green, 1963) 

D. pyrolite (R in gwood, 196 6) 

E. Pyrolite ( Ringwood, 1975) 

F. Average of 384 spinel lherzolites (Maaloe &: Aoki , 1977) 

G. Es timated sou rce comp osition ( Bender &: others, 19 78 ) 
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significantly higher than HORB, and suggested that these features are due 

to depletion of the mantle beneath island-arcs by prior ocean-ridge type 

magmatism. A similar conclusion had previously been reached by Green 

(1973a, 1976a) who noted that Ti02' Na20, REE and other incompatible 

elemen ts are commonly 10lJer in island-arc tholeiites and basal tic andesites 

than in mid-ocean ridge tholeiites. 

The minor and trace element geochemistry of Lau Basin basalt 

95-1 is therefore consistent 'Jith partial melting of a mantle source 

depleted by prior magmatic activity, possibly at a mid-ocean ridge. The 

10lJ abundances of HREE in other Lau Basin basalts (Gill, 1976) is also 

consistent with derivation from a source more depleted in these elements 

than the source for most MORB, however the enrichment in Ba, LREE, K, Rb 

and Sr of some of the Lau Basin rocks probably indicates addition of a 

10lJ-temperature melt or fluid phase enriched in these elements, possibly 

from subdue ted lithosphere. 
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. CONCLUSIONS 

The Marum and Papuan ophiolites dip from the continental margin 

tOl,ards accreted Paleogene island-arcs, and appear to represent frontal-

arc basement emplaced as a result of mid-Tertiary continent/arc collision. 

Both ophiolites comprise thick (~ 3-4 km) sequences of layered ultramafic 

and mafic cumulates overlying refractory tectonite peridotite. Basaltic 

pillol' lavas are associated with both ophiolites: in the Papuan ophiolite 

the basalts overlie the cumulates and are an integral part of the ophiolite 

succession whereas in the Marum the basalts are in tectonic contact with 

the plutonic rocks and chemically distinct. 

The cumulate sequences are layered on a gross scale (peridotite to 

gabbro) and exhibit igneous layering and primary cumulus textures indicative 

of magmatic crystallization in large magma chambers from liquids of gradually 

evolving composition. Superimposed on the gross layering are a number of 

cyclic units of variable thickness which, together with the limited 

differentiation (compared to stratiform intrusions such as Skaergaard) and 

irregular cryptic variation exhibited by the cumulus minerals, points to an 

open magma chamber(s) with periodic influxes of fresh magma which then 

mixed with the fractionated liquids of the previous pulse sufficient to 

retard differentiation. In both ophiolites the major cumulus phases are 

olivine, clinopyroxene, orthopyroxene and plagioclase. Various geothermom-

eters and geobarometers, together with thermodynamic calculations involving 

silica buffers, suggest that the Marum cumulates crystallized at high 

o 
temperatures, 1200-1300 C, and low pressures, 1 - 2 kb, under low fO • 

2 
The early crystallization of magnesian orthopyroxene (~ Mg

gO
) and the over-

all prominance of orthopyroxene as a crystallizing phase in both ophiolite 

sequences conflicts with the low pressure crystallization behaviour of 

MORE-type high-alumina olivine tholeiites. The parent magma(s) for the 

Marum and Papuan cumulate sequences is considered to have been of magnesian 
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olivine-poor or quartz tholeiite composition, similar to that represented 

among the Upper Pillow Lavas of the Troodos ophiolite. This interpretation 

is supported by the trace element geochemistry of the cumulates which 

indicate that the parent magmas were more depleted in LREE and high 

valence cations (Ti, Zr, Y) than presently saIr{lled MORB. It is also clear 

from the highly magnesian nature of the early cumulus olivine that the 

parental magmas were appreciably more magnesian than represented among 

the basalts of the Papuan ophiolite which have undergone extensive 

fractionation of olivine, spinel, pyroxene and plagioclase. 

The importance of low pressure crystal fractionation in the 

format~on of the Papua New Guinea ophiolites is also reiterated by the 

fact that in neither ophiolite do basaltic or doleritic dykes cut the 

lower mafic cumulates or the underlying peridotites; in the Papuan Ultra

mafic Belt dolerite dykes, apparently feeders to the overlying basalts, 

are rootless. This implies that the basalts were fed from the magma 

chamber and that all the lavas are derivative liquids, buffered by prior 

fractionation of olivine, spinel, pyroxene and plagioclase. An additional 

observation concerning cumulate-magma relationships is the ,close approach 

of the cumulates to total equilibrium crystal-liquid partitioning: inter

cumulus melt has been expelled and incompatible elements are entirely 

partitioned into the liquid. This fact will be of importance in attempts 

to relate apparently comagmatic liquids by least squares mixing models 

since incompatible elements will increase logarithmically rather than 

linearly. Admixing of magmas at different stages of differentiation in 

subjacent magma chambers will lead to further complexities in both major 

and trace element geochemistry. 

In both the Marum and Papuan ophiolites there is evidence to 

suggest the existence of parent magmas of differing composition. This is 

most apparent in the Papuan Ultramafic Belt where the cumulate stratigraphy 

in the Bowutu Mountains differs from that in the remainder of the ophiolite 
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(Davies, 1971); in the Marum ophiolite this is indicated by differences 

in the order of crystallization ot some cyclic units. Differences in 

magma compositions as revealed by different accumulate sequences are 

important to define the range of primary magma compositions (particularly 

if the extrusives are buffered, residual liquids), and the extent to which 

each magma pulse crystallizes independently or mixes with previous pulses. 

However, detailed studies in this direction would be more profitably 

conducted in ophiolites with better exposure than the PNG examples such 

as the Semail Ophiolite in Oman (cf. Coleman, 1977). 

This study has also shown that harzburgite underlying the 

cumulate sequences is petrologically and chemically consistent with an 

origin as the refractory residue of large degrees of partial melting of 

mantle peridotite at shallow depth. The lack of basaltic or gabbroic 

dykes intruding the harzburgite, the fact that the cumqlates rest directly 

on the harzburgite, and the apparently transitional contact between harz

burgite and overlying dunite shown by interfingering of dunire lenses and 

similarity in deformation history in the Marum ophiolite make it unlikely 

that the harzburgite represents an older, pre-existing segment of oceanic 

mantle. A genetic relationship between the tectonites and overlying 

cumulates is also suggested by trace element correlations. The extreme 

depletion of lithophile elements in the harzburgites indicates that the 

process of melt extraction was highly efficient, and that the source 

peridotite had been depleted in incompatible elements by an ~arlier period 

of magma extraction. The data obtained in the partial melting study 

(PART 3) show that partial melts co-existing with harzburgite of this 

composition are of magnesian olivine-poor tholeiite or quartz tholeiite 

composition, which is consistent with the inferences made from the 

petrology of the cumulate sequences. 

Probably the most important conclusion from this study is that 

ophiolites with cumulate sequences similar to the Marum and Papuan Ultra-
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mafic Belt are not directly related to MORB-type high-alumina olivine 

tholeiites. The data obtained in the partial melting study and the 

marginal basin basalt crystallization study (PART 4) support the con-

clusions reached by Green & others (1979) that MORB are derived by 

fractionation of olivine from tholeiitic picrite parent magmas which 

segregated from residual harzburgite or lherzolite at ~ 60-70 km depth. 

Models of oceanic crust based entirely on ophiolites similar to those of 

Papua New Guinea, e.g. Troodos, where silica saturated to oversaturated 

magnesian lavas are derived by partial melting of depleted peridotite 

at shallow depth to leave refractory harzburgite do not adequately 

describe magmatic processes occurring at present day mid-ocean ridges 

where direct knowledge of the deeper oceanic crust and mantle is based on 

dredge hauls and a small number of limited DSDP intersections. However, 

Green & others (1979) and Duncan & Green (1979) have argued that the 

forsteritic olivine (Mg
91

), anorthitic plagioclase and rare magnesian 

chrome diopside xenocrysts found in some MORB cannot have crystallized 

from their host basalts but crystallized from more silica saturated liquids 

of magnesian olivine-poor tholeiite or quartz tholeiite composition. This 

implies a close spatial and temporal relationship between MORB and the 

more silica-saturated melts. Duncan & Green (1979) suggest that such magmas 

are derived by second stage melting of peridotite which had earlier given 

rise to MORB at greater depth, and that these second stage melts might 

constitute 10-20% of the oceanic crust. This being the case, models of 

present day oceanic crust need to include provision for generation of 

magmas of different composition at varying depths. An additional point 

arising from the experimental studies of MORB is that the Al 0 and CaO 
2 3 

contents of the residual pyroxenes at the depth of magma segregation 

(60-70 km) are such that the harzburgite assemblage will recrystallize at 

lower pressure to lherzolite with less aluminous pyroxenes and less calcic 

orthopyroxene. Consequently, unless second stage or mUltistage melting is 
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common lherzoli te rather than' harzburgite as implied by the ophiolite 

analogue may be the more dominant mantle rock type beneath mid-ocean 

ridges. 

The experimental study of the Lau Basin basalt 95-1 (PART 4) has 

shmYn similar melting and 10\., pressure crys tallization behaviour to MORB 

studied previously, and rules out a genetic relationship between marginal 

basin high-alumina olivine tholeiites and ophiolites similar to those of 

Papua New Guinea. Lau Basin basalt 95-1 forms one end of a compositional 

spectrum of marginal basin basalts and there is a need for experimental 

studies on other compositions. Of particular interest is the petrology 

and petrogenesis of the high magnesian andesite or boninite suite and 

their relationship to ophiolites, particularly ophiolites with cumulate 

harzburgite and orthopyroxenite (cf. Varne & Brown, 1979). The apparent 

occurrence of this suite in the fore-arc region of island-arcs might mean 

that new crust is formed in front of as well as behind island-arcs. In 

the case of the Papuan Ultramafic Belt however the high magnesian andesite 

clearly post-dated ophiolite formation. 
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APPENDIX 1 

ANALYTICAL TECHNIQUES 

~Iicroprobe analys i s 

Quantative analyses (Na-Fe) of the mineral phases in the Marum 

and Papuan ophiolites and the major element compositions of the Tumu River 

basalts were determined by TPD electron microprobe at RSES, ANU using an 

Ortec Li-drifted silicon detector following the energy dispersive method 

of Reed & Ware (1973, 1975). The emitted X-ray spectrum was accumulated 

over 100 seconds in a Northern Scientific (NS710) multichannel pulse height 

analyser at a count rate of about 5000 counts per second (cps). Peak 

intensities were measured by summing counts in groups of channels corres-

ponding to the full width at half maximum (FWHM) of each peak. Resolution 

of the energy spectrum at FWHM for the Mn K peak is about 170 eV and 
C! 

results in satisfactory resolution of the Na, Mg, Al and Si K peaks. The 
C! 

analytical conditions employed an electron beam accelerating voltage of 

15 kV, a beam diameter of about 1 micron and a beam current of 3 nannoamps. 

Precision is generally better than 1.5% relative, and accuracy is better 

than 2% relative. Limits of detection are Na (~ 0.2%), Mg-AI (0.1%), 

Mn (0.09%), Cr (0.08%), Ti, Ca and K (0.07%). The accuracy of the micro-

probe da~a can be assessed from the comparison of the data obtained for 

standard rocks BCR-1 and JB-1 (Table 1a) which were melted on an iridium 

strip heater and analysed by microprobe with the recommended values of 

Flanagan (1973) and Ando & others (1974) recalculated volatile-free to 

100%. Most of the standard deviation is due to heterogeneity in the 

glasses, especially for BCR-1 which proved difficult to homogenize on the 

iridium strip (due probably to the high iron content). Analyses of rocks 

performed by microprobe after fusion on an iridium strip heater are also 

compared with analyses made by XRF (in triplicate) following the method of 

Norrish & Hutton (1969). 



TABtE 1:. CO;~,\P.1S0:.l OF }~\JOR n!:!Eli1 AMLYS !:S SY PHOSE AN!> XRP 

, J 4 , 6 7 8 

SiO~ S5.f.O(37) 5).65 53.70(5) 53.53 SO.73 SO.69 108.15 108.12 

TiO
Z 

Z.~ 5(7) 2.24 1.320) L 38 0.08 0.15 <0.07 0.0/, 

'\1 2°3 13.72(15) 13.89 lIo.79(25) 110 .87 .12.87 12.81 18. 18 18.02 

FIlO: 12 .5'1(23) 1 ~.l6 8.38(15) 8.Jl 1. 17 6.99 J,05 J .OJ 

~!nO 0.12(7) 0. 18 <0.09 0.15 <0.09 0.17 <0.09 0.08 

1!&0 3.70(19) 3.53 8.02(9) 7.91 13 .83 13.76 11. 99 11.88 

c,. 7.1 Ha) 7.06 9.53(9) 9.50 110.76 It. .86 18.19 18.100 

1':20 3.36(8) 3.31. 2.79(7) 2.87 0.56 0.57 0.44 0.1. 3 

"10 1.75(5) 1. 71. .I.H{Io) 1.1.7 <0.07 0.002 <0 .07 0.002 

• 
:1:2

0 3.25 3.27 2.72 2.80 0.57 Q -"3 
",0 l. 70 1.102 1. /,3 Q.OO2 0.001 

P 2°5 0.38 0.36 0.29 0.26 0.009 o..OJ 0.010 0.01 

"'" 0.1 9 0 . .18 0 . .15 

1. llicroprobe determination 0.0 analyses) of OCR-I. Numbers in parentheses are 

errors and refer to the l as t decimal place (51 

2. ll.ecolhended values for SCR-I (Flanagan, 1973) 

J. 'Uc r oprobe. determination o f J8-1 ( 15 analyses) 

10. Recommended values for J8-1 (Ando ana others, 19710) 

S. Microprobe - gabbro 1020 

6. "'" - gabbro 1020 

7. ~.icroprobe - gabbro 19 .1 

8. XRF - gabbro 19.1 

9. Microprobe - basalt 565 

10. XU' - basalt 565 

AU lujor dement analyses normalized to 100%. 

'"Sa20 and "P by atomic absorption spectroscopy. 

P205 and ~lnO by XRF on p ressed po,",der pellets, 

, 10 

109.010 109.1010 

3.63 3.70 

12.10 3 12.108 

.16.91 16.72 

0.210 0.28 

10.80 10 .61 

7.97 7.98 

4.90 I. .73 

0." 0.06 

10 .58 

0.05 

0.49 0. 5 J 
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Si~:lulean L!o u ::i qUJl\tit.:ltivc analyses for 10 elements (Na-Fe) of 

chI.! ;:~:p<:t·.b,:[!C.l1 r lln produc es \ ... a~ m.:lde l argely using a JEOL JX SOA electron 

r.il.tr.'Jpt'(Jb i~ _ :ic :"Ulni!l~ co!cctroll micro scope fined ~"ith an EDAX e nergy dis-

[lL!L-~,i'.',~ :1n:llyc lCal ~;ystun ,.it the Central Science Laborato ry, Hobart. The 

.L::.tl::[i..:~!l ::lL!cbod [01101.-.'5 that of Reed & Hare (1973, 1975) and is desc rib ed 

in do..:t:\d by Criffin (1979). Opcr:::lting conditions employed an accelerating 

\'~1L: ~\ ~:"': ~i 15 kV, b':;:lm current of J nannoampsJ a beam diameter of less than 

O. 5 ~llcron::>, .:lnu 100 s~conds counting time. Comparative studies and 

addition.Jl U,lt :l \",ere obtained by TPD pl.-obe. Glass analyses and a nalyses of 

thL! bllU~ chat'g~s \·) (!rl! ITl.:lde by rapid reduced area scan s ( ..... 250).1) to avoid 

a1 b li vola t il.i.::ation :1110 ellsure representa tive analysis. SEM photographs 

of rhe run products Here obtained using a Polaroid camera \"ith high speed 

(107) Hlm. 

Sa~plc preparation 

Betl·:een 0.5 and 2 kg (de pending on grainsize and available sample 

size.) of rock, free from veins or \"eathered surfaces \"ere reduced to 

3 
.3.ppro:dm.:ltely 1 cm in a jaH crusher, and crushed to coarse sand size in 

a tungsten carbide mill. The jaH crusher and mill \>1ere cleaned between 

samples by ,-!ire bush J acetone and dry ice. A 50-70 gm split was then 

crushed to -200 mesh in a tungs ten carbide Sieb mill. The PUB samples \"ere 

crushed in an agate mill. Between samples the mill was c leaned with ~o1ashed 

quartz sand J acetone and an initial sample crush which was subsequently 

disgarde d. The us e of the tungsten carbid e mill precluded 'the determination 

of Co and 1-1. Hm-Jever, examination of the spark source photoplat es for a 

harzburgite sample shoh'ed that t,; contamination t.fas minimal and that no 

other contamination (e.g. Pb) Has introduced during crushing. 

X-rav flUorescence spectr osco py 

:'!ajor abundances in the Narum peridotites and gabbros and all 

PUB samples, and all trace element abundances ~1ere determined at the 
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standard. The method is similar to that described by Cooper (1963) for 

potassium determination. All analyses were performed in dupl icate. 

FeD in the Narum samples \"Tas determined by potentiometric 

titration against K
2

Cr
2
0

4 
using a Pt-Pt80Rh20 bimetallic electrode 

(Kiss, 1977) following solution in acid under N2 atmosphere. FeD in 

the PUB samples \"Tas determined by Mr. J. Was ik by dissolution in HF 

followed by titration against potassium dichromate. 

H20+ i n the Marum samples was determined as loss-on-ignition 

aft er heating to 10500 C for 20 minutes, with allowance for the oxidation 

of FeD. Volatiles in the PUB samples were determined by Mr. J. Wasik 

at the Department of Geology. is the percentage For these analyses H20 

o of weight loss after heating the sample to 110 C for 90 minutes. 

and CO2 were measured by heating a sample for 30 minutes in a tube 

furnace at 1000-10500 C in a stream of dry, CO 2-free nitrogen. H20 

and CO2 given off were collected and weighed in microabsorption tubes. 

Major elements (except MnO and P20
5

) for the Tumu River basalts 

were determined by TPD electron microprobe using a 40p b eam after fusion 

on an iridium strip (Nicholls, 1974). Glasses were prepared in duplicate 

and at leas t five analyses made of each. Gla ss es were homogeneous and 

precision is estimated to be bett er than 5%, mostly 2%. Good agreement 

was obtained in analys es of standard rocks JB-1 and BCR-1 and for XRF 

analysis of selected samples (Table 1a) . MnO and P205 contents were 

determined by XRF on pressed powder pel lets by linear calibration with 

USGS standard rocks wi th a precision of 5-7 %. Na
2
0 and K

2
0 were deter

mined for sel ected samples by atomic absorption .spectrosc_opy ; agreement 

obtained with probe data indicates no loss of alkalis on fusion. 

Trace elements 

Trace elements Sc, V, Cr, Ni, Cu, Zn, Ba, Rb, Sr, Y, Zr , Nb , La, 

Ce and Nb were determined b y XRF on pressed powder pellets following the 

method of Norrish ~ Chappell (1977). X-ray counts were automatically 
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corrected for detector dead time, and instrument drift was monitored 

against an internal standard. The ana l ytical line determined and operating 

conditions employed~ selected to maximize the count rate and minimize 

inter-element interferences, are described by Norrish & Chappell (1977). 

Background peaks were measured on either side of the peak position and 

the background profile corrected for non-linearity using one or more of 

the following; spec pure Al
2

0
3

, spec pure Si0
2 

and trHerasil ll silica glass. 

Further empirical corrections to the measured intensities were applied 

to overcome inter-element interferences (Norrish & Chappel l . 1977). 

The concentration (p) of a trace el"ement is related to the 

intensity of emitted characteristic radiation (c) by the formula 

p 
A x c 

K 

where A is the mass absorption coefficient of the sample for the radiation 

being analysed and K is a constant for particular analytical conditions 

which is calculated from analysis of standards of known A and p under the 

same analytical conditions. 

Mass absorption coefficients for samples were measured for the 

heavier elements (Sr K and 
a 

holder of known diameter. 

RbK ) on rock powder pressed into a perspex 
a 

The attenuation (Io!I) of the measured wave-

length w~s measured and the mass absorption calculated from the relation-

ship 
A I 

px 
In(I !I) where px 

o 
-2 

mass cm 

Mass absorpitons for elements of shorter wavelength were calculated from 

the major element composition. Additional analyses of a number of trace 

elements were made using a corrected peak-to-corrected background approach 

for estimation of mass absorption coefficients and calibration against 

synthetic and natural rock standards. 

Deteroination of Rb and Sr abundances at low levels was made 

following the method of Chappell & others (1969). Similarly long counting 
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times (200 seconds peak, 100 'seconds background) were used in the deter-

mination of certain other trace elements at very low levels in the 

peridotites and gabbros. 

Spark Source Mass Spectrometry 

The abundances of REE ( La - Yb), Th, D, Pb, Hf, Cs, Sn, Zr, 

and Nb and in some cases Rb and Sr, were determined by spark source mass 

spectrometry (Taylor, 1965, 1971) using the improved data reduction 

method of Taylor & Gorton (1977) on an AEI MS7 spark source mass spectro-

meter at RSES, AND. Because the method uses Lu as an internal standard 

the abundance of Lu cannot be directly determined. The abundance of Tm 

was only determined in favourable circumstances where the resolution of 

the spectrograph was such as to resolve the Tm line from a carbon multiple. 

Sample preparation involved mixing of 100 mg of powdered sample 

with an identical amount of pm,dered graphi te mix containing a known 

amount of Lu as Lu20
3

. Mix F (containing 50 ppm Lu) was used for wast 

samples but for the peridotites and gabbros with low abundances of REE 

mixes E and E/2 were used. Electrodes pressed from this mixture were 

then subjected to a pulsed high voltage RF spark under vacuum in the 

source of the mass spectrometer and the ion beam produced focussed and 

collected on an Ilford Q-2 photographic plate. The densities of the mass 

lines were determined by microphotometer-densitometer, and the density -

intensity relationship of the photoplates calibrated by plotting the 

d 't' fl' f' '( 134/135/137) , enSl les 0 lnes or lsotope palrs e.g. Ba Ba Ba agalnst 

their known abundance ratios. The slope of the line drawn through these 

points is a measure of the plate response to incident ion beam intensity, 

and is used to obtain relative intensity values from the densitometer 

readings obtained on individual exposures. These intensity values are 

then ratioed to the intensity of the internal standard line on the same 

exposure to obtain the abundance of the nuclide. The ratio measurements 
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are then converted to elemental· abundance data by calibration with known 

geological standards. The cumputer program also applied corrections for 

176Lu by 176Hf and 176yb , and for LREE and natural Lu, interferences on 

Ba oxide and carbide on the heavy REE. These interferences, discussed in 

detail by Taylor & Gorton (1977), which may be severe in strongly 

fractionated LREE-enriched patterns were not significant for most of the 

samples analysed here. 139La in plagioclase-rich gabbros suffered obvious 

interference from the CaAl carbide. Additional interference at low 

163 d 140C · h ·t concentrations were observed on Dy, an on e ].n t e pyroxen~ e. 

Accuracy and precision of the method are dependent on precise 

determination of the photoplate intensity-density relationship, and on 

the number of graded exposures used to determine the abundance of each 

element. Generally two (in some cases three) photoplates were exposed for 

each sample, and each contained up to 15 graded exposures with determinations 

for a number of elements based on more than one isotope. Generally the 

measured abundance of each element was based on between 8-24 determinations 

but in the peridotites determinations of some of the heavier elements were 

based on less than this (5-7). Precision and accuracy of the technique are 

discussed in detail by Taylor & Gorton (1977). The precision of the 

analyses presented here, expressed as relative deviation of standardized 

intensities was mostly better than 5%, and commonly 3% or less. Overall 

precision and accuracy of the method are believed to be REE, Th, U, Hf, Ba 

(+ 5%), and Zr, Nb, Y and others (10-15%). Trace element data obtained by 

spark source mass spectrometry are compared with data obtained by XRF 

(Table Ib)together with recent MS7 data for USGS standard rock BCR-l 

(Taylor & Gorton, 1977). Overall agreement between XRF and MS7 data was 

generally better than 15% and commonly better than 10%, except for Ba for 

which good agreement was only obtained at high levels, and for REE, Nb, Y, 

Zr at low levels « 10 ppm). All data reported or presented have been 

normalized to the chondrite-normalizing values of Taylor & Gorton (1977). 



TABLE Ie. COMPARISON OF REE DATA 

1 2 3 

La 0.315 24.2 24.6 

Ce 0.813 53.7 53.6 

Pr 0.116 6.50 6.60 

Nd 0.597 28.5 29.3 

Sm 0.192 6.7 6.44 

Eu 0.0722 1.95 2.01 

Gd 0.259 6.55 6.25 

Tb 0.049 1.08 1.07 

Dy 0.325 6.39 6.44 

He 0.073 1.33 1.32 

Er 0.213 3.70 3.73 

TID 0.030 0.51 0.61 

Yb 0.208 3.48 3.69 

Lu 0.0323 0.55 0.59 

1. REE ehondrite normalizing values. 

2. BCR-l 'best estimate'. 

3. Average 7 determinations by MS7 RSES. 

All data from Taylor & Gorton (1977). 
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Overall agreement between XRF and MS7 data was generally better than 15% 

and commonly better than 10%, except for Ba for which good agreement was 

only obtained at high levels, and for REE, Nb, Y, Zr at low levels « 10 ppm). 

All data reported or presented have been normalized to the chondrite-

normalizing values of Taylor & Gorton (1977) which are given in Table 1c. 

Strontium isotope ratios 

Initial 87sr/86sr ratios have been determined for 4 gabbros from 

the Marum ophiolite and 2 gabbros from the PUB by Dr. R.W. Page at the RSES, 

ANU. These values together with 4 unpublished determinations made previous-

ly by Dr. P.A. Arriens, and provided by kind permission, are presented in 

Table 1d. The new analyses were run on a Nuclide mass spectrometer follow-

ing the analytical method described by Page & Johnson (1974). The measured 

value for NBS standard 987 was 0.71027 + 0.00007. 

Partition coefficients 

Partition coefficients for various phases selected from the 

literature are presented in Table Ie. The values for olivine, orthopyroxene 

and clinopyroxene lie at the low end of the range of partition coefficient 

values found for these elements. 

Activity - Composition relationships 

The following activity - composition relationships have been 

used in ~he thermodynamic calculations. 

01 
~g2Si04 

opx 
~g2Si206 

opx 
~gA12si06 

cpx 
~g2Si206 

cpx 
aCaA12Si06 

sp 
~gA1204 

plag 
aCaA12si208 

= 

= 

= 

= 

= 

= 

(~~)2 

(~~) (~) 

(~i) (~!) 

(~~) (~!) 

(Jf12 ) 
Ca (~i) 

(Xsp) (ysp)2 
Mg Al 

Xplag 
Ca 

Irvine (1965) 

Wood & Banno (1973) 

Wood & Banno (1973) 

Wood & Banno (1973) 

- Herzberg (1978) 

Irvine (1965) 

- Obata (1976) 



TABLE ld. STRONTIUM ISOTOPE RATIOS 

Sample No. Rock Rb Sr Rb/Sr 

~larum 

1. 123A anorthosite 0.60 259 0.00232 

2. 131 gabbro 0.19 133 0.00143 

3. 225 gabbro <0.1 64 <0.0015 

4. 1020 gabbro 0.06 59 0.00102 

pa~uan Ultramafic Belt 

5. 728 gabbro <0.1 90 <0.001 

6. 730 gabbro 0.04 92 0.00043 

(Coordinates) 

7. 972 basalt (080114734) 

8. 1015 dolerite (08514750) 

9. 532 gabbro (073714713) 

Tonalites (Eocene) 

10. 976 (074514730) 

11. 1235 (074714723) 

12. 1228 (0749]4724) 

Analyses 1 - 6 by Dr R.W. Page 

Analyses 7 - 12 by Dr P.A. Arriens (1970, unpub. report) 

Coordinates are in degrees of latitude and longitude 

0.7037 

0.7038 

0.7031 

0.7033 

0.7036 

0.7035 

0.7044 

0.7041 

0.7046 

0.6964 

0.7044 

0.7039 

0.7046 

0.6950 



TABLE I e. PARTITION COEFFICIENTS 

01 opx cpx plag 

La 0 . 0005 1 0.0005
1 

0 . 02 1 

Ce 0 .0008 0.0009 0.04 0 . 12
2 

Nd 0.0013 0.0019 0.09 0 . 081 

Sm 0 . 0019 0 . 0028 0.14 0.067 

Eu 0.0019 0 .0036 0 . 16 0.34 

Gd 0.063 

Th 0.0019 0.0059 0 . 19 

Dy 0.055 

Ho 0 . 0020 0.0089 0.195 

Er 0.063 

Yb 0.0040 0.0286 0 . 20 0.067 

Ti 3 3 4 
<0 . 01 0.02-0. 07 0.06-0.11 0.23-0.50 (0.34) 

Zr 0.01 0.01 0.05- 0 .2 2 5 
<0 .01

5 

1. REE p.c. from Frey & others (1978) . 

2. REE p.c. from Arth (1976 ; average) . 

3. Compilation by Irving (1978). 

4. Duke (1976) . 

5. McCallum & Charette (1978) . 



1-ix 

REFERENCES 

ANDO, A., KURASAWA, 1I., ORMORI, T., & TAKEDA, E., 1974 - 1974 compilation of 

data on the GSJ geochemical reference samples JG-1 granodiorite and 

JB-l basalt. Geochemical Jovynal~ 8~ 175-92. 

ARTH, J.G., 1976 - Behaviour of trace elements during magmatic processes -

a summary of theoretical models and their applications. Research 

Journal of the US Geological Survey~ 4~ 41-7. 

CHAPPELL, B.W., COMPSTON, W., ARRIENS, P.A., & VERNON, M.J., 1969 - Rubidium & 

strontium determinations by X-ray fluorescence spectrometry and iso

tope dilution below the part per million level. Geochimica et 

Cosmochimica Acta~ 33~ 1002-6. 

COOPER, J.A., 1963 - The flame photometric determination of potassium in 

geological materials used for potassium-argon dating. Geochimioa et 

Cosmochimica Acta~ 27 ~ 525-46. 

DUKE, J.M., 1976 - Distribution of the period four transition elements among 

olivine, calcic clinopyroxene and mafic silicate liquid: Experimental 

results. Journal of Petrology~ 4~ 499-521. 

FLANAGAN, F.J., 1973 - 1972 values for international geochemical reference 

samples. Geochimica et Cosmochimica Acta~ 37~ 1189-200. 

FREY, F.A., GREEN, D.H., & ROY, S.D., 1978 - Integrated models of basalt 

petrogenesis: a study of quartz tholeiites to olivine melilitites 

from S.E. Australia utilizing geochemical and experimental petrological 

data. Journal of Petrology~ 19~ 463-513. 

GRIFFIN, B.J., 1979 - Energy dispersive analysis system calibration and 

operation with TAS-SUEDS, an advanced interactive data-reduction' pack

age. University of Tasmania~ Department of Geology Publication 343. 

HERZBERG, C.T., 1978 - Pyroxene geothermometry and geobarometry: experimental 

and thermodynamic evaluation of some subsolidus phase relations involving 

pyroxenes in the system CaO-MgO-Al 20
3
-Si02 . Geochimica et Cosmochimica 

Acta~ 42~ 945-57. 



I-x 

T N 1965 - Chromian spinel as a petrogenetic indicator. Part 1. IRVINE, .. , 

Theory . Canadian Journal of Earth Science~ 2~ 648-72. 

IRVING, A.J., 1978 - A review of experimental studies of crystal/liquid 

trace element partitioning. Geochimica et Cosmochimica Acta,. 42~ 743-70. 

KISS, E., 1977 - Rapid potentiometric determination of the iron oxidation 

state in silicates. Analytica Chimica Acta~ 89~ 303-14. 

McCALLUN, I.S., & CHARETTE, M.P., 1978 - Zr and Nb partition coefficients: 

Implications for the genesis of mare basalts, KREEP and sea floor 

basal ts. Geochimica et Cosmochimica Acta~ 42~ 859-69. 

NICHOLLS, I.A., 1974 - A direct fusion method of preparing silicate glasses 

for energy dispersive electron microprobe analysis. Chemical 

GeoZogy~ 14~ 141-57. 

NORRISH, K. , & CHAPPELL, B. W., 1977 - X-ray fluorescence spectrometry. 

In ZUSSMAN , J., (Editor), PHYSICAL METHODS I N DETERMINATIVE MINERALOGY, 

201-72. Academic Press~ London~ second edition. 

NORRISH, K., & HUTTON, J.Y., 1969 - An accurate X-ray spectrographic 

method for the analysis of a wide range of geological samples. 

Geochimica et Cosmochimica Acta~ 33~ 431-54. 

OBATA, M., 1976 - The solubility of A120
3 

in orthopyroxene in spinel and 

plagioclase peridotites and spinel pyroxenite. American Mineralogist~ 

61, 804-16 . 

PAGE, R.W., & J OHNSON, R. W., 1974 - Strontium isotope ratios of Quaternary 

volcanic rocks from Papua New Guinea. Lithos~ 7~ 91-1 00 . 

REED , S.J.B., & WARE, N.G., 1973 - Quantitative electron microprobe analy sis 

using a lithium-drifted silicon de tector. X-ray Speatrometry~ 2~ 69-74. 

REED, S.J.B., & WARE, N.G., 1975 - Quantitative electron microprobe analysis 

of silicates using energy-dispersive X-ray spectrometry. Journal 

o f Petl'ology~ 16~ 499- 515. 

TAYLOR, S.R., 1965 - Geochemical analys is by spark source mass spectrography. 

Geochimica et Cosmochimica Acta~ 29~ 1243-62. 



I-xi 

TAYLOR, S.R., 1971 - Geochemical applications of spark source mass spectro

graphy-II. Photoplate data processing. Geochimica et Cosmochimica 

Acta, 35, 1187-96. 

TAYLOR, S.R., & GORTON, M.P., 1977 - Geochemical application of spark source 

mass spectrography-Ill. Element sensitivity, precision and accuracy. 

Geochimica et Cosmochimica Acta, 41, 1375-80. 

WOOD, B.J., & BANNO, S., 1973 - Garnet-orthopyroxene and orthopyroxene

clinopyroxene relationships in simple and complex systems. 

Contributions to MineraZogy and PetroZogy, 42, 109-24. 



2-i 

APPENDIX 2 

LOCALITIES AND BRIEF DESCRIPTIONS OF ANALYSED SAMPLES 

The samples tabulated here are selected from some 600 rocks 

collected and examined. Sample numbers used throughout the thesis refer 

to the BMR-GSPNG field numbers. The Marum samples have the prefix 7454 

(001-288), 7554 (400-497) and 7654 (500-578), and were collected by me. 

Additional samples 74541007, -1020, - 1030, -1040, -1046, -1053, -1057, 

and -1104 were collected by C.J. Pigram. Carpentaria Exploration Co., 

through the agency of Mr. K. Holmes, kindly made the drill core material 

available for study. The Papuan Ultramafic Belt samples have the prefix 

75522 and were collected in collaboration with Dr . H.L. Davies. The sample 

numbers given in parenthesis refer to registered numbers of material housed 

in the Department of Geology, University of Tasmania. Additional material 

is held at the GSPNG, Port Moresby. 

Place names and locality data for the Marum samples are taken 

from the 1:100000 scale geological map of the Marum ophiolite complex. 

Information for the Papuan Ultramafic Belt samples was taken from respective 

1:100 000 scale topographic maps. 

The following abbreviations are used: 01 = olivine, chr = chrome 

spinel, opx orthopyroxene, cpx = clinopyroxene, p1ag = plagioclase, qtz = 

quartz, hb1 = hornblende, mag = magnetite, i1m = ilmenite, ch10r = chlorite, 

sauss = saussurite, cum = cumulus, postcum = postcumu1us, intercum = inter

cumulus, poik = poiki1itic, phenos = phenocrysts~ microphenos = micropheno

crysts~ o/c = outcrop. 

Modal percentages are based on visual estimates except where 

given to a decimal place (petmix modelling and/or point counting). 



BMR-GSPNG TASUNI 

MARU}f OPHIOLITE 

046 48722 

087 48723 

088 48724 

089 48725 

090 48726 

257 48727 

410 48728 

411 48729 

413 48730 

414 48731 

418 48732 

423 48733 

2-ii 

Tectonite pe ridotites 

o 0 Harzburgitej faulted o/c, Marum R, 5 34'8 145 09 1 E. 

Xenob1asticj 01 (74%), opx (25%), chr (1%)j 20% 

serpentinization. 

Harzburgite-dunitej drill core DDH 67 29m. Xeno

morphicj 01 (95%), opx (4%), chr (1-2%). 

Extensively recrystallized. 

Harzburgite-dunitej drill core DDH 67 40m. Xeno

b1asticj 01 (95%), opx (4%), chr (1-2%, commonly 

embayed). 

Harzburgitej drill core DDH 70 30m. Xenomorphic to 

xenomorphic granu1arj 01 (75%), opx (24%), chr (1%). 

Extensively recrystallized. 

Harzburgitej drill core DDH 70 32m, intercalated 

dunite. Xenob1asticj 01 (80%), opx (19%), chr (1%). 

Enstat01itej residual boulder near fault zone, Marum 

R, 5°34' 8 145°07' E. Xenomorphic granular, strongly 

deformedj opx, cpx (extensively altered to tremo1ite), 

chr. 

Dunitej lens in harzburgite, 5°33'8 145013'E. Xeno

b1asticj 01 (97%), chr (3%, small disseminated 

subhedra) • 

Dunitej lens in harzburgite, 5°33'8 1450 12'E. 

Xenob1asticj 01 (97%), chr (3%) . 

Enstato1itej layer in banded peridotite, river 

boulder 5°33'8 145012'E. Xenob1astic granu1arj 

opx, cpx, 01, disseminated chr. 

Dunitej lens in harzburgite, 5°34'8 145012'E. 

Xenob1asticj 01 (98%), chr (2%, disseminated). 

Harzburgitej massive, 5°35'8 145012'E. Xenob1asticj 

01 (strongly serpentinized), opx (30%), chr 

(euhedra1 1%). 

Harzburgitej float, 5°33'8 145013'E. Xenob1asticj 

01 (80%), opx (19%), chr (1%). Protogranu1ar. 



425 48734 

426 48735 

473 48736 

474 48737 

477 48738 

479 48739 

488 48740 

489 48741 

490 48742 

491 48743 

492 48744 

001 48745 

005 48746 

Harzburgite; as for 423. Xenoblastic; 01 (74%, 

2-3mm), opx (20%, 1-3mm), cpx (4%), chr (1%). 

Harzburgite; as for 423. Xenoblastic; 01 (79%), 

opx (20%), chr (1%, commonlyembayed). 

2-iii 

Harzburgite; drill core DDH 70 32m. Xenoblastic, 

little deformation; 01 (79%), opx (20%), chr (1%). 

Harzburgite; drill core DDH 70 32.sm. Xenoblastic; 

01 (85%), opx (15%), chr (1%). 

Dunite; intercalated with harzburgite, drill core 

DDH 67. Xenoblastic; 01, chr (2%, disseminated, 

sub-euhedral to rounded). 

Harzburgite; drill core DDH 67 40m. Xenoblastic; 

01 (85%), opx (14%), chr (1%). 

Harzburgite; foliated, Baia R, S037'S 14s016'E. 

Xenoblastic; 01 (70%, 2.s-smm), opx (29%, 1-3mm), 

cpx (exsolved, trace), chr (1%). 

Harzburgite; foliated, Baia R, S037'S 14s01s'E. 

Xenoblastic; 01 (76.7%, <3mm) , opx (22.7%), 

chr (0.6%). 

Harzburgite; foliated, Baia R, s037'S 14s014'E. 

Xenoblastic; 01 (87.9%, up to 7mm, mostly 3-smm) 

opx (11.5%, mostly 2-4mm), chr (0.6%). 

Enstatite-rich pyroxenite; dyke in harzburgite, 

Baia R, S037'S 14s014'E. Xenoblastic granular; 

opx (up to smm), cpx (small polygonal grains), 

01 (small), chr. 

Harzburgite; foliated, Baia R, S037'S 14s014'E. 

Xenoblastic; 01 (80%, 2.s-Smm), opx (~8%), cpx 

(small anhedra, 1%), chr (1%). 

Cumulates 

Norite-gabbro; massive, Yomi R, S037'S 14s003'E. 

Allotriomorphic granular; plag (60%), opx (17%), 

cpx (15%), Fe-Ti oxide (8%); secondary amphibole. 

Leuconorite-gabbro; rhythmic and flow layering, 

Yomi R, s03s'S 14s004'E. Deformed granular to 

mortar texture; plag (55%), opx (20%), opx (20%), 

Fe-Ti oxide (5%), abundant secondary amphibole. 



008 48747 

010 48748 

045 84749 

051 48750 

059 48751 

061 48752 

071 48753 

073 48754 

092 48755 

107 48756 

120 48757 

Norite-gabbro; rhythmic layering in olc, Yomi R, 

5033'S 145002'E. Allotriomorphic granular, plag 

(55%), opx (30%), cpx (15%), Fe-Ti oxide, trace 

FeS. Secondary uralite. 

Norite-gabbro; rhythmic layering, tributary to 

Yomi R, 5032'S 145001'E. 

2-iv 

Ol-bearing pyroxenite-rich norite-gabbro; isolated 

olc with rhythmic layering, Marum R, 5033'S 145
0

08'E. 

Allotriomorphic granular; 01 (5%), plag (35%), 

cpx (35%), opx (20%). 

Ol-bearing websterite; inter layered with dunite, 

Gagiowa R, 5033'S 145009'E. Allotriomorphic 

granular; 01 (4%), opx (33.5%), cpx (62.4%). 

b d b R, 5°44' S 145° Cpx- earing unite; massive, 1m rum 

17'E. Ol(xenomorphic), cpx (intercum, granular in 

px-rich layers; poik in px-poor layers), chr 

(stringers flattened in plane of foliation). Strongly 

serpentinized. 

° 01 norite-gabbro, layered boulder, Imbrum R, 5 44'S 

145018'E. Hypidiomorphic granular; 01 (15%), opx 

(20%), cpx (20:0, plag (45%). 

Ol-bearing norite-gabbro; layered olc in E tributary 

to Simbai R, 5020'S 144°52'E. Allotriomorphic 

granular; 01 (5%, serpentinized), plag (60%), opx 

(20%), cpx (15%). 

01 norite-gabbro; layered olc in E tributary to 

Simbai R, 5
0

21'S 144053'E. Hypidiomorphic granular; 

01 (10%), cpx (15%), opx (20%), plag (55%). 

Dunite; drill core DDH 71 19m. Xenomorphic granular, 

deformed adcumulate? 01 (deformed, 2-5mm), chr (1-2% 

sub-euhedral, 200~), 15-20% serpentine. 

Bronzitite; interlayered with 01 pyroxenite, upper 

Gagiowa R, 5037'S 145010'E. Allotriomorphic granular; 

opx, cpx (relics at grain boundaries), chr (tiny <50~). 

Secondary tremolite, talc. 

Ol-bearing norite-gabbro; parallel fold, river boulder, 

Wend ink R, 5026'S 144°52'E. Hypidiomorphic granular; 

01 (6%), plag (66%), cpx (20%), opx (10%). Extensive 

alteration. 



123 48758 

128 48759 

129 48760 

131 48761 

148 48762 

150 48763 

162 < 48764 

163 48765 

166 48766 

2-v 

Anorthosite; rhythmic layering of anorthosite and 

norite-gabbro, tributary to Mambu R, 5
0

29'8 144 0 s9'E. 

Allotriomorphic granular; plag, cpx, opx, mag, ilm, 

apatite (trace). Uralite alteration common. 

Flaser gabbro; parallel fold in flow layered norite

gabbro, tributary to Nep R, 50 29'8 144 0 09'E. Xeno

blastic mortar texture common; plag + qtz xenoblasts 

with sutured margins (60%), matrix of opx, cpx, qtz, 

mag, ilm, apatite (trace). 

Mylonitic gabbro; flow layering, tributary to Nep R, 

sOm upstream from 128. Blastomylonitic, mortar 

texture; plag, cpx, opx, mag, ilm, qtz. 

Norite-gabbro; rhythmic layering, tributary to Nep R, 

50 28'8 144°s6'E. Allotriomorphic granular; plag 

(65%), cpx (15%), opx (19%), Fe-Ti oxide (1%). 

Alteration of px to uralite. 

Ferronorite-gabbro; mineral-graded layering, N tribu

tary to Nep R, 50 33'8 144°s4'E. Allotriomorphic 

granular; plag (55%), opx (15%), cpx (15%), mag, ilm 

(15%) . 

Gabbro pegmatoid, intrudes layered nQrite-gabbro, 

N tributary to Nep R 150m upstream from 148. Hypid

iomorphic granular to eutectic-like intergrowths; 

plag (70%), opx (10%), cpx (15%), mag, ilm (5%). 

Extensive alteration of px to hbl. 

Ol-bearing norite-gabbro; rhythmic layering, Mambu R, 

50 31'8 14s0 02'E. Allotriomorphic granular to 

poikilitic (opx); 01 (8%), plag (45%), cpx (22%), 

opx (25%). 8ymplectitic ol-opx-mag. 

Ferronorite-gabbro; rhythmic and mineral-graded layer

ing, Mambu R, 5
0

32'8 14s0 01'E. Allotriomorphic 

granular; plag, cpx, opx, mag, ilm (up to 15% in 

oxide-rich layers). 

Lherzolite; interlayered with 01 

8 tributary to Wendink R, 50 25'8 

pyrox, plag lherzolite, 

144 0 s1'E. C 1 urn. 0 , 

opx; poik cpx & opx, tiny disseminated chr. 



167 48767 

168 48768 

169 48769 

174 48770 

180 48771 

186 48772 

189 48773 

191 48774 

198 48775 

203 48776 

207 48777 

2-vi 

Plag lherzolite; interlayered with plag lherzolite, 

plag websterite, S tributary to Wendink R, 5
0

25'S 

144051'E. Cum 01, opx, cpx; postcum opx (poik) 

plag; tiny disseminated chr. 

Plag lherzolite; massive, S tributary to Wendink R, 

5026'S 144050'E. Cum 01, chr; postcum (poik) 

opx, plag, cpx. 

Qtz dolerite; dyke intruding layered gabbro, tributary 

to Wendink R, 5025'S 144051'E. Fg subophitic; plag, 

cpx, hbl, Fe-Ti oxide; extensive alteration. 

Ol-bearing norite-gabbro; rhythmic layering, Wend ink R, 

5025'S 144°51'E. Allotriomorphic granular; 01 «5%), 

cpx (20%), opx (15%), plag (60%). 

Wehrlite; interlayered with dunite, Wendink R, 

5024'S 144°50'E. Hypidiomorphic granular; 01 (15%, 

embayed), cpx (65%), opx (20%). 

Plag lherzolite; massive, N tributary to Wendink R, 

5026'S 144°52'E. Cum 01, opx, chr; postcum opx, 

cpx, plag, commonly poik. 

Lherzolite; massive o/c with prominant oikocrysts 

(cpx, opx, plag), N tributary to Wendink R, 5026'S 

144°53'E. Cum 01, chr; postcum cpx, opx, plag. 

01 norite-gabbro; rhythmic layering of 01 and plag, 

phase contact (plag in) N tributary to Wendink R, 

5026'S 144053'E. Allotriomorphic granular 01, opx, 

cpx, plag. Slight serpentinization of 01 and some 

sauss after plag. 

Ol-bearing norite-gabbro; rhythmic isomodal layering, 

° ° " N tributary to Imbrum R, 5 43'S 145 16 E. Allotrio-

morphic to hypidiomorphic granular; 01 « 5%), plag 

(65%), opx (10%), cpx (20%). 

Plag lherzolite; interlayered with dunite and 

lherzolite, Kandandau R, 5022'S 144°53'E. Cum 01, 

chr; postcum cpx, opx, plag. 

Wehrlite; interlayered with dunite, Kandandau R, 

5023'S 144053'E. Cum 01, chr; poik cpx. Extensively 

altered. 



208 48778 

209 48779 

210 48780 

219 48781 

220 48782 

221 4"783 

225 48784 

227 48785 

238 48786 

243 48787 

249 48788 

264 48789 

2-vii 

Hehrlite; interlayered with dunite and lherzolite, 

E tributary to Baia R, 5°38'5 14So16'E. Cum 01, chr; 

postcum cpx. Extensive serpentinization. 

'i~ehrlite; SOm upstream from 208, 5°38 1 S 14So16'E. 

Cum 01, cpx, cr; postcum cpx. 

Lherzolite; massive, E tributary to Baia R, 5°39 ' S 

14So16'E. Cum 01, cpx; postcum cpx. Extensively 

serpentinized. 

01 websterite; interlayered with troctolitic norite

gabbro, E tributary to Baia R, 5°40'5 14So1S'E. 

Dunite; inter layered with chromitite, E tributary to 

Baia R, 5°38 1 S 14S
o

16'E. As for 221. 

Chromitite-dunite, fine scale rhythmic layering, 

as for 220. Xenoblastic, 01 (strained anhedra), 

chr (subhedral interlocking, interstitial of serp and/ 

or kammererite). 

01-bearing norite-gabbro; rhythmic layering, E tributary 

to Baia R, S03S'5 14s016'E. Allotriomorphic to hypid

iomorphic granular; 01 (3.4%), opx (9.6%), cpx (45,8%), 

p1ag (41.1%). 

01 websterite; inter layered with wehr lite, E tributary 

to Baia R, 5°39'5 14s016'E. Hypidiomorphic granular; 

01 (10%), opx (10%), cpx (80%). 

Lherzolite; inter1ayered with wehr1ite and 01 pyrox

enite, Okura R, 5°26'5 14s00'E. Cum 01, opx, cpx, chr; 

postcum opx, cpx. 

P1ag lherzolite; inter layered with dunite and wehr1ite, 

Okura R, 5°27'5 14s00'E. Cum 01, chr, opx, postcum 

cpx, p1ag, opx. 

Websterite; Marum R, 5°34'5 14s0 07'E, Allotriomorphic 

granular, cpx (60%), opx (40%), some ura1itic alteration. 

P1ag websterite; inter1ayered with websterite and no rite

gabbro, lower Marum R, 5°32'5 14s010'E. Allotrio

morphic granular, cpx (45%), opx (40%), p1ag (15%), 



267 48790 

271 48791 

415 48792 

421 48793 

428 48794 

431 48795 

441 48796 

497 48797 

502 48798 

503 48799 

504 48800 

2-viii 

Lherzoli"te; interlayered with wehrlite and pyroxenite, 

lower Marum R, 5°32'8 14s
0

10'E. Cum 01 (35%), opx 

(25%), cpx(40%), chr (small rounded); postcum cpx. 

PI lherzolite; interlayeredwith pyroxenite, Wendink 

R, 5°26'8 144°s4'E. Cum 01, chr; postcum opx, cpx 

(poik), plag. 

Lherzolite; layered river boulder, 5°34'8 14s0 12'E. 

Xenoblastic granular; cum 01 (70), cpx(10%), opx(20%), 

chr(subhedral <2%); postcum cpx. 

° ° h Dunite; river boulder,S 33'8 145 13'E. Xenomorp ic 

granular; 01(2-6mm, deformed), chr (sub to euhedral). 

Dunite; massive, tributary to Gagiowa R, 5°34'8 

14s010'E. Xenomorphic, adcumulate; ol(up to 4mm, 

deformed), chr(1-2%, disseminated with mineral

graded layering). 

Gabbro pegmatoid; river boulder, Gagiowa R, 5°34'8 

14s011'E. Hypidiomorphic granular; opx, cpx(altered 

to hbl), plag(extensively altered to sauss), Fe-Ti 

oxide, qtz. 8econdary epidote, actinoLite, albite. 

PI lherzolite; interlayered with 01 norite-gabbro 

and troctolite, 5°41'8 14s
0
17'E. Xenoblastic, 01 

(kink bands, deformed, O.s-smm), chr (1-2% subhedra, 

disseminated) . 

Layered chromitite-dunite; small river boulder, 

Gagiowa R. Rounded, coalesced chr with interstitial 

01. 

Lherzolite; E tributary to Baia R, 5°38'8 14s0 1s'E. 

Cum 01 (extensively altered to serp), cpx, opx; 

extensive alteration to secondary amphibole. 

Lherzolite; interlayered with pyroxenite and wehrlite, 

5°38'8 14s0 1s'E. Cum 01, opx, cpx, postcum cpx, opx. 

Cpx-bearing dunite; passes downstream into dunite and 

upstream into wehrlite, 5°37'8 14s0 1s'E. Cum 01, chr; 

interstitial postcum cpx. 



541 48801 

543 48802 

545 48803 

567 48804 

571 48805 

576 48806 

578 48807 

1020 48808 

1040 '48809 

1046 48810 

1104 48811 

2-ix 

Gabbro pegmatoid; intrudes serpentinite, junction 

of Gagiowa and Tukange R, 5°37'5 14So10'E. Hypid

iomorphic granular; plag (extensively altered to 

sauss), opx, cpx (extensively altered to hbl, 

Fe-Ti oxide. 

Gabbro pegmatoidj river boulder, Gag iowa R, 50 37'S 

14So 10'E. As for 543 but less altered. 

Uralitized dolerite; river boulder, upper Gagiowa R, 

5°37'5 145°10' E. Granopyric texture; saussuritized 

plag, uralitized cpx (augite), mag with ilm( ll !) 

lamellae. 

Dunitej river boulder, Gagiowa R. XenoDorphic 

granular; 01, chr, recrystallized. 

Dunitej river boulder, Gagiowa R. 

Microgabbro; river boulder, headwaters of tri butary to 

Mambu R, 5°29'5 144oS9'E. Granular to subophiticj 

plag altered to sauss, cpx, hbl, Fe-Ti oxide, qtz. 

Granophyric dioritej intrudes norite-gabbro, headwaters 

of tributary to t-lambu R, S02 9 'S 14,.40s9'"E. Hyp idio

morphic granularj plag (zoned), green hbl (poik), opx, 

qtz. 

Norite-gabbroj layered gabbro, Singari R, S032'S 

14s00s'E. Allotriomorphic granularj plag(34.1%), 

cpx(37.2%), opx(28.8%), rare interstitia l CuFeS. 

Websteritej interlayered with norite-ga bbro, Undago R. 

S030'S 14s003'E. Allotriomorphic granular, opx, cpx, 

minor plag. 

Dunitej chromitite layering , Gagiowa R, "5°35'5 

14s012'E. Chr rich layers in dunite. 

Plag websterite, interlayered with norite-ga bbro, 

s017'S 1440s1'E. Allotriomorphic granularj opx, 

cpx, plag. 



034 48812 

035 48813 

036 48814 

080 48815 

081 48816 

083 48817 

143 48818 

434 , 48819 

435 48820 

438 48821 

465 48822 

2-x 

Turno River Basalts 

Spilitej lava breccia, Turnu R, 5°38'5 144°11'E. 

Porphyritic to glomerophyricj plag phenos (euhedral, 

1-2mm), microphenos of plag and cpx in turbid 

glassy groundmass. 

Spilitej pil1m.,r lava, Turnu R, 5°39'5 144°ll'E. 

Hicrophenos of albitized plag and cpx in turbid 

hemicrystal1ine groundmass with cpx-plag variolites. 

Secondary calcite, ehlor, hematite. 

Spilitic pillow basalt; Turnu R, 5°39'5 144°11'E. 

Plag microphenos (10%) seriate to intergranular 

groundmass with skeletal Fe-Ti oxide, secondary 

ehlor, calcite. 

Spilitej clast from lava breccia, Marum R, 5°36'5 

14S o0S'E. Microphenos of plag (albitized) and cpx 

seriate to groundmass microlites. 

Spilitic lava breccia; Marum R, 5036'S 145005'E. 

P1ag microphenos seriate to intergranu1ar groundmass. 

Some chlorite, calcite and albite veins. 

Spi1ite; clast from lava breccia, Marum~, 5
0
37'S 

145005'E. Micro1ites of p1ag and cpx in altered 

glassy groundmass. Secondary zeolite, qtz and calcite. 

Metabasalt; lava flow, Tan R. 5028'S 144°53'E. Abundant 

01 phenos (now ch10r) in ch10ritized glass with 

quench cpx. 

Spi1itic dolerite; tributary to Tumu R, 5°37' S 145°13' E. 

Subophitic to intergranu1ar textured dolerite, 

abundant ch10r, smectite. 

Spi1itized 

145°13' E. 

o dolerite; tributary to Tumu R, 5 37'S 

Subophitic dolerite. 

Spi1ite; tributary to Tumu R, 5037'S 145013'E. Inter

granular ferrobasa1t, abundant smectite. 

Spi1itic high-A1 basalt; pillow lava, upper Anagre R, 

5°35' S 145015'E. G10meroporphyritic; p1ag ph enos 

(a1bitized up to 3mm) in altered ground mass of 

vario1itic (quench) p1ag and cpx. 



468 48823 

508 48824 

521 48825 

522 48826 

524 48827 

539 48828 

540 48829 

549 48830 

550 48831 

553 48832 

558 48833 

560 48834 

561 48835 

562 48836 

o Spilite; river boulder, upper Anagre R, 5 36 1 S 

14S o16'E.· Intergranular textured ferrobasalt, 

abundant Fe-Ti oxide. 

2-xi 

Spilite; lava flow, 5
0

31'S 144
o

S7'E. Intergranular 

basalt, tv-ith secondary smectite, calcite and pyrite. 

Metabasite; sheared basalt, Tang R, 5
0
27'S 144

o
S3'E. 

Schistose, abundant ehlor, epidote, tremolire, albite, 

accessory sphene, Fe-Ti oxide. 

Metabasite; as for 521 

Metabasite; as for 521 

Spilite; float, Tukange R, 5°37' S 145°11' E. Subophitic, 

abundant skeletal Fe-Ti oxide, secondary smectite. 

Spilite; float, Tukange R, 5
0
37'S 14S

o
11'E. Plag 

phenos (2mm) seriate to intergranular ground mass 

with areas of quench crystallization. 

Metadolerite; Tityilba R, 5°37' S 145°11' E. Fg sub

ophitic dolerite with abundant secondary albite, 

epidote, chlor, Fe-Mn oxide. 

Spilite; float, Tityilba R, 50 37'S 1450 1i'E. Inter

granular textured ferrobasalt, Fe-Ti oxide (15%), 

abundant secondary smectite, albite, epidote. 

Spilitized dolerite; dyke in Tityilba R, 50 39'S 

1450 11'E. Subophitic to intergranular texture with 

abundant granular Fe-Ti oxide, abundant secondary 

zeolite, smectite, epidote, prehnite, albite. 

Spilite; Tumu R, 5°40' S 145 0 13'E. Microphenos of 

plag, cpx and Fe-Ti oxide seriate to aphanitic 

intergranular groundmass. 

Spilite; float Tumu R, 50 39'S 145 0 12'E. Aphanitic 

intergranular texture, secondary chlorite and pyrite. 

o 0 
Spilitic basalt; Tumu R, 5 39'S 145 12'E. Inter-

granular textured ferrobasalt, abundant smectite. 

Spilite; river boulder, Tumu R, 5°39' S 145
0
12'E. 

Plag and cpx microphenos, abundant Fe-Ti oxide. 



563 48837 

565 48838 

566 48839 

1007 48840 

1030 48841 

1053 48842 

1057 48843 

512 48844 

544 48845 

526 48846 

Spilitic basalt; float Turnu R, 5°39'5 14So12'E. 

Microphenos of plag (albitized) seriate to inter

granular groundmass . 

2-xii 

Spilite; float, Turnu R, 5°36' S 1450 l3 I E. Plag and 

cpx microphenos, abundant Fe-Ti oxide. 

Spilite; float Tumu R, 5°39'5 14S o12'E. Inter

granular basalt, secondary smectite, sphene and 

pyrite. 

Metadolerite; dyke in pillow lava, Maula R, s017'S 

144°S0'E. Subophitic to ophitic, albitized plag, 

secondary chlor and sphene. 

Spilitized pillow lava; Mamp R, 5°32'5 144°S6'E. 

Intergranular basalt, variolites of plag and cpx. 

Secondary ehlor, prehnite and calcite. 

Qtz dolerite; dyke in lava sequence, Simbai R, 5°23'5 

144°47'E. 

o 0 
Metabasalt; massive lava flow, ~ 30'S 144 SS'E. 

Variolitic plag (albitized) and cpx in turbid 

Fe-Ti oxide-charged glass with secondary calcite and 

zeolite. 

Sediments 

Argillite; argillite and red cherty micrite inter

calated with fragmented lava, Likli R;, 5031' 5 144°SS'E. 

Argillite; interbedded argillite and breccia, Gagiowa 

R, S037'S 14S012'E. 

Picrite; lava flow associated with greywacke, argillite 

and basalt, S027'S 144°S0'E. Picrite.xenocrystal 

olivine, phenos of 01, cpx. 

PAPUAN ULTRAMAFIC BELT 

703 46819 

704 46820 

Tonalite; ole Waria R, 8000'5 147 0 23'E. Plag and hbl 

phenos seriate to hypidiomorphic matrix of hbl, plag, 

qtz, biotite, mag, apatite. Secondary actinolite, 

biotite, sauss, epidote, chlorite, sphene. 

Tonalite with mafic clots; river boulder Waria R, 

8000'5 147023'E. As for 703 but more hbl and more 

altered; hbl clots altered to actinolite. 



705 

706 

707 

708 

709 

710 

711 

712 

713 

714 

715 

716 

717 

46821 

46822 

46823 

46824 

46825 

46826 

46827 

46828 

46829 

46830 

46831 

46832 

46833 

2-xiii 

Tonalite with mafic xenoliths; as for 704. As 

for 703, $trong zoning in plag phenos, relic opx 

in mafic clot. 

Basalt; o/c pillow lava; Waria R, 80 01'S 147
0

29'E. 

Fg intergranular; plag and cpx microlites, abundant 

Fe-Ti oxide interstitial qtz mesostasis, secondary 

qtz, uralite, epidote, chlorite. 

Basalt; as for 706, but with rare cpx microphenos, 

qtz-chlorite vesicles and veins. 

Basalt; as for 706. Vfg as for 706, strongly 

chloritized, secondary chlorite, qtz. 

Basalt; river boulder, Waria R, 8
0
01'S 147

0
29'E. Fg 

intergranular to pilotaxitic, with plag laths and 

sparse cpx microphenos. Fe-oxide abundant, chlorite, 

uralite, epidote. 

Basalt; single pillow with chilled margin, river 

boulder, as for 709. As for 709, but with more 

extensively chloritized veins of epidote. 

Basalt; as for 709. Intergranular basalt, cpx 

microphenos. 

Basalt; as for 709. Fg intergranular, plag phenos, 

abundant Fe-oxide, common anhedral chlorite in 

groundmass. 

Basalt; as for 709. As for 711. 

Harzburgite; o/c Chirima R, 8°35'S 147
0

34'E. Xeno

blastic porphyroclastic; augen of opx (17%), matrix 

of recrystallized 01 (70%), and chr (0.8%), 12% 

serpentine. 

Harzburgite; boulder Chirima R, 8°35'S 147
0

34'E. 

Similar to 714. 

Harzburgite; as for 715. Xenoblastic, porphyro-
clast'1.c; augen of opx (13.2%), in matrix of 01 (76.6%) 
and chr (0.6%) with 9.6% serpentine. 

Enstatolite; as for 715. Similar to 716. 



718 46834 

719 46835 

7W 46836 

721 46837 

722 46838 

723 46839 

724 46840 

725 46841 

726 46842 

727 46843 

728 46844 

729 46845 

730 46846 

731 46847 

732 46848 

2-xiv 

Enstatolite; as for 715. Xenoblastic; deformed opx 

with disseminated chr euhedra and minor 01 (5%). 

01 pyroxenite; as for 715. Xenoblastic to hypidio

morphic granular cpx and 01, minor chr. 

Harzburgite; as for 715. Similar to 716. 

Pyroxenite; as for 715. Hypidiomorphic granular, 

mainly opx extensively altered to tremolite and talc. 

Enstatolite; as for 715. Similar to 718 but less 

deformed, secondary tremolitic amphibole. 

Hbl granulite; faulted o/c in tributary to Mambare R, 

8004'S 147039'E. Allotriomorphic granular; 01, opx, 

cpx, hbl (brown), plag, mag, ilm. Some uralite, sauss. 

RbI granulite; as for 7~3. Similar to 723 but more 

altered with veins of uralite, sauss and serpentine. 

Harzburgite; river boulder, tributary to Mambare R, 

8004'S 147039'E. Similar to 716. 

Harzburgite; as for 725. Similar to 716. 

Granular microgabbro; river boulder Opi R, 8038'S 

1470s4'E. Fg allotriomorphic granular; 'plag, cpx 

(altered in part to hbl). 

Norite-gabbro; o/c Opi R, 8038;S 1470s4'E. Allotrio

morphic granular, weak lineation of plag; plag (45%), 

opx (20%), cpx (25%). 

Ol-norite-gabbro; as for 727. Hypidiomorphic; 01 

anhedra, embayed (10-15%), plag (40%), opx, cpx 

(extensively altered to uralite). 

Norite-gabbro; as for 727. Allotriomorphic granular; 

plag (41.0%), opx (29.7%), cpx (30.3%). 

Norite-gabbro; as for 727. Similar to 730 but some 

alteration of px to uralite. 

Troctolite; as for 727. Hypidiomorphic, 01 (embayed, 

serpentinized 30%), plag (50%), poik cpx, opx 

(altered to uralite in part). 



I 

733 46849 

734 46850 

736 46851 

735 46852 

----~~ 

Plag lherzolite; as for 727. Hypidiomorphicj 01 

(embayed, serpentinized) and plag enclosed in poik 

opx, cpx, rare chr. 

Troctolitic-norite-gabbroj as for 727. Similar 

to 732. 

Lherzolite; as for 727. Embayed 01; opx, minor 

cpx, chr. Talc - serpentine alteration. 

Lherzolite; as for 715. As for 736. 
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The continent/island-arc collision in 
northern Papua New Guinea 

A. L. Jaques * and G. P. Robinson 

Recent geological mapping In the north coast ranges of Papua New Guinea bas recognised a Paleogene 
island arc. This arc is believed to bave faced southward, and formed at the northeastern boundary of the 
htdo·Australlan pice. The arc coUided with contlnental cr1Ifi of the Indo-Australian plate to the south; 
coUislon Is tbought to bave occurred first In the west in the Early Miocene and to have progressed east
wards. Crustal shortening on coUlslon resulted in foreland-type folding and thrusting lit the contbtental 
margin, emplacement of ophiolite allochthons from the arc-trmcb gap lit the coUlslon zone, and uplift and 
fracturing of the accreted arc. Post-collision pice adjustments are tbought to Include extensive trans
current faulting about the former plate boundary, southward thrusting of pad of the arc (Finisterre~Hnon 
block), and extensive faulting in a complex linear zone extending from south of Manus Island through New 
Ireland and the Solomon Islands. Present-day interaction between the Indo-Australian and Pacific plates is 
spread over a wide zone in which at least two minor plates are involved. 

Despite previous claims, plots of the most accurately located earthquake focl define a northward-dipping 
seismic zone beneath the Late Cainomic volcanoes lit the southern margin of the Bismarck Sea. We Ond no 
evidence to substantillte a reversal of arc polarity at any time after the Mid-Tertiary coUlslon. Mid to Late 
Cainozoic magmatism in central Papua New Guinea appears to have been triggered by uplift inducing 
partlal melting of mantle modified by Cretaceous subduction. The p~t-day northward-dippingselsmic 
zone is believed to be a vestige of the Early Tertiary subduction zone; the banging slab Is now slowly sinking 
and equilibrating with the mantle. H northern New Guinea can be considered to be the type example of a 
continmt/lsland-arc coUision then reversal of arc polarity may not be it necessary consequence of such 
collisions. 

Introduction 
In a recent review of island arcs Coleman (1975a) lists 

three mechanisms for continent/island-arc collisions: 
retracking following polarity reversal of a marginal arc 
complex; rafting of a continent over a subduction zone 
which dips below an oceanic arc; and encroachment against 
a fringing arc by a continent over a subduction zone dipping 
below the continent. According to widely accepted plate tec
tonic theory a reversal of arc polarity should occur in the 
first two instances. To date there are few well documented 
examples of continent/island-arc collisions, probably 
because it is difficult to recognise facing criteria in former 
arc-trench systems. 

Northern Papua New Guinea is widely cited as a probable 
example of a continent/island-arc collision. Several 
previous interpretations of the tectonic evolution ofthe New 
Guinea region suggest that a southward-facing Tertiary 
island-arc collided with the continent to the south in the 
Mid-Tertiary, and that after collision the direction of sub~ 
duct ion reversed to dip southwards beneath the continent 
and the accreted arc (e.g. Dewey & Bird, 1970; Johnson & 
Molnar, 1972; Karig, 1972; Hamilton, 1973; Dickinson, 
1973). Until recently the geology of the north coast ranges of 
Papua New Guinea was known only from early reconnais~ 
sances. Systematic 1 :250 000 scale regional mapping since 
1970 of the Adelbert and Finisterre Ranges and the Huon 
Peninsula region by the Geological Survey of Papua New 
Guinea (Robinson and others. 1974: Jaques & Robinson. 
1975; Robinson, 1976), and of the Bewani and Torricelli 
Mountains to the west, by BMR (Hutchison, 1975) coupled 
with isotopic and palaeontologie dating, and regional 
geophysical surveys (gravity. aeromagnetic. and seismic), 
now pennit a re-examination of earlier interpretations. This 
paper presents a synthesis of the geology of the Adelbert~ 
Finisterre-Huon region and adjacent northern Bismarck 
and Schrader Ranges in northeastern mainland Papua New 
Guinea. and outlines a plate tectonic model for the origin of 

the region invoking a Mid-Tertiary continent/island-arc 
collision. Present-day volcanism off the north coast of main
land Papua New Guinea is associated with a steeply 
northward-dipping (almost vertical) Benioff Zone, and the 
evidence suggests that, contrary to theoretical predictions 
and previous interpretations, a reversal of arc polarity has 
not occurred since collision. The significance ofthis for con
tinent/island-arc collisions in general is discussed, and an 
alternative model to explain the Middle to Late Cainozoic 
magmatism in the Papua New Guinea Highlands and the 
Late Cainozoic volcanism at the southern margin of the 
Bismarck Sea is examined. 

Regional framework 
Essential elements of the regional geology of the newly 

independent country of Papua New Guinea have been out
lined by Thompson & Fisher (965). Bain (1973), and Dow 
(1976), and geologic maps at scales of 1:1 000 000 (BMR, 
1972) and 1:2500000 (D'Addario and others, 1975) have 
been compiled from standard 1 :250 000 scale geologic 
maps. For simplicity, this paper recognises only three major 
geotectonic provinces in Papua New Guinea (Fig. 1). 

Southwest Papuan Platfonn 
The Southwest Papuan Platform (Brown and others. 

1975) consists of sialic crust-Palaeozoic metamorphic and 
granitic rocks-overlain by Mesozoic and Cainozoic shelf 
sediments (APC. 1961), and forms a stable basement 
extension of continental Australia. A northeastern exten
sion of the basement platform underlies Mesozoic miogeo
synclinal shale and Tertiary limestone of the Papuan Fold 
Belt (Sain, 1973)-a zone of detachment tectonics (Jenkins, 
1974)-and forms the core of a basement high in the Papua 
New Guinea Highlands-the Kubor Anticline (Bain and 
others, 1975). In places the fold belt is blanketed by volcanic 
rocks from several large Quaternary stratovolcanoes. The 
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Figure 1. Major geotectonic pro.·inces of Papua New Guinea; adapted after Bain (19731. Marum ophiolite complex; BR = BismlU'ck 
Range. 

platform is isostatically stable, and has a crustal thickness 
of 30-35 km (Stjohn. 1970; Jenkins. 1974). 

Cent ral OroRenic Belt 
The central orogenic belt, or New Guinea Mobile Belt 

Dow and others. 1972: (Bain, 1973; Bain and others. 1975: 
Dow, 1976). lies to the north and east of the Southwest 
Papuan Platform. and extends from the Owen Stanley 
Ranges of the Papuan Peninsula through the Papua New 
Guinea Highlands (Fig. 0. This province. of Meso7.0ic
Cainozoic age, consists mainly of a thick sequence of Meso
zoic to early Tertiary geosynclinal sediments and volcanics 
which have been strongly folded. faulted, and meta
morphosed on the outer northern and eastern margin. 
Ophiolite allochthons form a discontinuous belt along the 
outer margin, the largest of which. the Papuan Ultramafic 
Belt. is believed to be a 10-16 km-thick thrust sheet of 
oceanic crust and mantle emplaced in Eocene-Oligocene 
times (Davies, 1971). A smaller ophiolite body, the Marum 
ophiolite complex. some 90 km long, lies on the northern 
side of the Bismarck Range centred at about 145°E, and is 
thrust over low-grade metasedimentary rocks of Cretaceous 
to Eocene age. which form part of a large structural belt 
affected by foreland-type folding and thrusting with super
imposed intense strike-slip faulting. Farther south. 
approaching the Kubor Anticline. the Late Mesozoic sedi
mentary succession is continuous (Bain and others, 1975); 
to the southwest the succession passes into the Mesozoic 
shelfstrataofthe South West Papuan Platform. 

A number of major Mid to Late Cainozoic. mostly mid
Miocene (Page. 1976), intermediate plutons intrude over the 
entire length of the central orogenic belt, and some of these 
have associated gold and copper mineralisation. The Aure 
Trough and the Mendi Basin are Tertiary geosynclinal 
basins. which lap over the deformed Mesozoic- Early 
Tertiary strata from the Southwest Papuan Platform. Late 
Cainozoic volcanism both in the Highlands and in southeast 
Papua has constructed large stratocones; some of these 
have recently been active (Johnson and others, 1973). 
Crustal thickness beneath the central orogenic belt are 
comparable to those of the Platform-Le., 30-35 km 
(StJohn. 1970). 

NOl1hemIslandArc Province 
This province includes the islands of the Bismarck 

Archipelago. the Bismarck and Solomon Seas, and the 
north coast ranges. The region is defined by a high level of 
seismicity and is characterised by active tectonism and vol
canism in the Bismarck volcanic arc (Johnson and others, 
1971. 1973) at the southern margin of the Bismarck Sea, 
and in the BougainvilIe-Solomon Islands chain. The 
province is made up almost entirely of Cainozoic rocks. The 
larger islands of the Bismarck Archipelago (Le .• New 
Britain. New Ireland) and the north coast ranges, consist 
predominantly of Tertiary volcanic and sedimentary rocks, 
and are believed to have originated as Tertiary island arcs 
(Thompson & Fisher. 1965; Bain, 1973; Dow, 1976; 
D' Addario and others. 1976). The Bewani and Torricelli 
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Figure 2. SimpliBed geology of the AdeIbert-Finisterre Range-Hnon Peninsnla region, northern Papna New Gninea. Geology adapted 
afterBMR (1972), Rohinson and others (1974), andJaqnes & Robinson (1975), Robinson (1976). 

Mountains to the west also include Cretaceous volcanic 
rocks; strike-slip faulting is intense (Hutchison, 1975). The 
Bismarck Sea is considered to be an active Tertiary 
marginal basin, with sea floor spreading taking place in the 
east-west seismic zone that crosses the basin (Connelly 
1974, 1976). The crust thins rapidly northward from 
continental-type thicknesses (30-35 km) beneath the north 
coast ranges (Brooks. 1969; St John, 1970) and New Britain 
(Finlayson & Cull, 1973) to about 18-20 km under the 
Bismarck Sea (Connelly, 1976). 

Geology of collision area 
The region discussed (Fig. 2) involves the north coast 

ranges (Adelbert. Finisterre Ranges. Huon Peninsula) of the 
northeast island arc province, and the Bismarck and 
Schrader Ranges of the central orogenic belt to the south. 
The simplified geology is shown in Figure 2, and Table 1. 

The two provinces are separated by the elongate, 
alluviated. graben-like Ramu-Markham Valley (Figs. 2, 3) 
which coincides with a major fault system, the Ramu
Markham Fault Zone. This fault zone is believed to extend 
some 300 km in a northwest-southeasterly direction. The 
nature of faulting along the zone has not been determined 
precisely. but considerable horizontal as well as vertical 
movements seem likely. Faulting, in particular strike-slip 
faulting. is not confined to the Ramu-Markham Fault Zone, 

Figure 3. Photograph taken looking soutb toward the aIluvlated 
Ramu-Markham valley. The valley edends some 350 
km, and is from about 5·25 km wide. The valley Door Is 
of less than 500 m elevation, and contrasts witb tbe 
mountains both north and soutb. The valley coincides 
with the Ramu-Markham Fault Zone, which is believed 
to be a ~or fault with considerable transcurrent 
displacement. 
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but is common both in the north coast ranges and in the 
Bismarck and Schrader Ranges, The predominant trend in 
all cases is north west. 

Adelhert-Finisterre-Huon region 

The extremely rugged. mountainous (up to 4100 m) 
Adelbert and Finisterre Ranges trend north westward. and 
comprise Cainozoic sedimentary and volcanic rocks 
exposed in a series of northwest-trending fault blocks which 
dip northeastward. Faults bounding the tilted blocks are 
predominantly high-angle normal faults downthrown to the 
south (Figs. 4. 5). The fault blocks are cut by numerous 
strike-slip faults. and. on the northern slopes of the 
Finisterre Range-Huon Peninsula. by normal faults (Fig. 5); 
all faults trend northwestward. Superimposed on these is a 

series of com posite fract ures. whose areal distribution 
suggests that most may have formed initially as shears but 
took on a tensional character during uplift. Aeromagnetic 
surveys (Continental Oil Co. Aust.. 1969) have defined a 
number of northeasterly trending basement faults normal 
to the dominant structural trend, The Adelbert and 
Finisterre Ranges are offset along such a trend. suggesting 
dextral transcurrent faulting along a line trending south
west from Madang. A pronounced northeast-southwest sub
marine excarpment lying off Madang in Astrolabe Bay may 
be the offshore extension of this inferred fault. The age of 
the offset is not known. but probably pre-dates the late 
Neogene as there is no evidence of meridional faulting in the 
latest Neogene strata south of Madang; nor are the volcanoes 
ofthe Bismarck volcanic arc offset. 

Vitiaz 
Strait 

• 

Figure 4. ObUque aerial photograph mowing northeaatward·tUted block of MIOCftIe nme.tone. Note downthrown block to lOuth with 
drill folding of UJDe8tone. Photograph taken looking wat along the central Flnlaerre Range (about 145· 40' E) (rom 8000 m. 
Lbnatooe meet Is about 1 km thick. 



The oldest rocks exposed in the Adelbert-Finisterre
Huon region. with the possible exception of some bodies of 
tectoni sed peridotite (see laterl. are highly sheared Eocene 
hemipelagic and pelagic sediments. dominantly cherty 
argillite. which are exposed on the southern flanks of the 
Adelbert and Finisterre Ranges. The argillite is overlain by 
domi nantly 01 igocene (I ate Eocene to earl y Miocene) basal t. 
and low silica-andesite lava and volcaniclastic rocks 
(Finisterre Volcanics). which form the central peaks of the 
ranges. The Finisterre Volcanics are unconformably over
lain by thick sequences of Neogene (Miocene-Pliocene) 
limestone and clastic sediments. The limestone forms a 
prominent northward-dipping sheet on the northern slopes 

Primary conjugate 
fractures 
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of the Finisterre Range and Huon Peninsula (Figs. 4. 5); 
only discontinuous remnants occur in the Adelbert Range. 
Raised Quaternary coral reefs fringe much of the north 
coast. particularly the Huon Peninsula where a spectacular 
flight of reef occurs (Chappell. 1974; Robinson. (976). The 
Neogene clastic sediments form thick wedges flanking the 
Eocene argillite and Oligocene volcanics from which they 
are derived (with extensive reworking) in the Adelbert and 
western and southern Finisterre Range (Fig. 2). Greatest 
thicknesses occur in an elongate. northwest-trending struc
tural basin (Ramu Basin) south and southwest of the 
Adelbert Range. where they are mostly covered by 
Pleistocene sediments and Quaternary alluvium. At the 

Figure 5. Oblique aerial photograph of northeutward-dlpplng Miocene-Pliocene limestone sheet in the Huon Peninsula, showing 
northward-tUted fault blocks downthrown to the south. Note the drag flexure with tension fractures of the limestone by the 
large normal fault at the front (north) of the sheet. Raised Quaternary coral terraces, up to 600 m high, north of the fault have 
been described by Chapell (1974); elements of a Holocene fracture set are evident. Note also the large bottlenecked valleys at 
the front ofthe limestone sheet cut by consequent rivers and streams. Photograph taken looking east along Huon Peninsula at 
about 1470 30' E, from 8000 m. 
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northern margin of the Ramu Basin the clastic sequence 
rests unconfol1nably on Eocene argillite. Further south 
aeromagnetic and gravity patterns (St John. 1970) suggest 
a floor of dense, basic rocks. Results of a more recent 
gravity survey (Milsom. 1975), and the occurrence of 
Jurassic gabbro-peridotite basement unconformably over
lain by Neogene (early-middle Miocene and younger) sedi
ments at a depth of 2000 m in Keram No. 1 wildcat well 
(Harrison, 1974) drilled in the Ramu Basin southwest of the 
Adelbert Range (at 4° 26' S, 1440 09' E), have been inter
preted as indicating a floor of oceanic crust in the southern 
part of the basin (Jaques & Robinson. 1975). 

Ophiolite belt 
The Marum ophiolite complex lies immediately south of 

the alluvium-covered Ramu Basin, and is bounded by major 
faults to the north and south. The complex consists of two 
major thrust sheets: a radiolarite-pillow basalt-spilite (with 
some diabase) allochthon lies to the south of and beneath a 
larger sheet of peridotite. pyroxenite. and layered norite
gabbro. At the base of the larger sheet harzburgite. with 
some dunite, is overlain by a thick sequence of cumulus 
peridotite. pyroxenite and layered norite, gabbro and 
anorthositic gabbro. 

Pelagic sediments, including radiolarites of probable 
Eocene age. overlie and are intercalated with pillow basalts 
of the other major thrust sheet, and pass upwards into a 
sequence of argillite, radiolarite, tuffaceous argillite and 
graywacke. and tuff, The upper part of this sequence is 
intruded by pyroxene and hornblende-phyric basalt and 
basaltic andesite ofisland-arc affinities. 

Windows exposed in several river sections show an 
imbricate zone oflow-grade metamorphic rocks at the base 
of the harzburgite. with thrust surfaces dipping north
eastward at a shallow angle. The dip of the thrusts and the 
northeastward-dip of igneous layering in many of the 
cumulate rocks suggests emplacement from the northeast 
as a series of shallow-dipping thrusts. In addition. the 
northeasterly displacement of the regional gravity high 
associated with the ophiolite complex toward the Ramu 
valley suggests thickening of dense basic rocks beneath the 
Ramu valley (Milsom, 1975). consistent with this interpreta
tion . 

Emplacement of the ophiolite complex clearly postdates 
the (?)Early Eocene as it is thrust over low-grade 
metamorphosed sediments of Late Cretaceous to Eocene 
age. An upper limit of middle Miocene is suggested by the 
unconformable relationship between the gabbro-peridotite 
basement (interpreted as oceanic crust) and Neogene strata 
in the Keram well. Farther west in the south Sepik region 
there is stratigraphic evidence that ophiolite bodies 
occupying a similar tectonic and stratigraphic setting were 
emplaced in post-Eocene and pre-middle Miocene times 
(Dow and others. 1972). 

Small faulted bodies of peridotite (commonly serpen
tinite). pyroxenite. and gabbro (dismembered ophiolites) 
occur as klippen on. and thrust slices in. low-grade meta
morphic rocks farther west (1440 E) in the Schrader Range. 
Small bodies of harzburgite. dunite, and serpentinite of 
unknown age have also been recorded from the Huon 
Peninsula (Robinson, 1976) where they crop out amongst 
the Finisterre Volcanics; relationships are uncertain. 

Metamorphic belt 
The metamorphic rocks of the northern Bismarck 

Ranges. and Schrader Range immediately west. are mostly 
low-grade metamorphosed pelites. Quartz-veined slate. 
phyllite. and graphite and mica schist crop out east of the 
ophiolite belt, and grade laterally into, and in many cases 

are faulted against, fossiliferous flysch, mostly dark 
coloured shale and siltstone, but with some sandstone. con
glomerate and limestone of late Cretaceous to Eocene age 
(Bain, 1967; Dow & Dekker. 1964; Jaques & Robinson, 
1975; Dow and others, 1972; A. L. Jaques and C. J. Pigram, 
unpublished data). The metapelites contain abundant 
quartzo-feldspathic and metamorphic detritus (e.g., 
quartzite, quartz-mica schist) derived from pre-Mesozoic 
granitic and metamorphic rocks (Le., the continental base
ment) and reworked basement-derived sediments. In 
addition many contain abundant volcanic detritus, some of 
which is tuffaceous, indicating contemporaneous volcanism 
(Thompson, 1967; Harrison. 1969; Dow, 1976). The flysch 
sequence is interpreted as continental slope and continental 
rise deposits fonned at the margin of the continental mass 
(platform) to the south. 

The degree of deformation and grade of metamorphism. 
mostly lower greenschist, decrease to the south toward the 
platform. At least two. and in places three (c. J. Pigram, 
pers.comm., 1976), phases of deformation are apparent 
(McMillan & Malone, 1960; Robinson and others. 1974). 
Early formed folds are commonly overturned to the south
west and asymmetric (many are isoclinal), and cleavage is 
commonly parallel to bedding; fold axes trend northwest. 
Second-generation folds are of a smaller scale and more 
open. 

Thrusting occurs over a wide zone at the northern margin 
of the orogenic belt. Allochthonous strata. bounded in 
places by curvilinear thrusts dipping northeastward, pass 
southwestwards towards the Kubor area into thick 
successions of autochthonous coherent strata of unifonn 
age and lithology. Farther south the autochthonous strata 
pass into a thick continuous Mesozoic succession at the 
margin of the platform. 

Stratigraphic and structural relations indicate a post-mid 
Eocene and pre-mid Miocene metamorphic event; this age 
is consistent with that obtained from stratigraphic relations 
and isotopic dating for metamorphism of similar rocks 
farther west in the south Sepik area (see later>. There is also 
some stratigraphic evidence in the Bismarck Range to 
suggest an earlier (Cretaceous?) metamorphic event 
McMillan & Malone, 1960; (Robinson and others. 1974; C. J. 
Pigram, pers. comm .• 1976). 

Interpretation 
The close stratigraphic and structural similarities 

between the Adelbert-Finisterre-Huon region. and New 
Britain and the other islands of the Outer Melanesian Arc 
provide compelling evidence that the north coast ranges 
originated as a Tertiary island arc. and have since become 
attached to the continental mass to the south (Thompson & 
Fisher. 1965; Robinson. 1973; Bain. 1973; Dow. 1976). 
South of the island arc (Adelbert-Finisterre-Huon arc) the 
ophiolite belt and outer margin of the central orogenic belt. 
with the zone of metamorphism and foreland-type 
thrusting, mark the zone of collision. Figure 6 shows the 
morphologic and structural relations of these tectonic 
elements. 

Adelbert-Fillislerre-Hu()l1 Arc 

The Adelbert-Finisterre-Huon arc comprises pre
volcanic. volcanic. and post-volcanic assemblages. 

Pre-volcanic argillite. The Eocene argillite is believed 
to have been deposited on the sea floor. and to grade 
laterally southwards into the Late Cretaceous-Eocene meta
pelites (Robinson and others. 1974); similar pelagic
hemipelagic sediments overlie the metabasalts of the 



Marum ophiolite complex. Sediments low in the argillite 
sequence are derived from continental basement and pre
date volcanism in the arc. Argillites higher in the sequence 
are tuffaceous, and grade into the volcanic and volcani
clastic rocks of the Finisterre Volcanics; the upper part of 
the argillite is synvolcanic. 

Volcanic arc. The abundant, diverse volcaniclastic 
rocks of the Finisterre Volcanics are lithologically similar to 
coeval volcanic sequences on New Britain and the other 
Tertiary island arcs of outer Melanesia. The absence of 
continent-derived material from the thick volcaniclastic
volcanic pile, and occurrence of pillow lava and radiolarian 
chert and argillite at the base of the formation. imply that 
the volcanic arc was oceanic. Lateral transitions from lava 
to lava breccia to volcanic paraconglomerate to conglomer
ate to turbidite have been observed in places. and this, 
together with the abundance of epiclastic rocks. indicates 
development of extensive clastic aprons about a chain of 
emergent and near-emergent volcanic centres. 

Volcanism in the arc ceased in the Early Miocene. 
although inter-tonguing relationships between basalt flows 
and Miocene limestone in the Huon Peninsula (Robinson. 
1976) suggest that volcanism may have continued slightly 
longer in that area. The early Miocene cessation of volcan ism 
coincides with the timing of metamorphism in the outer 
portion of the orogenic belt, the emplacement of ophiolites 
and correspondingly the continent/island arc collision (see 
lated, 

Post-volcanic-arc assemblages. The contrasting post
volcanic depositional regimes of the western and eastern 
part of the arc indicate that tectonic events were not 
synchronous along the arc. In the west the volcanics and 
argillite were uplifted immediately after cessation of 
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volcanism. and yielded the thick clastic wedge. This uplift 
coincided with the timing of the orogenesis south of the arc. 
and we interpret uplift of the western part of the arc to be 
the direct result of collision of that segment of the arc with 
the continental mass. Uplift. we suggest, may be the iso
static reaction to underthrusting. or attempted under
thrusting of sialic material. 

Limestone was deposited in the eastern part of the arc in 
the northern Pinisterre Range-Huon Peninsula region, 
which was not uplifted until the Pliocene. Uplift since then 
has been rapid: some 30<Xl m of uplift has occurred since 
the late Pliocene. The raised Quaternary coral-reef terraces 
of northeast Huon Peninsula indicate rapid present-day 
uplift (Chappell. 1974). We interpret the younger uplift of 
the eastern part of the Adelbert-Finisterre-Huon arc as 
indicating a slightly younger collision of that segment of the 
arc. 

Collision zone 
Blueschist terrains and ophiolite belts are widely held to 

mark former convergent plate boundaries_ Although 
ophiolites are conspicuous. melanges contaming high
pressure mineral assemblages have not been reported from 
the Bismarck Range (rare pumpellyite has been found in 
some metabasites). The outer margin of the eentral orogenic 
belt is generally regarded as the zone of interaction between 
opposing crustal plates (e_g., Thompson & Fisher. 1965; 
Bain. 1973; Dow, 1976). The foreland-type of folding and 
thrusting, the nature of the metasediments-i.e .. contin
ental slope and rise type, and the lateral transition from 
deformed allochthonous to undeformed autochthonous 
successions toward the continental platform in the south
west. provide compelling evidence that the outer margin of 
the central orogenic belt marks the site of a collision 
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Figure 6. Block diagram showing structure and petrotectonlc assemblages of the Adelbert-Finlsterre-Huon arc to the north, and the 
collision zone to the south. Vertical exaggeration Is about 2.5 times. 
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between the continent and its welt of marginal sediments to 
the south, and the island arc to the north. 

High-pressure metamorphic rocks associated with 
ophiolites have been mapped farther west in the south Sepik 
region (142-144° E). where lawsonite and glaucophane
bearing rocks, amphibolite, and, locally, eclogite, form a 
melange within low-grade metamorphic rocks similar to 
those of the Bismarck and Schrader Ranges (Ryburn, 1976; 
Dow and others, 1972). Isotopic dating (Page, 1976), and 
structural relations (Dow, 1972), indicate a late Oli
gocene-early Miocene age of metamorphism. Immed
iately north of the blueschist belt lies another meta
morphic belt of similar age characterised by low to 
moderate pressure, and higher temperature mineral 
assem blages. Ryburn (1976) has interpreted the two belts as 
constituting a paired metamorphic belt associated with a 
northward-dipping Early Tertiary subduction zone. 

The similar tectonic setting and close stratigraphic simi
larities between the south Sepik region and the Bismarck 
and Schrader Ranges lead us to infer that the former sub
duction zone associated with the Palaeogene Adelbert
Finisterre-Huon arc was choked by the wedge of sediments 
at the continental margin, resulting in collision between the 
continent and the island arc. Rocks of the trench melange, 
including metamorphic rocks with high-pressure mineral 
assem blages, may lie beneath the northern edge of the 
Bismarck and Schrader Ranges, the Ramu-Markham 
valley, and possibly beneath the ophiolite slabs forming the 
floor of the southern part of the Ramu Basin. The Marum 
ophiolite com plex represents a segment of oceanic crust and 
mantle from the arc-trench gap region of the upper plate 
thrust over the choked subduction zone as a consequence of 
the collision. 

Plate tectonic reconstruction 

Late Mesozoic-Ear~v Tertiary 
Late Mesozoic-Early Tertiary plate configurations and 

tectonic events are not well understood at this stage, but 
several important events seem clear. Cretaceous (early 
Cretaceous?) andesites in the northern central orogenic belt 
probably formed in a volcanic arc at the northern margin of 
the continental crustal platform, most likely as a result of 
southwestward subduction beneath the continent, as 
suggested by Johnson and others (1977). Formation of 
oceanic crust of the ophiolite belt appears to be caused by a 
period of Late Mesozoic-Early Tertiary sea-floor 
spreading or marginal basin formation peripheral to the 
volcanic arc and the continent. Extensive deposition of fine 
clastic sediments (dominantly marine shale) occurred on an 
extensive continental shelf, slope and rise in the Late 
Cretaceous to Eocene. These continental margin sediments 
are thought to have graded into the deeper water. more 
distal Eocene argillites and cherty micrites. This sequence 
of events implies that the northern (northeastern) edge of 
the continent changed from a convergent type in the Early 
Cretaceous to a divergent or Atlantic-type in the Late 
Cretaceous-Eocene. 

Separation of Australia and Antarctica about SO-55 m.y. 
ago (Weisse! & Hayes, 1971) is thought to have initiated 
northward movement of the Australian continent, and 
resulted in rifting and opening of the Coral Sea (Mutter, 
1975), eruption of voluminous Eocene tholeiitic submarine 
basalts in southeast Papua (Davies & Smith, 1971; Milsom 
& Smith, 1975), and emplacement of the Papuan Ultra
mafic Belt (Davies, 1971). Tectonic syntheses of these events 
are provided by Davies & Smith (1971), and Pieters (1974). 

Oligocene (Fig. 7) 

Farther north and east, removed from the continental 
margin, plate convergence resulted in the formation of an 
extended arc-trench system with a northward to 
northeastward-dipping subduction zone in which oceanic 
crust at the leading edge of the continent was con
sumed-i.e., a southward-facing island-arc. Subduction
related volcanism commencing in the late Eocene, and con
tinuing throughout the Oligocene and early Miocene, 
produced a chain of volcanic centres with extensive clastic 
aprons. As volcanism waned, fringing reef developed about 
near-emergent centres in the early Miocene. Early formed 
trends in the western part of the Bismarck Sea marginal 
basin parallel the north coast ranges (Connelly, 1976), and 
are probably of Tertiary. possibly Oligocene (Tilbury, 1975) 
age. We speculate that basin formation began in the Early 
Tertiary by a form of back-arc spreading related to mantle 
upwelling above the northward-dipping Paleogene sub
duction zone. 

Miocene 
Continued plate convergence in the early Miocene 

brought the continent (with its wedge of sediments at the 
margin) to the subduction zone where the buoyancy of the 
continental crust arrested subduction, resulting in the 
collision of the western segment of the Adelbert-Finisterre
Huon arc with the continental margin; volcanism in the arc 
ceased. The stresses of continued plate convergence were 
takt:n up by crustal shortening, in particular by 
1) deformation and thrusting at the continental margin; 
2) thrusting of oceanic crust from the arc-trench gap over 
the subduction zone and continental margin; and 
3) arching, fracturing, and uplift of the western part of the 
arc. Examination of fractures in the Huon Peninsula has 
defined a major set of early fractures which are interpreted 
as forming a first order conjugate shear system, whose 
northerly trending acute bisectrix may be interpreted as 
being the direction of primary stress resulting from the 
collision (Robinson, 1973). An additional response to 
continued plate interaction was the formation of numerous 
northwesterly trending transcurrent faults at and near the 
former plate boundary. The Ramu-Markham Fault Zone, 
for example, is believed to be a post-collision transcurrent 
fault approximating the former plate boundary. Adjust
ments elsewhere along the plate boundary may also have 
accommodated plate convergence. 

Thick limestone sheets were deposited as broad tabular 
platform reefs on submarine stepped blocks in the eastern 
part of the are, suggesting that collision had not yet 
occurred in that segment of the arc. This implies that 
collision involved rotational closure by subduction of sea
floor between the continent and are, and that after collision 
in the west a section of sea-floor existed between the eastern 
end of the arc and the continent. The inferred configuration 
(Fig. 7) may have been similar to the present-day distri
bution of the Solomon Sea between New Britain and main
land Papua New Guinea. Southward thrusting of the 
Finisterre-Huon block, probably along shallow-dipping 
thrusts as proposed by St John (1970), and Milsom (1975), 
on the basis of the regional gravity pattern, took place in the 
Late Miocene or Pliocene. 

The collision, and cessation of volcanism in the arc in the 
Early Miocene, coincides with a short-lived but widespread 
period of calc-alkalic to alkalic plutonism and volcanism 
along the axis of New Guinea in the Middle Miocene (Page 
& McDougall, 1970; Page, 1976). Many of these rocks are a 
similar composition to island-arc rocks, suggesting that 
underthrust hydrated lithosphere was important in their 
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Figure 7. Block dlagnuns iJlustntfDg conceptual Tertiary evolution of the Adelbert-Flnltterre-HDOn region .. lID i11l11ld arc, followed by 
coOlslon with tbe continental margin In tbe early Miocene. Vertical euuentlon Is about 2.5 times. Crustal tbJeIm_ (see text) 
Is based largely on estimates by St Jobn (1970), and Is about 3S km beneath the central orogeulc belt and tbe north coast 
ranges, and 18-20 km beneath the Bismarck Sea. 

TABLE 1. SUMMARY OF STRATIGRAPHY OF ADELBERT-FINISTERRE-HUON REGION 

Unit 

Neogene clastic 
sediments 

Neogene limestone 

01 igocene Oate 
Eocene·early 
Miocene} volcanics 
(Finisterre Volcanics) 

Eocene argillite 

Lithology 

Calcareous, lithic sandstone, siltstone, 
mudstone; some limestone and 
conglomerate. Lignite common. 

Massive algal·foraminiferal biomicrite and 
biocalcirudite; well· bedded calcarenite, 
calcilutite and calcareous mudstone. 

Basalt and basaltic andesite lava breccia. 
lava. and volcaniclastic rocks, including 
tuffaceous lithic greywacke. tuff. peperite 
and peperitic breccia. palagonitic breccia, 
pillow lava. agglomerate, volcanic con
glomerate. Argillite at base. limestone 
lenses at top. 

Indurated, strongly jointed. veined cherty 
argillite. chert. siltstone, tuffaceous lithic 
greywacke. cherty micrite. 

Remarks 

Uncomformable on Eocene argillite, Finisterre Volcanics. Dated by 
planktonic foraminifera as Mid-Miocene to Latest Pliocene· 
Pleistocene. Extensive in Adelbert Range. Greatest thickness in Ramu 
Basin where 4-SOOOm deposited in elongate troughs between 
tectonically active basement ridges. Regressive and transgressive 
sequences, onlapping and foresetting of beds. diachronous beds. 
deltaic deposits. Marine and paralic sediments. 

Unconformable on argillite and Finisterre Volcanics. Dated as Early· 
Middle Miocene to Late Pliocene. Form northerly-dipping lOOOm· 
thick resistant sheets in northern flank of Finisterre Range-Huon 
Peninsula. Only discontinuous sheet remnants in Adelbert Range. 
Miocene algal-foraminiferal biomicrite represents reef complexes 
formed as broad tabular platforms on submarine faulted step blocks 
(Robinson. 1973. 1976), COarse biocalcirudites (reef talus deposits) 
surround platform reef complexes, pass into bedded biomicrite. 
calcarenite and calcilutite. 

Gradational contact with underlying Eocene argillite. About 4SOOm 
thick. K·Ar dates 34·22 m.y. (Jaques. 1976). Limestone lenses at top of 
Early Miocene age. Mostly dip steeply north. Strongly indurated; 
minor zeolite facies metamorphism. Pillow lava at base. Lava 
subordinate to variety of volcaniclastic rocks-autoclastic. pyroclastic 
and epiclastic rocks. Lavas of high-K calc-alkalic and shoshonitic 
affinities. 

Base not exposed. Dated as Mid to Late Eocene in part. Gradational 
contact with overlying Finisterre Volcanics. Strongly indurated. veined. 
sheared. Mostly dips northwards. Unknown thickness. Extensive 
zeolite facies metamorphism. Sediments lower in sequence derived 
from continent crust-quartzo-feldspathic detritus common. Upper 
part of sequence contains abundant volcanic detritus. 
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derivation from the upper mantle. Although some under
thrusting may have taken place at the northern edge of the 
continent at or immediately after co11ision in the early 
Miocene, there is no geological evidence to indicate that an 
extensive southwestward-dipping subduction zone existed 
at that time, either north or south of the Adelbert
Finisterre-Huon arc. The present-day northward-dipping 
seismic zone beneath Vitiaz Strait defined by earthquake 
foci (see later; Figs. 8, 9) is believed to be a vestige of the 
northward-dipping Palaeogene arc-trench system {John
son, 1976, 1977; Johnson & 1 aques, 1977). In the absence of 
geological evidence to support a southwestward-dipping 
subduction zone in the Mid-Miocene, Johnson and others, 
(t 977) invoke prior (Cretaceous) enrichment and modifica
tion ofthe base ofthe lithosphere, and generation of island
arc type primary magmas by partial melting on uplift. 

Pliocelw 
Clastic sedimentation on the southern flanks of the arc 

extended progressively eastwards during the Miocene
Pliocene; limestone deposition continued in the north and 
east. Uplift of the Huon Peninsula in the Pliocene coincides 
with the eruption of valley-fill basalts in that area, and the 
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emplacement of scattered diabase dikes and gabbro-diorite 
stocks and porphyries along the length of the arc. 
Subduction-related volcanism in the Bismarck volcanic arc 
to the north also probably commenced about this time. We 
suggest that the resurgence of volcanism may be the result 
of subduction of the remaining intervening lithosphere 
between the Huon Peninsula and the central orogenic belt 
in the Markham valley region; this completed the final 
stages of the continent/island-arc collision. Uplift resulted 
in crestal arching and fracturing, and formation of a 
complex fracture system with many early-formed shears 
changing to tensional fractures. Isostatic reaction to under
thrusting of sialic material. and probably southward 
thrusting of the Finisterre-Huon block in the Miocene
Pliocene, may have been the cause of uplift. This thrusting 
might explain the presence of the small peridotite bodies of 
the Huon Peninsula, and perhaps, the regional gravity high 
over that region (St John, 1970). West-northwestward
trending sinistral shears found throughout the north coast 
ranges are interpreted as indicating widespread trans
current motion throughout the collision zone caused by 
northwestward movement of the Pacific plate (and sub
plates) relative to the continent. 
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Figure 8. Plot of 1969·1974 earthquake eplcentres and cross-sections showing foci In the northern Papua New Guinea region. Sources 
and selectiOD criteria for the earthquakes (V. F. Dent, pen. comm., 1976): 1969-1970 events; Regional Catalogue of 
Earthquakes, '!'ols. 6·7 (The International Seismological Centre, Scotland) showing only events recorded by at least 10 stations, 
and with coordinates given to two decimal places. E'!'ents between January 1971 and June 1974: Earthquake Data File ofBMR. 
Canberta; only events NCOrded by at least 10 stations were used. 



Quaternary 
Uplift continued in the north coast ranges; extensive 

deposition of alluvium occurred in the Ramu and Markham 
valleys, and sedimentation in the Ramu Basin became 
terrestial after the Pleistocene. Holocene uplift exposed the 
flight of coral terraces on the northeastern Huon Peninsula. 

Extensive Quaternary (partly Late Pliocene) volcanism 
occurred in the central highlands of Papua New Guinea. 
Although the volcanic rocks are chemically comparable to 
subduction-related island-arc and continental margin-type 
lavas the volcanoes are, with one exception, underlain by 
continental crust some 30-35 km thick (Mackenzie. 1976). 
Seismicity plots (Johnson and others. 1971; Figs. 8, 9) show 
that except for one volcano there are no underlying 
intermediate-to-deep focus earthquakes which cl,ln be 
attributed to a currently active Benioff zone. Johnson and 
others (1977) suggest that the volcanism is the result, not of 
contemporaneous subduction, but of partial melting of a 
source at the base of the lithosphere which had been 
modified by the introduction of fluids from a slab dipping 
beneath the continental margin in the Late Mesozoic. 
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Diapirism and partial melting may have been initiated by 
periods of uplift following the mid-Tertiary collision. 
Evidence for the Cretaceous mantle modification are the 
Cretaceous andesites, and the recent recognition (D. E. 
Mackenzie, pers. comm., 1977) of a Cretaceous "psuedoiso
chron" (Brooks and others. 1976) in relatively unfrac
tionated rocks from several Highlands volcanoes. 

Present-day regime 
The present-day plate boundary configuration in the 

region is complex. The distribution of earthquake epi
centres suggests that at least two minor plates lie trapped 
between the larger Pacific and Indo-Australian plates 
(Johnson & Molnar, 1972; Curtis, 1973a. b; Krause. 1973). 
The chain of late Cainozoic volcanoes at the southern 
margin of the Bismarck Sea-the Bismarck volcanic arc 
(Johnson and others, 1971, 1973)-includes a number of 
active centres; eruptions on Manam. Karkar, and Long 
Islands occurred in 1973·75 (Cooke and others, 1976). 
Volcanism at the eastern end of the arc (north of New 
Britain) can be related to the northward subduction of the 
Solomon Sea beneath New Britain (Johnson, 1976), 
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Tectonic events in the western part of the arc are more 
complex; a submarine trench is lacking, and plots of earth
quake foci show an absence of intermediate focus earth
quakes west of Karkar Island (Fig. 8). East of Karkar 
Island, however, a well-defined seismic zone dips steeply 
northwards beneath Long Island to almost 250 km. Steep 
dip-slip underthrust mechanisms have been obtained for 
some of these events (Ripper, 1975). Other apparent 
inclined seismic zones are also evident in Figure 8. Both 
northward and southward-dipping 'zones' are apparent in 
Section 1, and in Section 2 a shallow southward-dipping 
'zone' intersects the deeper northward-dipping one. The 
events defining these 'zones' are all less than 125 km deep 
(most are less than 100 km), and as the thickness of litho
sphere beneath the southern part of the platform (Fig. 3) 
has been determined as about 125 km (Brooks, 1969), we 
believe that the earthquakes cannot be assumed to 
represent penetration of subducted lithosphere into the 
underlying asthenosphere. Some of the shallow events 
beneath the north coast ranges are associated with strike
slip faulting (Robinson and others, 1974; Everingham, 1976). 
Other earthquakes, particularly those south of 
the collision zone, may indicate overthrusting, possibly with
in lithosphere that may be thicker than normal. Focal 
mechanism solutions do not appear to clarify interpreta
tions of the tectonic setting, as strike-slip, dip-slip over
thrust, dip-slip and normal solutions have all been obtained 
(Ripper, 1975). 

A few intermediate-depth earthquakes localised in the 
Highlands-Wau area give the impression of a south
southwest-dipping structure in Section 3. However, Dent 
(1976) examined the distribution of these events in detail by 
plotting them on several planes with different azimuths, 
and concluded that a localised seismic zone dips at about 
300 towards 230-2400

• Dent (1976) postulated that the 
earthquakes were related to rare intermediate-depth events 
that form a diffuse band extending south-southeastwards 
beneath the Papuan Ultramafic Belt into the western 
Solomon Sea area. Although the significance of these earth
quakes remains obscure, Dent's interpretation is consistent 
with those of Curtis (1973), and Ripper (1975b), who 
considered that the events are part of a generally vague 
seismic zone dipping away from the Solomon Sea area. 
While it seems likely that the events are associated with 
underthrust lithosphere, there is no justification in 
assuming that these earthquakes beneath the orogenic belt 
are evidence for an extensive seismically active slab 
extending westwards beneath the stable platform and the 
Highlands volcanic province. 

Lateral changes in chemistry and an increase in volcanic 
volumes along the western portion of the arc have been 
recognised by Johnson (1976, 1977), who relates the 
variation to an increase in the rate of plate convergence 
along a northward-dipping subduction zone away from a 
pole of rotation centred in northwest mainland Papua New 
Guinea. The Quaternary volcanism is believed to be related 
to reactivated subduction of the same, but now steepened, 
subduction slab responsible for the Palaeogene volcanism 
(Johnson, 1976, 1977; Johnson and others, 1977). It is 
suggested that reactivation of the slab occurred in the Late 
Pliocene-possibly by rotational closing of sea floor between 
the eastern portion of the Adelbert-Finisterre-Huon arc and 
the continental margin. The absence of deep-focus earth
quakes beneath the Bismarck volcanic are, and of inter
mediate focus events in the far western part of the are, is 
attributed to thermal equilibration of subduction slab and 
surrounding mantle under slow rates of subduction 
(Johnson, 1976). 

Additional responses to present-day plate convergence at 
this boundary are found in the Adelbert-Finisterre Range-

Huon Peninsula. Focal mechanism solutions (Everingham, 
1975), and the spatial distribution of epicentres associated 
with two clusters of shallow-focus earthquakes in the 
eastern Adelbert Range (Fig. 8), strongly suggest that the 
two clusters form a conjugate shear system related to north
northeast-south-southwest primary stress (Cooke and 
others, 1976). This supports earlier interpretations based on 
mapping sets of Quaternary fractures (Fig. 5), recognised as 
conjugate shear systems with a northeasterly trending acute 
bisectrix (Robinson, 1973, 1976), that the north coast 
ranges form a zone of compression imposed by interaction 
between the Indo-Australian and Pacific plates (and sub
plates). Strike-slip faulting is common both north and south 
of the Ramu-Markham Fault Zone, suggesting that part of 
the present-day convergence is achieved by transcurrent 
motion. The Ramu-Markham Fault Zone is believed to be a 
sinistral transcurrent fault, but unequivocal evidence of 
both past displacements and present-day movement is lack
ing. As pointed out by Coleman & Packham (1976), the 
geological data appear to be in conflict with the high rate of 
convergence of the Indo-Australian and Pacific plates, of 
the order of 14.5 em per year along an azimuth of 780 (Le 
Pichon and others, 1973), estimated for the New Guinea 
region from sea-floor spreading data. Rather the broad belt 
of earthquake epicentres coinciding with zones of strong 
transcurrent faulting suggest that present-day plate inter
action in the region is spread over a broad zone and that no 
single, finite plate boundary can be identified (Johnson, 
1976). 

Discussion and conclusions 
Recent geological information from northeastern Papua 

New Guinea has enabled reconstruction of Tertiary tectonic 
events associated with the Mid-Tertiary collision between a 
southward-facing island arc to the north and the 
continental mass to the south. Our model is similar to that 
proposed by Dewey & Bird (1970). and more recently by 
Dewey (1976), for collision at Atlantic-type continental 
margins (Dewey, 1976, Fig. 4 D, E, F). However, unlike a 
number of previous interpretations and theoretical pre
dictions we find no evidence to substantiate a reversal of the 
direction of subduction following the collision. Models 
invoking short-lived southward-dipping subduction in the 
Mid to Late Cainozoic to explain the magmatism in central 
Papua New Guinea find little support from the geology, 
although the possibility of some underthrusting at the 
northern continental margin is not discounted. Late 
Cainozoic volcanism in the Bismarck volcanic arc at the 
southern margin of the Bismarck Sea is related to a steeply 
inclined seismic zone which dips northwards beneath Vitiaz 
Strait (Johnson, 1976). This seismic zone is believed to be a 
vestige of the Early Tertiary northward-dipping subduction 
zone: the hanging slab is slowly sinking and equilibrating 
with the mantle under slow rates of subduction. 

Johnson & Jaques (1977) point out that this interpretation 
has implications for continent/island-arc collisions in 
genera\' as northern New Guinea is widely accepted as a 
classic example of a region in which a reversal of arc 
polarity took place after collision. Johnson & Jaques (I 977) 
argue that, not only is there no compelling evidence for a 
present-day southward-dipping subduction zone beneath 
mainland Papua New Guinea, but that such a zone is un
likely to form in the presence of an active marginal basin at 
the rear of an arc where heat flow is generally high. The 
limited data available for the Bismarck Sea (Halunen & Von 
Herzen, 1973; see also Karig, 1973, p. 360) suggest that heat 
flow may be high and typical of active marginal basins. High 
heat flow and thin lithosphere are the antithesis of conditions 



normally considered to be prerequisites for the initiation of 
subduction (Ringwood. 1975). 

We believe the stresses of convergence of the Indo M 

Australian and Pacific plates after collision were taken up 
by 1) transcurrent movements at and about the former plate 
boundary; 2) crustal telescoping and shortening at the 
collision zone; 3) fracturing. faulting, and uplift of the 
accreted arc~ and 4) large sinistral transcurrent movements 
along a complex linear zone through the Solomon Islands, 
New Ireland, and south of Manus Island. These responses 
may have generated the present~day tectonic regime in 
which a number of minor plates form a broad zone of inter
action. 

The striking structural and stratigraphic similarities 
between north coastal Papua New Guinea and the islands of 
the Outer Melanesian Arc have been pointed out previously 
(Robinson, 1973; see also Coleman, 1970; Coleman & 
Packham, 1976). 

The majority of plate-tectonic reconstructions made to 
date regard the islands of the Outer Melanesian Arc as 
having formed as an extended, fractured island-ate system 
in response to Early Tertiary interaction between the Indo w 

Australian and Pacific plates. However, interpretations of 
the polarity of that arc differ: a southwestward-facing arc 
system has been inferred by some authors (Robinson, 1969. 
1973; Curtis, 1973b; Mallick, 1973), whereas a Late Tertiary 
reversal of polarity from a previously northeasteriy facing 
arc-trench system has been argued on geochemical 
(Mitchell & Warden, 1971; Gill & Gorton, 1973; Colley & 
Warden. 1974), and structural and stratigraphic grounds 
(Karig & Mammerickx, 1972; Falvey, 1975). However, 
much of the evidence (at least for the Solomon Islands) is 
not compelling, and the case for viewing the Outer 
Melanesian Arc as a northeastward-facing arc in the 
Palaegoene cannot be regarded as proven (Coleman, 1975b). 
The relationship of the Adelbert-Finisterre-Huon arc to the 
islands of the Outer Melanesian Arc therefore remains 
unresolved; the marked similarities suggest a contiguous 
Palaeogene arc system prior to the continent/island-arc 
collision in the Miocene. Breakup of the arc by transcurrent 
faulting associated with the collision. and interaction with 
thickened oceanic crust of the Ontong Java Plateau 
(Kroenke, 1972), may be responsible for many of the present 
apparently anomalous features in theregion. 
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Determination of liquid compositions in high-pressure melting of peridotite 
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Abstract 

Experimental problems in the determination of liquid compositions from the partial melt
ing of peridotite are examined in the light of data obtained in an cxperimental study of the 
anhydrous melting of peridotite. A scanning electron microscope coupled with an energy-dis
persive microprobe has been employed to exam inc the nature of qucnch phases and their cf
fect on the melt composition, and to examine the effect of iron loss on crystal~mclt equilibria. 
In most cases the problems of iron loss, non-equilibrium, and quench modification of the 
melt composition preclude direct determination of the composition of partial melts, even un
der anhydrous conditions. Provided the modal proportions and compositions of residual 
phases are known, and due allowance made for preferential adjustmcnt of residual phases to 
iron loss, the compositions of equilibrium partial melts may be obtained by mass-balancc cal
culations. 

Introduction 

It is now generally recognized that basaltic mag
mas arise by partial melting of upper mantle perido
tite, dominated by magnesian olivine and ortho
pyroxene. Accurate determination of the liquid 
compositions formed by partial melting of peridotite 
under known conditions (melt proportion, temper
ature, pressure, residual phase compositions and pro
portions, and volatile content) is therefore an impor
tant goal in experimental petrology. A number of 
studies towards this end have been attempted on a 
variety of natural peridotite compositions under dif
fering P--T conditions and volatile contents. 

In the earliest studies, phase relations only were 
determined and liquid compositions broadly inferred 
(e.g. Ito and Kennedy, 1967). In later · experiments 
the compositions of the residual crystals and the 
quenched glass were determined by electron micro
probe and the percentage of melt estimated visually 
(e.g. Kushiro et al., 1972; Mysen and Boettcher, 1975; 
Nehru and Wyllie, 1975). More recently Mysen and 
Kushiro (1977) have used beta-track counting of 
charges spiked with radioactive tracers to more accu
rately determine the percentage of melting and have 

, Prcsc.llt address: Bureau of Mineral Rc·sources, Canberra City, 
A.C.T. 2601, Australia. 

relied on microprobe analysis of quenched glasses to 
yield composit.ions of the melt phase. 

Implicit in this experimental approach is the as
sumption that the directly determined quenched 
glass composition is that of the equilibrium melt for 
those particular conditions. This assumption can be 
criticiz.ed on two grounds. Firstly, iron loss from the 
sample to the noble-mdal capsules used in partial 
melting experiments is well documented (e:g., Nehru 
and Wyllie, 1975; Green, 1976; and others). The ex
tent of iron loss ·is dependent on temperature and run 
duration, and since iron is not lost unifo'rmly from 
the charge, Fe/Mg partitioning between crystal and 
liquid varies as a function of run duration (Stern and 
Wyllie, 1975; see below). Apart from changing the 
MgO/FeO ratio of the silicate charge, iron loss also 
increases the silica saturation of the bulk composi
tion and probably of any melt component (O'Hara 
and Humphreys, 1977). Secondly, the growth of me
tastable quench crystals during the quenching of the 
glass can significantly modify the composition of the 
glass from that of the equilibrium melt (Green, 1973, . 
1976; Cawthorn et al., 1973; Nicholls, 1974). These 
p,roblems in the direct determination of the equilib
rium partial melt composition have been the focus of 
debate in the past concerning the hydrous melting of 
peridotite (e.g. Mysen et al. , 1974; Green, 1973, 
1976). Green showed that these problems could be 
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overcOllic and a reliable estimate of the equilibrium 
melt cou Id be calculated from a knowledge of the 
composition of the residual phases and the bulk 
charge lIsing crystal/liquid partition data . 

MySCll and Kushiro (1977) considered that these 
proble illS did not greatlyeffecl the results of their 
study <In the anhydrous melting of peridotite, and 
pres en ted a suite of glass compositions ranging from 
'alkali picrite' to 'olivine tholeiite' to 'peridotitic 
komatiitc' as the equilibrium melts from peridotite. 
While tile compositional range of liquids is consistent 
with earlier interpretations of melting at this pressure 
(Green and Ringwood, 1967) and is broadly that an
ticipate d over such a melting interval , discrepancies 
among the data cast doubt on the validity of these di
rectly deter-mined glass c()mpositions as the true un- . 
modified equi librium melts for the stated percentage 
of melting. As part of a similar melting study we 
havc evaluated the problems involved in conducting 
such experiments, and find that the problems can be 
severe enough in many cases to preclude direct deter
mination of equilibrium melt compositions. Here we 
present an alternative approach for calculation of 
equilibrium liquid compositions. 

Experimental methods 

Technique 

Two peridotite compositions derived from pyrolite 
(Ringwood, 1966; Green, 1973, 1976) and Tinaquillo 
peridotite (Green, 1963) have been studied. In each 
case the composition used in the experiments is that 
of the peridotite minus 40 percent olivine to facilitate 
identification of minor phases and increase the rela-

. tive proportion of melt and minor phases with6ut 
eliminating olivine. Compositions (Table I) were 
prepared from AR grade chemicals and sintered at 
1000°C. 

Experiments were carried out in a solid-media 
(piston cylindcr) high··pressure apparatus, using pis
ton-in technique and a pressure correction of minus 
10 percent nominal piston pressure. Temperatures 
wcre mcasured by a P(. -Pt90RhlO thermocouplc with 
no correction for the effect of pressure on the thermo
couple emf. Pyrex··glass sleeves with graphite inserts 
were used in 0.5-inch diameter furnace assemblies to 
minimize hydrogen diffusion from the dehydrating 
outer talc sleeve. Samples (15--20 mg) were sealed in 
Pt capsules and preheated at 900°- 1 OOO°C for 8-- 12 
hours, p'acked in mctallic iron powder in an attempt 
to presaturate the capsule in iron. All runs were an
hydrous and the powdered starting mix was dried. 

Tab le I. Co mpositions of starling mate rial 
::: 

f'yrolitc':' 40'{, oll vine 'I' innquj llo peri !lo li l l' - ,lOj. oU v inl'! 

~:( tl :> fl .'! ", 'I ,') 

'1'1° 2 1. 10 0.' 5 

Al 2O) 'j . ?' 5. }'j 

F'c ;{1 3 0 . 20 o. '5 

feO 0 . 6 ) "( .38 

j~nO 0.1 3 0 .18 

Me{) 28 . 8 32.ll 

C. O 5 , 1~ ~.99 

t/;t ;?O o. 9~i 0 . )0 

K, O 0 . 22 0. 03 

P205 0 . 02 

Cr2O) O. 7? 0.75 

NiO 0.1 0 0 .43 

tOOMpJM~ :t-Fe ++ 85.6 80 . 8 

10o MR/Mg+ p. 05 . 3 80;6 

-------~---...... 

overnight at 110°C. Spec-pure iron capsules were 
used in some short-duration runs. These experiments 
produced an f02 lower than that in the Pt capsules, 
resulting in elimination of chrome spinel, and in 
some cases the charge dissolved iron from the cap
sule. 

Microprobe ana/ysi,l; 

The charge was recl)Vered as a coherent cylinder of 
crystals an.d glass. A portion of one split was exam
ined in refractive-index oi ls. The polished mount 
containing the other split was examined optically in 
reflected light and by scanning electron microscope 
using a JEOL JX 50A electron microprobe- scanning 
electron microscope (SEM)fittcd with an encrgy-dis .. 
pe rsive (EOAX) analytical system. Simultaneous 
quantitative analys is for \0 elements (Na to Fe) of 
residual phases, quench phases, glass, and bulk 
charge was obtained by the method of Reed and 
Ware (1973, 1975). Optimization of the backscattered 
and secondary electron images ena bled clcar resolu
tion and discrimination of all phases including melt 
and quench crystals at up to 2000 times magnifica
tion (Fig. I). Discrimination of phases was based on 
both form and contras t from the Qack-scattered elec
tron image, which is dependent on the mean atomic 
number of the target. In this way Fe-rich rims 011 pri
mary phas~s and quench phases, e.g. quench clinopy
roxcne, can be dist inguished by the higher Fe, AI, 
and Ti contents compared' to the primary equilib
rium phases. Glass analyses and analyses of the bulk 
charge. were made with rapid reduced-area scans to 
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Fig. I. SCillming elcd.ron microscope photographs of partial 
melting runs o f pyrolite ....: 40 percent olivine and spinel lherzolite 
- 40 percent o livine, showing metastable quench phases. Sca le bar 
is 20,< long: Quench outgrowths ofclinopyroxcne appcarbright, as 
do thi 'n quen ch ri ms of more Fe-ri ch olivine on prima ry olivine 

(note Figs. IE, F particularly). (") Pyrolite, 15 kbar, I.J50° C. " 
low pe rcentage melting run . Residual phases are olivine (sma ll 
dark e uhed r a), orthopyroxene (l arge tabular c r ys tal s) , 
clinopyroxene (small lighte r cuhedra), and chrome spinel (tiny 
bri g ht euhcdra). Melt is lig ht inters titial , mat e rial. Qu e nc h 
clinopy roxene forms light -colored rims o n residual ph ases, No te 
the drastic reduction of the liquid volume by the quench phases, 
Co'mpos itio ns of phases are given in Table 4. (II) l'yrolite. 15 kbar, 
1400°C. Quench clinopyroxene forms rifH s on residual o livine and 

ort hop yroxene . Note the prescn ce of so me di scret e quenc h 
clinopyroxene in the glass (crosses, lowcr right) and tht~ large r 
pcrrcntage of mclt. (e) Pyrolit e, 10 kbar, 130onC. Qu e nch 
clinopyroxene rims res idual olivine a nd orthopyroxene, and forms 
discrete crys tals in the g lass (small crosses, lower cente r). 
Compositions given in Table 3. (D) i'y rolite', 10 kbar, \3 50°C. 
Like C but note , the, hi g her pe rcent age of mel t. Quen c h 

.c1 inopyroxene is less abundant and modification of 'he glass 
composition is less severe than for A, B, and C. (E) l'yro lite, 10 
kbar, 14S0° C. Ske letal a nd dendriti c que nch low -calcium 
pyroxe ne fo rming conical spirals in glass, and dendritic rims o n 
residu a l olivine. Note the similarit y in the quench form s to those 
found in some komatiites. (F) Spine l lhe rw lite, 10 kbar, 1450 °C. 
Quench low-ca lcium pyroxene ' and olivi ne on residua.! olivine. 

Compositions given in Table 5. 

minimize alkali volatilization and ensure representa
tive analysis. The ability of scanning electron micros
copy to discriminate phases such as olivin~ and or
thopyroxene, clinopyroxene and glass, and to reveal 
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• 'o l iv i ne ' 

• o fl hop y rox ene 

6 91m~ 

A equilibri um mell 

Pyrol i l e ( - 40 % olivine) 

to, I(b : t 300° c 

::';:: 40 %) me lt ing ( 25 % o r pyro lit e ) 

60 ~ _ _ _ I-----..J._ .----L-_..1---l.-....:...--L. 

84 85 S 86 87 88 8 9 

-,!~~ 
Mg + Fe 

Fig, 2. 100Mg/(Mg+Fe) ratios of the residual phase (excluding 
C r s pine l) and g la ss with varying run times, S = startin g 
composition. Olivine and gl ass compositions becomt' increasingly 
Mg-rich as iron is lost from the charge wit,h increas ing run time. 
The capsules lI sed in the 2-, 4-, and 7 \ -hollr rllns were packed in ' 
metallic iron powder for 8- 12 hours a t 900- IOOO°C in an attempt 
to presaturate the capsule ill iron. Compositional data from Table 3. 

compositional diJlcrences (quench rims) within 
phases is demonstrated in Figure I and confirmed by 
quantitative analyses of the visually discriminated 
areas. This technique thus permits modal analysis of 
these fine-grained experimental charges. 

Modal analysis 

Modal ana lysis, including the percentage of melt, 
was made by point counting of the S EM photographs 
using a iO cm X 9 cm transparent grid; all quench 
phases were counted as glass. A minimum of 1200 
points were counted in replicate and averaged. 

Calculation of equilibrium liq/Aid compositions 

The compositions of the equilibrium liquids were 
calculated by mass balance after 'conversion of the 
volume percent modes to weight percen~ modes from 
appropriate, mineral densities. The Jiq uid density was 
,calculated by the method of Boltinga and Weill 

aa 
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Tahle 2. Experimental rlln data 
. j 

= "-====== == -. : .. ::::: ... ....=---===:======--==.::.:.=:::::::::::::::===.::::====--===--====:.::~-==:=:..-==.:::::=::::=::::-===:::.::==::::::== 

Hun No. p 

(khat's) 
{rime Cnpnule 

( hOUl''') 
100 MdNf( ~ I"c 
chnt'g e .01 opx 

-------------

'1'-160. 10 1300 0.17 
1012 10 1300 

I" e 

Pl 

01 + opx + qu(mch epx .... gl 

01 .,. opx + quench cpx + gl 

O~ .S 

flh . ? 

89 .1 89 .8 

09 .1 89 . 9 

'1'- 89 10 1)00 rt 01 + opx + Cr + Quench cpx + 81 86.9 91.0 89 .8 

T-144 10 1300 4 Pt 87.2 91.3 90.4 

1'-178 10 1)00 7.5 Pl 01 + opx .,. cpx + Cr + qupoch cpx + gl 08.4 9 3.0 90.5 
T-118 10 1350 2 Pt 01 + opx + Cr + (lUcnch cpx + p,1 0"( .0 92 .fl 91.3 

'1'-139 10 1\ 'jO O. 'j 1"0 {) ( + op'X + qunnch cpx I g1 (1', .1 ')0.1 9 1.0 

1'-101 10 14'iO ? Pl 01 + Cr + quench px + 81 09 . . / ')').0 

1'- 138 10 HSO 0.2) ' ,'c 01 + qu efl ch px '" gl 05. :I 91.6 

T-14 8 15 1350 2.5 rot 01 + opx + epic + Cr + <l uench cpx + "I 87.7 92. 2 f19 . 8 

'1'-142 15 lAOO f't 01 + opx + Cr + qu ench crx , ,0:1 86.2 9 ? 0 90.5 

'P- 155 10 1450 Pt 01 + Cr + quench px + f(1 90.7 95.6 

01 = olivi-ne; opx = orthopyro xene ; cpx;::: c linopyroxenl~; Cr::;: chrome 8pincl ; gl::: Rl as ~ -------- --- -- --. ------_ ._ -- -_._- --.--

(1970) using the least modified, most magnesian glass 
composition (obtained by reduced area rapid ' scans) 
with adjustment for the effect of pressure on the den
sity (Kushiro et aI., 1976). Iteration of the mass-bal
ance calculations to overcome the densitydilference 
between the equilibrium liquid and the analyzed 
glass made negligible difference to the resultant liq
uid composition. Two examples of liquids deter .. 
mined in this way arc shown in Table 3, Figures 2 
and 3, and Table 4, Figure 4. The SEM photographs 
of these runs arc illustrated in Figure I. 

Point counting of phases was not possible for the 

... _. Run ,t im c (ho urI) 

7·5 2 1 

high-degree melting runs where olivine alone or ali" 
vine and .chrome spinel were residual phases, because 
of strong crystal settling within the charge even in 
runs of short duration. For these experiments (e.g. 
Fig. 5, Tahle 5) the liquid composition was calcu
lated assuming a K"ol/Iiq u id of 0.3 (Roeder and Em
slie, 1970; Green and Ringwood, 1967) after allow
ance for iron loss from the charge (Green, 1973). 

Jo:xl)eriJll(~lIt al results 

In the three cxamples presented in detail in Fig
ures 1-5 and Tables 1- 5, the calculated equilibrium 

Pyrolit(! ( - 40 % olivine) 

10 kb 1300 ' C 

• 8u lk (1' (11 91': 

x lcast modified gio llc s 

Fo 

Fig. 3. Data from Fig. 2 for 1-,2-, and 7j-hour runs at 10 kha r, IJOO°C, illustrating e lTect of Fe los~ . Squares indicate the bulk charge 
composition after the run. Tie lines join coexisting residual phases with least modified glass compositions. Note that the iron. loss from 
the charge for the 7l-hour run has been sufficient to· stabilize clinopyroxene in the residue . 
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Table 3. Compositions of phase for melting of pyrolite - 40 percent olivine at 10 kbar, 1300°C 

0.17 hours 1 hour 

01 opx gl lai'gc small large melt 4 opx 
core 01 2 corn rim 

SiD 
2 

40.5 54.·8 52.0 40 . 6 40.5 41.0 sr).1 54.0 49.0 

TiD? 0.47 2.87 0.43 0.85 2.7 

AI
Z

0
3 2. 95 13.2 2.. 'j? ) . (,3 12.5 

PeO t 10.5 6.39 8.99 10.5 10.3 10.2 6.42 6.24 9.0 

MnO 0.20 0 . 34 0.40 0.1 

MgO 48.3 31.7 9.11 98. 1 48.5 48.0 31.7 31.1 12.0 

CaD 0.31 2.3') 11.0 D. 39 0.36 D. 38 2.~? 2."0 10.9 

Na
2

0 1.97 2.4 

K
2
0 0.47 o. ~i) 

Cr
2

0
3 

0.38 1. 30 0.35 1. 35 1.60 

Si 0.997 1. 909 1. 001 .996 1.007 1. 921 1. 085 

11'1 O. ()12 0.011 OJ)?;} 

Al 0.120 0.104 0.149 

1"0 0.216 0 . 186 0.216 0.211 0.2D9 0.107 0.182 

Mn 0.004 0.008 0.008 

Mg 1. 771 1.649 1. 767 1.780 1.758 1.647 1. 618 

Ca 0.008 0.088 0.010 0.010 0 . 010 0.090 0.096 

Na 

Cr 0.007 0.036 0 . 037 0.044 

Total 3.000 4.000 2. 999 3.005 2. 993 3. 997 3.996 

100 Mg 
89.1 89.8 64.3 89.1 89 . 4 89 . 4 89 . 8 89.9 70.4 Mg+Fe 

Ca 4.6 33.1 4.7 5.1 

Mg 85.8 45 . 9 85 . 6 85.3 

Pe 9. 7 21.0 9.7 9.6 

t = total iron as FeG 

1. large olivine = ;>:: 10~ 

2. small olivine == ~ )? 

3. :::: rim 'compotdtions were obtained avoiding quench rim!) of pyroxene and olivine. 

4.= calculated equilibrium melt composition, usinf, modal analysis, analysed 
crystalline phase from 1-hr run and original bulk composi tio_n ___ _ 

liquid composItIon differs from the <ll1alyzed glass 
compositions. The nature of the calculated equilib
rium melt at 10 kbar, l300°C, produced by approxi
mately 25 percent melting of pyrolite, is olivine tho
leiite with 16 percent normative olivine; all analyzed 
glasses are higher in SiO, and lower in normative oli
vine than the calculated melts, with both the 0.17-
hour and 7.S-hour runs containing normative quartz. 
At 15 kbar, 1350°C the degree of melting of pyrolite 

baa ££ 

is about 18 percent and the equilibrium melt is alkali 
olivine basalt. All glass ;tn~lyses are hypersthene nor- ' 
mative and have considerably less MgO and more 
SiO" AI,03' and CaO than the calculated melt. At 10 
kbar, 1450°C the Tinaquillo lherzolite composition is 
about 40 percent molten, and the composition of the 
calculated melt, with very high MgO and Si02 , is 
strongly hypersthene- and olivine-normative, resem
bling pyroxene-rich komatiitic liquids. In the follow-



large 01 i vine 
core rim 

~o. 7 41.0 

8.70 [\,)0 

0.35 O,)~) 

49.fJ 49.80 

0.41 0. 60 

.., 

0.995 0.999 

0.178 0.170 

0.007 0.007 

I.HI4 1.810 

0.011 0.016 

;,.005 3. 001 

91 .1 91.4 

JAQUES AND GREEN: IIIGIT··I'RESSU liE MELTING OF PER IDOTITE 

Table 3. (continued) 

2 hours 7. ') hour" 

AmnII In.rge opx /<1 lArge 01 "mnll ll\r~e oP?C 
01 core rim core rIm 01 core r.lm 

~O.O 54.8 55.0 51 . :5 41.2 41.0 41.0 55.0 55.3 
0.42 0.42 2. 85 0.52 0.50 

2.72 2.40 P.4 2."{0 2.66 

8.21 6.42 6. 23 8.93 7.57 '6.96 6.90 5.97 5."{2 

0.36 0. 21 

50.2 31. "7 32.4 10.4 50.7 51.7 51.8 31.9 31.5 

0.39 ? .,45 ? (jO 11 . 0 0. 36 0,32 0.40 2.70 3. 2? 
1.(J6 

0. 50 

.1.46 1.05 1.20 '1.00 

.0.995 1.912 1. 915 1.000 0.993 0. 992 1.913 1. 923 
0.01 1 0.011 0.014 0.013 

0. 112 0.099 0.111 0.109 

0.167 0. 187 O.lAl 0.154 O.Hl 0.140 0.174 0.167 
O.OOA 0.004 

1.8?5 1. 64(1 1.6(12 1.833 1.865 1.067 1.657 1.633 

0.010 0.092 0.093 0.009 0.008 0.010 0.101 0.120 

0.040 0.029 0.033 0.030 

3.005 4.001 4.010 3.000 3.007 3.008 4.001 3.995 

91.6 89.8 90.3 67.5 92.3 93.0 93 .0 90.5 90.8 

4.8 4.8 35.5 5.2 6. 3 

85.5 86.0 43 . 5 05.8 85.1 

9.7 9. 3 21.0 9.0 8.1 

c • . 

CaMQ ----~--,...---7f,,----!\-- CaFn 

glOBes 

liquid 

Pyrofitn (- 40 % olivino .J 

15 Kb, 1350 0 C 

. v ____ ·_~_~ ____ ~ Fe 

1317 

• 

cpx 1(1 

53 . 1 51.2 

0.70 3. 12 

3.33 13. 2 

4.59 ., . 64 

21."{ 10 .2 

15.0 12.1 

1. 90 

0.58 

1. 53 

1.906 

0.019 

0.141 

0.138 

1.161 

0 . 576 

0 . 044 

3.983 

89.4 7003 

30.7 37.6 
61.9 43.9 
1.4 18.5 

Fig. 4. Ca- Mg-·Fe diagram illustralingthe eJTcct of quench growth of Ca pyroxene on the determilied liquid compositions. The ' 
equi librium liquid is calculated (see text). Composi tions given in Table 4. 
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CaM~;i -'~--~--.-7\'---~-------r;~-'---'7'\----'- C a Fe 

x. 
Lhen:o lite ( - 40 % Qlivine ) 

10 Kb . 14 50" C 

~ 67 % melting 

Fi g. S. Ca -- Mg· J.'c diagram illustratin g relations in it run with a large amount of partial melting. Solid .. tie lines connect the starliilg mix 
(A) to the calculated equilibrium liquid. Dash cd tic line joins analyzcd olivine (2) with the bulk charge after the run (B) and the least
modified glass composition (4). Crosses indica te other glass analyses (determined at least 5-- 10. microns from 'any observable quench 
phase). Gliiss 5 was obtained adjacent (2-.. 5/,) to a quench pyroxene. 3 = rangc of qucnch olivine compositions. Compositions given in 
Table 5. 

irlg sections we discuss the causes of these problems 
in determination of Iiqui~ compositions in partial 
melting experiments on peridotite compositions. 

Iron loss in experimental runs 

Although Stern and Wyllie (1975) showed in an 
andesite · melting study that iron is not lost uniformly 
from the charge, there appears to be a belief that 
equilibrium, onc~ achieved, is maintained through
out the experiment in spite of iron loss. For example, 
Mysen and Kushir.'o (1977) claim that a 20 percent 
iron loss results in only a minb[change in the Fe 
content of the olivine and disregard any greater ef
fect on -the liquid composition. 

Other data obtained from runs of varying duration 
at the same pressure and tern perature, 10 kbar and 
l3000e, are presented in Table 3 to illustrate the 
problem. Despite attempts to presaturate the PI ca p·
sules, all experienced iron loss [shown by the 100Mg/ 
(Mg+ Fe) ratio of the charge; Table 2]; runs in spcc
pure iron resulted in iron ga in. The effect of iron loss 
can be very significant; for example, in the 7.5-hour 
run the iron loss was sumcient to stabilize calcic py
roxene in the residue, whereas only olivine, ortho
pyroxene, and chrome spinel.wcre present in the resi
due of other runs. Figure 2 and the data of Table 3 
show that as iron is lost from the system, demon
strated by increasing IOOMg/(Mg+ Fe) ratio of the 
bulk charge, orthopyroxene compositions change 
little, whereas olivine and glass compositions readjust 
more rapidly to the loss. The different rates of adjust
ment of the crystalline phases to iron loss are also 

shown by the greater compositional difrerence be
tween core ' and rim compositions of pyroxene rela
tive to olivine. Stern and Wyllie (1975) found that 
apparent garnet and clinopyroxene Fe/Mg partition
ing was dependent on run duration, because garnet 
adjusted more slowly to Fe loss t.han clinopyroxene, 
causing (Fe/ Mg)gj(Fe/Mg)cp. to increase with run 
duration. Similar differences in the rate of adj ust" 
ment of garnet and pyroxene to iron loss have been 
observed il'l eclogite melting studies (K. L. Harris, 
personal communication, 1978). The effect of iron 
loss from t.he system is shown in Figure 3, where all 
phases and the bulk composition are displaced from 
the equilibrium value to more Fe-poor compositions. 

The effect of change of the bulk composition is 
most marked on liquid compositions: the 10-minute 
run in spec-pure Fe resulted in iron gain byboth the 
charge and the glass, but had little elreet on the com
positions of reSidual crystals. 

It is apparent that Fe diffusion rates are different 
for various phases and that iron is lost preferentially 
in tilt: order liquid> olivine (orthosilicate) > pyrox
ene (chain silicate) .. Significant iron loss can result in 
the formation of olivine considerably more magne- ' 
sian than the ori ginal equilibriurn olivine because of 
attempted re-equilibration of the olivine with the in
creasingly iron-deficient liquid . 

Equilibrium melting requires that equilibrium ex
ists between melt and residue, and between residual 
phases. However, the difference in rates of adjustment 
of the various phases to iron loss produces non-equilib
rium assemblages. Because of the different diffusion 
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Table 4. Composi tions of phase and ca lculated melt for pyrolitc -
40 percent olivine at 15 kba r, IJ S()OC 

011 opx cpx np glaon} mol t 4 

Si0
2 

41.1 ';4 • ., 52 .4 49. 9 49 .0 

n0
2 Od3 0 . 80 1. 2} ).4 3.2 

Al
2

0
3 

3.93 5. 0} 25 . } 14 . 4 12.9 

,'eO 7.53 6.2 5 5.09 21.7 8.7 10.2 

~lnO 0.4 1 0 .1 

MgO 50 .6 }0 . 8 ?0. 5 16 . } 8.3 11. 6 

CaO Od) 2.76 H.3 0. ?7 10.9 9. 1 

Na
2

0 0.55 3. 3 } •. 1 

. K
2

0 0 .9 0. '/ 

Cr
2
0

3 
1. I 5 1. 42 35. ;> 

].2Q.1Ig 92 .3 89 .8 87 .8 57 63 67 Mg + r'e 

Ca 5 .5 30 .6 }7.4 27 .6 

Mg 84.9 60 . 9 }9 . 2 48 .5 

F'e 9 . 6 8.5 23 . 3 23 .9 

1. Equil ibri um oli vin e use d In liquid oalcul ati on was' 
calculated assuming Knol/opx ~ 1.1 i.e. 100 Mg/Mg+Fe B 88.9 

2. To tal iron a s FeO 

} . I,east mod ifi ed glnss 

4. Mel t calculate.d by maSH balnnccJ uoing modal analyoi s t 

annlyzed crysta ll ine phases (oiivJn e corrected for Fe lOB R) 
and ori gInal bulk composi.tion 

- -----------------------_._--

rates in liquid and diHcrent residual crystals, mea-
" sured Fe/Mg partition coefficients are dependent on 

run time. For example, the KDol/opx = (Fe/Mg)j 
(Fe/M g)",,, has bcen shown to be insensitive to .tem
perature and pressure, and has been determined eX
perimentally as equal to I. t ±o. t (e.g. Mori and 
Green, 1978, and others). Equilibrated olivine- ortho
pyroxene pairs from niltural peridotites have Kn val
ues in this range (e.g. Nixon and Boyd, 1973; Him
melberg and Loney, 1973; Frey and Green, 1974), as 
do olivine- orthopyroxene pairs in experimental runs 
in capsule materials other than platinum-group, met
als (e.g. Kushiro et al., 1972). Our data in Tables 2 
and 3 commonly exhibit non-equilibrium Fe/ Mg' 
partitioning between olivine and orthopyroxene, This 
is also evident in some previous partial melting stud
ies where iron loss has occurred; for example, the 
data of Mysen and Kushiro (1977) show KDol/opx 
ranging from 0.72 toO.85, and these values can be at
tributed to Fe loss and preferential readjustment of 
olivine to more magnesian compositions. The extent 

Table 5. Composi tions of phases and ca lculated melt for lherzolite 
"-. 40 percent olivine at \0 kbar, 14S()OC 

-- ? m;l\) olivine quench quench spind g lMs 
ali vine ._._----_._----_.--

81°2 41.6 44. ) )0 .9 54.8 51.6 

'rI°2 0 .1 2 0 .32 0.13 0.4 0 . 2 

Al 2O} 1. 34 6 .46 1 1. 5 8 . 9 7 . 8 

,'eO 1 
4d7 5. 36. 6 .1 4 11 .2 7. 5 8 . 4 

MnO 0 .32 0.2 

MgO 53.5 47. ? 29 . 6 18 . 8 18.5 2} . 9 

' CaO 0 . 27 0.95 5. 74 0 . 71 9 . 2 "/.4 

Na
2
0 0.4 5 

K
2
0 0 . 04 

Cr;,°3 0. 56 0 . 70 50.1 

.!.Q.Q.J:1.t! 9'; . 6 94 89 .6 74.9 Ill.4 83 . 0 
~Ig + Fe 

Ca 11.1 22 .6 1.5 • . , 

Mg 79 • ., 63 .0 70. 5 

Fe 9.3 14. 4 1} . 9 

1. To tal iron as )'eO 

2. Least modi. Lied glass co mpOs! tion 

} . Equilibrium melt calcula ted from K Ol/Hq I O.~ after 
co rrection for iron los s (Green, 1~7}). 

of iron loss from their experiments can also be 
gauged by the fact that in some of their rurlS the 
starting composition lies outside the field defined by 
the analyzed phases. 

Several methods of alloying Pt capsules with iron 
have been suggested [0 reduce iron loss (e.g. Nich
olls, 1974; Ford, 1978). In order to avoid net ex
change of Fe, the activity of Fe in the capsule must 
exactly match that in the silicate charge, i.e. this must 
be determined for each bulk composition, T, P, and 
run duration. Moreove.r Fe-alloyed Pt becomes 
brittle, difficult to seal, . and may result in capsule 
fracture d~lring the experiment. Methods such as 
those proposed by Ford (I978) and Johannes and 
Bode (1978) may considerably reduce iron loss, 'but 
do not remOve the necessity for the investigator to 
thoroughly evaluate the nature and extent of compo
sitional interchange between sample and container. 

Quench modification Of equilibrium melts 

Scanning electron microscope photographs (Fig. I) 
reveal the presence of some quench material in all 
our experiments, even where none was discernible 
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uds show a marked compositional difference to those 
obtained in larger "quench-free" pools. In neither . 
case can these be considered as equilibrium melts . . 

The new data reaffirm earlier studies of the 
quenching problem (Green, 1973, 1976; Cawthorn el 

al., 1973) and show that marked changes in the liquid 
composition may result in partial-melting experi
ments where quench phases occur, even in an
hydrous melting. This problem is especially severe at 
low degrees of melting, and previous studies have 
shown that the problem increases at higher pressure 
and in the presence of volatiles (Green, 1973, 1976; 
Nicholls, (974; Mysen and Kushiro, 1977). 

optically. The ext(~nt of quench material varies from 
narrow (0.5 -1 micron) rims of pyroxene or olivine on 
primary phases to broader (2 -5 microns) blades of 
quench pyroxene both as rims and as discrete den
drites in the glass. The dominant quench phase in 
these anhydrous runs is clinopyroxene with . varying 
Ca conten t. Quench clinopyroxene is not surprising, 
since this phase most closely approximates the liquid 
composition over most of the melting range. Quench 
clinopyroxene commonly contains 6 to 12 percent 
AI20) and 6to 16 p<?rcent CaO and has a high Ti02 

content (2-3 percent). These features, together with 
the generally lower 100Mg/ (Mg+ Fe) ratio and skele
tal or dendritic form, serve to distinguish quench py-
roxene from stable primary calcic pyroxene. In addi- Conclusions 
tion, quench pyroxene analyses generally are not We believe that the problellls of iron loss and 
stoichiometric. (n most cases the IOOMg/(Mg+Fe) . quench crystallil.;ltion in anhydrous partial melting 
ratios of the quench and primary phases are distinct, studies employing piston-cylinder apparatus are sc
but in some experiments a continuum was found. Be- vere enough in most cases to preclude direct determi
cause abundant quench material drastically reduces nation of the equilibrium melt comriosition. At high 
the liquid volulIle and results in increased concentra- degrees of partial melting quench modification is far 
tion of highly incompatible elements in the residual from trivial, and at low degrees of partial melting 
melt fractioll, the presence of quench rims and crys- . moditication of the melt may be as severe under an
tals will cause errors in any method of estimation of hydrous as under hydrous conditiolls. In all cases, 
degree of melting or melt composition based on anal- iron loss problems in anhydrous melting are greater 
ysis of the glass in experimental runs. than under hydrous melting conditions because of 

Quench crystallization has been shown to sig.nifi -. the higher rilelting temperatures. Therefore we are 
cantly modify equilibrium melt compositions in hy- forced to conclude that most, perhaps all, previously 

, drous melting of peridotite (Green, 1973, (976), and published partial melt compositions obtained by di
we have therefore examined the effect of quenching rect analysis of quenched glasses from piston- cylin
on liquids in anhydrous melting experiments. Data der runs are in error. At the very least, all such com
from two experiments, one at low to moderate de- positions should be regarded with suspicion. 
grees of melting (IS kbar, 1350°C) and the other at a We have attempted to show that , provided run 
high degree of melting (10 kbar, 1450°C), are pre- times are not unduly long (this must be determined 
sented in Tables 4 and 5 and plotted on Ca·-Mg-Fe empirically by repeated experiments of varying dura
(atomic) diagrams (Figs. 4 and 5). Diffusion studies tion), it is possible to calculate the equilibrium liquid 
(e.g. Hofmann and Magatitz, 1977) have shown a high compositi()11 by mass balance from the compositions 
efliciency of diffusion over short distances (e.g. D = of the residual phases which adjust more slowly to 
10(' cm 2 at 1400°C), but the quenching rate in solid- iron loss (and using known K,,'s for those phases 
media apparatus is such as to produce large composi- which do adjustrapidly),provicled the modal propor
tional differences within the glass where quench tions of the phases (including the percentage of melt 
phases and outgrowths occur. Moreover, the glass + quench) can be determined. This is possible by 
compositions bear little relationship to the composi- point counting of . reflected light and SEM photo
tion of the equilibrium liquid calculated by mass bal- graphs of the polished mount where all phases, in-' 
ance from the proportions and compositions of the cluding quench phases and overgrowths, can be dis
residual phases Crable 4, Fig. 4) or using published criminated. Replicates are generally required to 
partition eoeflieients (Roeder and Emslie, 1970) after overcome inhomogeneous distribution and crystal 
correction for iron loss for simple residues (Table 5, settling. However, no liquid determined by partial
Fig. 5). Glass analyses made adjacent to quench crys- lheliing experiments can be regarded as safely estab-
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lishecl in the absence of reversal studies (i.e. crystalli
zation of the liquid composition under the same ex
perimental conditions). 
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