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'FIG. 1: Scale model of Greenhills Ultramafic Complex showing outcrop pattern and structure. Horizontal 
scale is shown by National 1000 yard grid. Vertical scale 3x horizontal. Key: red - dunite 

and poikilitic peridotite; dark green - wehrlite; orange - eucrite (includes marginal gabbro); pale 
blue - metasediment. Brown triangles show strike and dip of primary layering in igneous rocks, bedding 
in metasediments; white triangles show cleavage. Photograph by J. Brook. 
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ABSTRACT 

The Greenhills Ultr~~afic Complex occupies 5 square miles on 

the north-west part of Bluff Peninsula. It consists of a deformed 

layered series of ultrabasic rocks of "early late" Permian age in

truded into Lower Permian metasediments of the Southland Syncline. 

The main penetrative planar structures in the complex are primary 

layering and cleavage; both are inclined. Mesoscopic folds in 

primary layering are not uncommon. Widespread slumping in the layer

ed series and the emplacement of the complex as a plug of hot rock 

bounded by a fault and ringed by a "lubricating" marginal gabbro 

indicate recurring conditions of instability during evolution of 

the complex. Emplacement of the Greenhills Complex was accompanied 

by the intrusion of innumerable dykes and by folding and faulting. 

Two main generations of dykes are recognized: l) early ultrabasic 

dykes (in order of decreasing age: dunite, wehrlite and eucrite) 

are unchilled and preceded emplacement of the marginal gabbro; 

2) late dykes (in general order of decreasing age: eucrite, anortho

si.te, trondhjemite, hornblende-andesite, dolerite, tremoli te-picri te, 

~~ hornblende-plagioclase pegmatite and aplite) are cr~lled and post

date the marginal gabbro. Emplacement of the Greenhills Complex 

effected contact metamorphism of country rock spilitic metasediments 

of the Greenhills Group. These rocks, dominantly volcanic micro

breccia with intercalated bands of impure marble, increase from 

regional prehnite-pumpellyite facies through greenschist facies as 

seen at Mokomoko Inlet to hornblende-hornfels adjacent the Greenhills 
' 

Complex. 

Fossils including the gastropod Peruvispira aff. imbricata 

Waterhouse and the bivalve Atomodesma aff. marwicki indicate a late 

Lower Permian age for the middle part of the Greenhills Group. The 

coral Plerophyllum aff. timorense Gerth occurs in a lower horizon 
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of the Greenhills ~roup. Bands of marble containing shell fragments 

and radiolarians are common in the upper part of the section. 

The layered series of the Greenhills Ultramafic Complex is 

stratigraphically divisible into: 1) an upper eucritic portion 

dominated by a 2000 ft thick Eucrite Zone which includes a 50ft 

thick allivalite unit; 2) a lower ultramafic portion comprised 

essentially of a 500 ft thick Wehrlite Zone (which includes near its 

base a poikilitic peridotite unit less than 100 ft thick) and a basal 

Dunite Zone exceeding 2000 ft in thickness. A Transition Zone of 

feldspathic wehrlite occurs between the upper and lower portions of 

the complex and with the poikilitic peridotite unit is an important 

marker horizon. The layered series shows well developed accumulate 

structures and textures resembling cumulates in classic stratiform 

intrusions. Cr>JPtic layering is shown by the range in composition 

of the essential primary minerals. These minerals in order of 

separation from the Greenhills magma are: olivine (Fo
90

_
65

), 

clinopyroxene (ca
41

Mg
54

Fe
5 

to ca
44

Mg
47

Fe
9

) and plagioclase 

(An
92

_88). Other primary minerals pr.esent in minor quanti ties 

include orthopyroxene (avg. En81), brown hornblende and chromite 

(Mg48) (Cr60A122). 
Optical and X-ray studies of the plagioclases suggest a discon-

tinuity in the unit cell geometry between An
90

_
5 

and An
93

•
0

; this 

break probably represents the boundary between transitional and 

primitive anorthite structures. 

Single crystal X-ray study of augite lamellae exsolved on (100) 

of orthopyroxene shows that the ~ and £-crystallographic directions 

of orthopyroxene host and included lamellae are coincident. The 

unit cell dimensions of the lamellae as determined after least 

squares refinement are: a~ 9.79, b ~ 8.90, c ~ 5.29 all+ 0.04 ~' -o -o -o -
Alo6°14• _+ 1', v 442.62 + o.s ~3 • 

0 -
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The Greenhills Ultramafic Complex is adequately explained by 

crystal settling during fractional crystallization of a basaltic 

magma. This magma is believed to have had affinities transitional 

between alkaline and tholeiitic magma types. Differentiation took 

place in a hydrous open system connected with the surface of the 

earth. 
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CH .. APTER I 

INTRODUCTION 

The problem. Bluff Peninsula has been described by Service 

(1937, p.l87) as" ••• mainly composed of a lenticular intrusion of 

norite (apnroximately 9 miles x 1 mile) which extends along a N.W.

S.E. line from Bluff Bill to the mouth of New River." Although the 

term "norite" is justified as a description ofmany of' the intrusive 

rocks of Bluff Bill it is not applicable to the igneous complex which 

is located on the north-west part of the Peninsula (Figs. 1 and 2). 

This approximately five square mile area, known as Greenhills, con

tains a large proportion of ultramafic rocks. For this reason it is 

here named the Greenhills Ultramafic Comnlex. 

Benson (1926) recognized the close association between gabbro 

and peridotite in eugeosynclinal belts which have undergone alnine 

deformation thus defining the alpine-type peridotite. Due to its 

geographical setting in an orogenic environment the Greenhills Com

plex is, by some definitions, an alpine-type ultramafite. However, 

in many respects it resembles a stratiform-type peridotite, which 

according to Thayer (1960, p.247) has" ••• lopolithic form, an orderly 

succession of layered rocks ranging from peridotite at the bottom to 

gabbro or granophyre at the top, and other distinctive features at

tributable to crystallization and differentiation of a molten magma 

in place with little or no disturbance. 11 The essential problem posed 

by the Greenhills Ultramafic Complex centers on the nature of the 

association between the ultramafic and gabbroic (eucritic) rocks. 

This thesis is concerned primarily with the origin of these rocks 

and involves a structural and petrological study; emphasis .is placed 
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on the mineralogy of the complex. 

Detailed geological mapping of the Greenhills Ultramafic Complex, 

on a scale of 20 chains : 1 inch, was carried out by the writer dur

ing the summers 1966, 1967 and 1968. This mapping revealed the 

strongly layered and differentiated character of' the complex. De

tails of these and other critical aspects of Greenhills geology are 

reported here together with the results of concurrent laboratory 

work carried out at the Department of Geology, University of Otago. 

The thesis is divided into six chapters the first two of which 

are introductory in nature. The third chapter reports essentially 

the palaeontology and lithology of the Palaeozoic spilitic country 

rock. The geology of Tertiary, Pleistocene and Recent deposits is 

briefly examined. Chapter IV is concerned with the structure, petrol

ogy and mineralogy of the layered series rocks. Included is a dis

cussion of the early dykes. Chapter V deals with the structure and 

petrology of the marginal gabbro and the high-temperature metamorphic 

aureole developed in adjacent country rock. Included is a discussion 

of the late dykes. In Chapter VI the petrogenesis of the complex is 

considered. 

Geologic setting. On a regional scale the Greenhills Ultramafic 

Complex is located on the south-west limb of the Southland Syncline 

and is therefore not a continuation of the Red Mounte.in Ultramafic 

Belt (Landis, 1969) which is tiootF---t€l bhe,.east b"tii 1 of the syn

cline. At Greenhills the country rock is comprised of Lower Permian 

Greenhills Group volcanic microbreccia interbedded with bands of im

pure marble (Mossman and Force, 1969). Broad open folds strike north-
a west and the plunge averages about 10 to the south~east. This trend 

is disrupted to varying degrees in the immediate vicinity of the 

G-reenhills Complex, the emplacement of which has imposed a high tem

perature contact metamorphic aureole upon regional prehnite-pumpellyite 

facies rocks. 
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Historv of examination. Until about the turn of the present 

century geological investigations of Bluff Peninsula were strictly 

of a reconnaissa.nce nature. Hector (1863) was of the opinion that 

Bluff Hill is a solid mass of syenite, that had once been a. mass of 

slate formations,since granitized by metamorphic action. Rapid re

connaissance of the province of Southland led Hutton (1872) to con

clude that the Bluff-Greenhills area was composed of a broad dioritic 

dyke. In his Geologv of Otago (Hutton, 1875) this description was 

changed to 11 syenite 11 and Bluff Hill was referred to as the stump of 

an ancient volcano. Hamilton (1887) 11 confirmed11 the dyke-like nature 

of the syenite and extended it from Ruapuke Island through Bluff Hill 

to New River Heads. The greater part of Bluff Peninsula was classed 

by Park (1887-88) as hornblende syenite and associated "eruptive" 

syenites. Park (in Service, 1937) evidently was the first geologist 

to recognize the fact that certain of the sedimentary rocks such as 

a "dia.ba.sic ash breccia.11 in a. Greenhills quarry were of pyroclastic 

origin. 

In 1889 and 1891 Hutton published notes describing hornblende, 

diorite, enstatite diorite and olivine gabbro from Bluff Hill. How

ever, he later changed the description •enstatite diorite' to norite 

(Hutton, 1899). The presence of a great diversity of rock types in 

Bluff Hill was emphasized by Thompson (1910) who saw in the locality 

certain analogies with the Lizard complex in Cornwall. 

The first detailed work on Bluff' Peninsula was a study conducted 

by Wild (1912) who recognized that high gra.de metamorphism accompanied 

the intrusion of norite. A short publication on what was erroneously 

believed clinohypersthene and enstatite-augite in the Bluff norite 

(Service, 1934) was followed by a study which resultea in a detailed 

account of the contact metamorphic aureole adjacent the norite in

trusion (Service, 1937). This work, initiated by Wild (1912), enabled 

Service (1937, p.214) to trace the conversion of tuffaceous sediments 
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as the intrusive contact is approached 11 through more completely 

recrystallized hornblende schists into high-grade pyroxene-granulite

hornfelses.11 Up until this work virtually no mention was made of 

the substantial mass of ultramafic rocks on the northern half of 

the Peninsula. Service (1937, p.l88) remarks only briefly on the 

fact that the western boundary of fine-grained hornfelsic rock 
11 

••• is marked by intrusions of pyroxenite and peridotite. 11 

The first known occurrence of laumontite in New Zealand was 

described from Bluff where it occurs in veins in diorite (Mason, 

1946). 

Reed (1948) sought to explain the varied rock types at Bluff 

in terms of a basic Ca-Fe-:Mg front resulting from rocks undergoing 

grani tization on Ruapuke and Stewart Islands, a concept since aban

doned (pers. comm.). 

The association of gabbroic rocks with peridotite and "pyroxenite" 

masses in the south-west part of Greenhills was explained by Harring

ton and McKellar (1956) in terms of a layered intrusion which has 

been folded. This theory is supported in the present thesis. Cole

man (1966) likewise expressed belief in the contemporaneity of the 

main intrusive rocks on the Peninsula. 

Tertiary rocks encountered by drilling during a Harbour Board 

project were described by Wood (1958) together with general aspects 

of submarine geology in Bluff Harbour. Submarine geolo~J has also 

been investigated on a regional scale in Foveaux Strait by Cullen 

who compiled the bathymetry (Cullen, 1965) and studied sediment dis-,, 

tribution (Cullen, 1967). 

In unpublished work Lindqvist (1964, 1965) described respectively 

the geology of the Bluff Harbour Board (uarry, and, the geology and 

ore minerals of Bluff Hill. Beach sand deposits of opaque ore minerals 

in Southland have been investigated by Martin and Long (1960), Martin 

(1961) and by Wright and Graham (in press). 



. \ 

-6-

Especially important among recent contributions to the geology 

of the area are publice.tions in the fields of: 1) radiometric age 

dating; independent studies by Aronson (1968) and Devereux et al., 

(1968) indicate an ttearly late 11 Permian age of the Bluff Peninsula 

intrusion. 2) geophysics; Eatherton's (1966 and 1969) study of 

the Southland Syncline includes details of the. Taki timu-Longwoods

Bluff high isostatic gravity anomaly which seems explicable in terms 

of mass surplus of the rocks • 
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CE.APTER II 

FIELD Pli/D LABORATORY TECBNIQUES 

Terminologv. Williams, Turner and Gilbert ( 1954) def'ine ultra

basic rocks as those containing less than 45% Si0
2

, ultramafic as 

those with more than 70 percent mafic minerals. The major layered 

rock types of' the Greenhills Ultramafic Complex are ultrabasic in 

composition. However, a significant portion of' them are ultramafic 

and are located stratigraphically beneath dominemtly eucri te rock 

(see below). It is therefore convenient to group the rocks of the 

Greenhills layered series into an upper, eucritic, portion and a 

lower, ul tre.mafic, portion. Barring the important Transition Zone 

between the two portions the lower is practically free of plagioclase 

and is readily distinguished on this account. The derinition of 

ultramaric rocks at Greenhills is therefore restricted to those which 

contain more than 95 percent marie minerals. 

The exclusively anorthitic composition of plagioclase in the 

layered rocks and in many dykes requires a distinction which was 

applied to similar rocks in Skye by Harker (1954). The term eucrite 

describes gabbroic rock in which the feldspar is anorthite, or a 

variety near anorthite; the term allivalite refers to a distinct 

type of olivine-anorthite rock in which anorthitic plagioclase gene

rally dominates. The term allivalite is used in preference to 

"troctolite" because in troctolite the plagioclase is labradorite. 

There are three main ultramafic rock types at Greenhills: 

dunite, poikilitic peridotite and wehrlite. The first consists 

essentially of olivine with accessory pyroxene and chromite; the 

second of olivine and clinopyroxene in a 2:1 ratio by volume with 
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accessory chr6mi te. ·wehrli te describes a rock consisting of' clino-
+he 3:1. 

pyroxene a.nd olivine in roughly ffi:p±f!d proportion$1 · This term was 

applied by Franz von Kobel (~Johannsen, 1934, p.419) to material 

from Hungary consisting dominantly of clinopyroxene and lesser olivine. 

More precise characterization of these rocks and their textures 

and structural relationships to each other in the Greenhills layered 

series is facilitated by the terminology initiated by Wager and Deer's 

(1939) classic work on the layered series of' th'e Skaergaard intrusion. 

This terminology has been subsequently amplified and rerined by 

Brown (1956), Wager et al., (1960), Wadsworth (1961), Jackson (1961 

and 1967) and by Wager and Brown (1968). 

The Greenhills Complex is divided into two main geologic portions 

by a zone of dislocation. This zone of dislocation, here named the 

dividing f'ault,strikes north-west and dips about 70 degrees north

east. Eucrite, allivalite, wehrlite and poikilitic peridotite com

prise the north nluton, a basin-shaped or conceivably funnel-shaped 

structure in the north and least deformed half of the complex. 

South of the dividing fault wehrlite and dunite are the main rock 

types comprising several large antiforms and synforms or the south 

pluton. Surrounding the complex is a body or noritic gabbro, the 

marginal gabbro, which averages about 100 yds in width. 

Sample numbers. Rock, mineral and palaeontological specimens, 

unless otherwise stated, were obtained in situ and are held in the 

Geology Department, University of Otago. 

Grid references. Grid references, e.g. 8182/312859, used through-

out this thesis are based on the sheet districts of the 1:63,360 

topographical map series (NSMSl) and the national thousand-yard grid 

shown on this series. 
P._r"oject<o>"S 

Stereogranhic .103 , 

hemisphere plots. 

fjf:J;;t·ons All stereographic i 'am-s are lower 

Determination of mineral comnosition. Suitably oriented grains 

dug out of uncovered thin sections by the method described by 

i 
I 
I 
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Wilkinson (1956) were used for refractive index measurements of 4 
for plagioclase,~ for olivine, ~for clinopyroxene andY for ortho

pyroxene. Where all three refractive indices are given for a mineral 

the measurements were made using a spindle stage (Wilcox, 1959). 

Refractive index measurements of the standard immersion oils were 

ma.de directly on an Abbe refractometer immediately before use; 

sodium vapour light was used and error is less than ~ 0.002 unless 

otherwise stated. 

Direct measurement of 2V2 (corrected for tilt) of clinopyroxene 

allows a reliable estimate or the Ca:Mg:Fe ratio in this mineral 

using the graph of' ;3 and 2V2 of either Hess (1949) or Muir (1951). 

In the CaMgSi 2o6 field of' the common clinopyroxene trapezium, where

in the Greenhills examples lie, the tvm graphs are virtually iden

tical. Other data used were that of' Chayes (1952) for plagioclase, 

Bowen and Schairer (1935) for olivine, Hess (1952) for orthopy~oxene. 

Percent Fo in olivine was in many cases determined by measure

ment of d
130 

against an internal silicon standard using the regres

sion equation of Agterberg (1964); results are the means of' 6 runs 

and the standard deviation is less than 1.50. 

In many cases universal stage techniques were utilized. The 

technique described by Slemmons (1962) was helpful for relatively 

rapid determinations of plagioclase. Widespread twinning in cline

pyroxenes allowed reconnaissance estimates of the Ca:Mg:Fe ratio 

according to the method described by Ruegg (1964). 

Chemical analvsis. All material for chemical analysis was 
e<>-~b;de. 

initially crushed with a tungsten/fmill in a Tema crusher and passed 

through a 60-mesh sieve. Electro-magnetic separations provided 

plagioclase concentrations of high purity, but for mafic minerals 

heavy liquid separations followed by hand picking proved most 

eff'ective. 
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Analytical methods included gravimetric, spectrophotometric and 

titration. In rocks, Si02 and R2o
3 

were determined gravimetrically 

and lime and magnesia both gravimetrically and by atomic absorption. 

This latter technique invariably yielded results about 0.5% lower 

than the gravimetric method. Careful pH control and several preci

pitations proved necessary to eliminate Mg(OH) 2 as a copreci:9itate 

along with R
2
o

3 
in the magnesium-rich specimens. 

In minerals colorimetric determination of silica wAs made in 

acid solution by the molybdenum blue method of' Mullin and Riley ( 1955); 

a Uvispec spectrophotometer was used to measure absorbance of light 

at 812 mu. Alumina was extracted with a solution of 8-hydroxyquino

line in chloroform, after adjusting the pH to 5, and complexing iron 

as the ferrous-dipyridyl complex; absorption of this complex was 

measured at 410 mu, making a small correction for interference by 

titanium. Calcium and magnesium were determined by atomic absor-ption. 

In rocks and minerals ferrous iron was dete'rmined by titration 

with standardized ferrous ammonium sulphate solution. Alkalis were 

determined using an EEL flame photometer. The remaining constituents 

were measured spectrophotometrically. Total iron was determined by 

measuring absorption of light by the red-ferrous dipyridyl complex 

at 522 mu; titanium at 430 mu, using the standard peroxide procedure; 

manganese at 525 mu where permanganate developed with pota.ssium peri

odate; P2o5 
at 430 mu, using the molybdivanadophosphoric acid com

plex. Chromium at 540 mu in a solution containing the chromium di

phenyl carbazide complex. H2o was determined by the Penfteld method. 

· The chrome spinel was fused in a Pt crucible using five times 

as much sodium peroxide as sample. Colorimetric determination of 

total iron compared closely with that found using the silver reduc

tor method of Dinin (1960). Titanium, manganese and magnesium were 

determined calorimetrically, alumina gravimetrically. Failure of 

the standard colorimetric method and of a cupferon precipitation to 
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produce positive results necessitated calculation of chromium by 

difference. 
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CHAPTER III 

COUNTRY ROCK AND QUATERNARY SEDIMENTS 

Introduction. .Among the oldest rocks comprising Bluff Penin-

sula are those of the Palaeozoic Greenhills Group described by Ser

vice (1937, p.l87) as " •.• running from the mouth of Mokomoko Inlet 

to Bluff Harbour and passing thence through Colyer's·Island down the 

western shore of the harbour to Green Point." The best exposures of 

the Greenhills Group (not shown by Watters et al., 1968) occur on the 

east side of Mokomoko Inlet (Fig. 3) where bedding strikes north-west 

in broad open folds and plunges about 10° south-east. The rocks dip 

at moderately steep angles north-east except where they are involved 

in monoclinal flexures and minor drag folds which locally reverse the 

direction of dip. Younging is north-east as indicated by ripple 

marks, graded bedding, flute casts and other sed.imentary structures. 

This structural trend continues on the west shore of the inlet where 

outcrop is relatively poor and where contact metamorphic effects ad

jacent to part of the Bluff igneous complex obscure many primary 

sedimentary features. 

A. Lithology of the Greerillills Group 

Although outcrop is not continuous at Mokomoko Inlet, an esti

mated 3800 feet of the stratigraphic succession (Fig. 4) has been 

described by Mossman and Force (1969). 

The sedimentary rocks at Mokomoko Inlet mapped by Service (1937) 

as submarine tuffs are here classed as three main tYPes: volcanic 

breccia, volcanic microbreccia and impure marble. 
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The first, characterized by slightly rounded fragments greater 

than 32 rom in diameter, is known to occur at only one locality in 

Greenhills, 8182/289891, on the shore of New River Estuary about one 

mile west of Mokomoko Inlet. However, a similar rock type also occurs 

on Dog Island about eleven and a half miles south-east of this local

ity • 

LEGE.ND 

A·B·C Stracigr.lpl'\lc Section 

¢ Fouil Locality 

X Qu.rry 

~o· Strl' e & Dip ol Beds 

' 'io· Plunge ol Local Folds 
20' v 

:>-;,.r:, 
'fl/ == Road 

City Corpor•tlon Quarry 
SCALE 

miles, 

Fig. 3. Index map to the Greenhills Group fossil 
localities and stratigraphic section, Mokomoko 
Inlet, Southland. 
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Three main kinds of fragments comprise this volcanic breccia at 

Greenhills (Fig. 5). Firstly and most abundant is an amygdaloidal 

spilitic lava. The matrix of the breccia itself approximates this 

description. A few of' the fragments resemble broken volcar..ic bombs. 

The amygdules are composed of epidote and oligoclase with or without 

hematite and calcite ( 0. U. 2584-9). The groundrnass is oligoclase, 

epidote, actinolite, clay, calcite and partially chlori tized glass 

shards. Scattered phenocrysts of augite are invariably present. 

Fragments of a porphyritic spilitic lava are much less abundant. 

These are distinguished by an abundance of large zoned augite crystals 

and by a paucity of amygdules ( 0. U. 25850). Thirdly, and least abun

dant are fragments resembling diorite in composition and characterized 

by relic phenocrysts of basic andesine peripherally zoned to oligo

clase and partly replaced by epidote (o.u. 25851). Intergrown sub

ophitically with the andesine are scattered augite crystals with eu

hedral overgrowths of pale green hornblende. Skeletal ilmenite crys

tals heavily altered to sphene occur throughout this rock. 

The stratigraphic column records the sequence that outcrops on 

the east shore of the ~nlet, chiefly volcanic microbreccia (Fig. 6) 

and impure marb;Le. In the contact metamorphic aureole west of the 

volcanic breccia locality these two rock types have been thermally 

altered to a dense, fine-grained hornfels. At this metamorphic grade 

the bands of impure marble of' Mokomoko Inlet are represented by a 

colourful banded hornfels containing conspicuous pods and lenses 

rich in calc-silicate minerals, notably garnet and diopside. 

The microbreccia at Mokomoko Inlet occurs as red, green and 

grey varieties with the last two dominating. Three broad subdivi

sions of this rock type are made on the basis of grain size. In the 

first (O.U. 23151) grain size is generally less than 0.062 mm; in 

the second from 0.062 mm to 1 mm; in the third from 1 mm to 4 mm. 



Fig. 5. Volcanic breccia of' Greenhills Group. Shown ar e: a 10 inch 
di ame ter fragment of' amygdaloidal , spilitic lava (above right end of' 
rule); a 10 inch diameter fragment of' porphyritic lava (right of' 
rule); a 3 inch diameter dioritic fragment (light colour, left of' 
upper center of' photograph). 3181/289891. 

Fig . 6. Microbreccia of' Gre enhills Group; pocket knife rests on 
ripple marks. Note trace fossils on surf.'ace 6" stratigraphically 
below ripple marks; view looking east. 8182/306890. 
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Bedded and massive varieties among the last two sub-divisions are 

distinguished in the stratigraphic column (Fig. 4). 

Throughout the microbreccia the minera.logy is essentially actino

lite, biotite, oligoclase, epidote and chlorite. Scattered cuspate 

pools of secondary feldspar suggest replacement of glass shards. 

However, the available evidence does not indicate unequivocally that 

these rocks originated contemporaneously with volcanism. Higher 

grade metamorphism south-west and west of Mokomoko Inlet produces a 

felted texture 'in this rock and it seems likely that many "argillite" 

artifacts that have been discovered at Greenhills are of local origin. 

Bands of compact, spheroidally weathered blue-grey marble up to 

12 feet thick occur in the upper part of the section. Texture of a 

typical specimen of marble, O.U. 23152, is dense and fine-grained. 

Shell prisms which average 0.15 mm by 0.03 mm make up the greater 

part of' the rock. They are disoriented, extinguish optically over 

their entire lengths, and exhibit only faint traces of' recrystalli7.a

tion at their edges. Presence of' amphibole and abundant magnesian 

chlorite in the groundmass attest to the original impurity of' the 

Greenhills marble. The chlorite appears to have been derived by al

teration of' clay minerals. Epidote and albite are fairly widespread 

accessory minerals. 

B. Palaeontology of' the Greenhills Group 

Introduction. Fossils in the metasediments of' Bluff' Peninsula 

were first recorded by Service (1937, p.l9l). A coral from the "City 

Corporation quarry" at Greenhills was identified by Professor R.S. 

Allan 11
• •. as being probably a Zaphrenthid" (in Service, 1937). 

Ongley (1948) mentioned the occurrence of' Atomodesma at Bluff'. 

Wood (1959) reported fragments of Atomodesma in rocks 11 identical" to 

the Bluff' metasediments 30 miles to the north-west at Riverton. 
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Fragmentary skeletal ~ossils, trace ~ossils, and other well pre

served sedimentary structures occur in the marble and microbreccia 

at Mokomoko Inlet at a point just over a mile north-north-west of the 

reported discovery of the coral. A trace fossil is defined as a 
11 sedimentary structure resulting from the activity of an animal mov

ing on or in the sediment at the time of its accumulation" (Simpson, 

1957, in Hantzschel, 1962, p. Wl78). Examination of marble at many 

places along Mokomoko Inlet reveals abundant calcium carbonate prisms 

believed to be derived ~rom comminution of Atomodesma (Wood, 1956; 

Grindley, 1958; Waterhouse, 1964), and radiolarian tests which have 

been partiaily replaced by epidote and albite. Also evident in this 

rock type are ~orms rimmed with calcite and filled with epidote and 

calcite which resemble Foramini~era in cross section. Similar Pro

blematica occur to a. lesser extent in the less calcareous rocks. The 

more obvious fossil remains occur in fine-grained rocks as moulds 

from which carbonate has been dissolved, and it is these which form 

the chief topics in the following sub-section. 

Notes on the Greenhills Group fossils. 

Rugose Coral 

Pleronhyllum aff. timorense Gerth 1921 

(Figs. 7A and 7B) 

MATERIAL: B42147, upper portion of a calical mould held in the 

Southland Museum, Invercargill. 

LOCALITY: Greenhills tuff, City Corporation quarry 8182/313859; 

fossil record form number (FRF) 545; approximately 3,000 ft below 

the base of the stratigraphic section A-B-C assuming absence of 

significant folding. 
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A 

B 

Figs. 7A and 7B. Calical mould 
1921. x3 • 

Fig. 8. Peruvisnira aff. imbricata Waterhouse 1963. Artificial 
cast of external mould. x3. 
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DESCRIPTION: Major septa long and thin, with a slight swelling at 

the axial end. Cardinal fossula and columella poorly developed; 

tabulae and dissepiments appear to be completely lacking. Exter

nal, spine-bearing longitudinal ridges, opposite the loculi between 

the major septa. 

DISCUSSION: On the recommendation of Professor Dorothy Hill (pers. 

comm.) the Greenhills coral was compared with genera in Polycoelii

dae and Hapsiphyllidae. Professor Hill noted the similarity between 

the external spines of' the Greenhills coral and those of a New 

South Wales Eurv~hvllum (family Hapsiphyllidae) but was sceptical 

of placing it in that genus. 

Plerophyllum timorense, figured and described by Gerth (1921) 

from the Dyas (Basleo beds) of Timor, is similar to the Greenhills 

specimen in number, shape, and arrangement of septa, and lack of 

tabulae, columella, and dissepiments. The external longitudinal 

ridges on the New Zealand specimen are not apparent on the photo

graphs of the Timor specimen. 

Pleurotomariid Gastropod 

Peruvisuira aff. imbrica.ta Waterhouse 1963 

(Fig. 8) 

MATERIAL: 0. U. 2523. A single external mould with part of the 

aperture missing. 

LOCALITY: Hokomoko Inlet, 8182/306887; FRF543; 'Greenhills Group, 

1,820 ft from top of measured section. 

DESCRIPTION: Small, pagodiform, two distinct carinae, peribasal 

carina very weak. 8-10 delicate threads per millimetre, radiating 

perpendicularly from the axis. Selenizone strongly to moderately 

concave with very narrow but distinct inner furrow about 0.25 mm 
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up from the lower margin. Whorl height a:pproxirnately four times 

height of selenizone. The broad aperture opens smoothly from body 

whorl, lower lip drops avray at about 15° from projected base of 

body whorl. 

Specimen Width Height Aperture Selenizone Body Whorl 
Wictth Height Height 

o.u. 2523 7.5 8-8.5 3.5 0.75 4 

Table l. Dimensions (in mm) of Peruvisnira aff. imbricata 

DISCUSSION: The Greenhills gastropod (Table l) is similar in every 

respect to !,. imbricata Waterhouse 1963 except that the latter has 

a strong peribasal carina. The two previously reported New Zealand 

species of Peruvisnira with weak peribasal carinae (Waterhouse, 

1963a, pp.592 and 598) differ from the Greenhills specimen in hav

ing fewer radial threads and higher spires. It seems likely that 

the Greenhills specimen is a variety of !,. imbricata. 

Bivalvia 

Atomodesma aff. marvricki Waterhouse 1958 (Marwick) 1934 

(Figs. 9A, 9B and 9C) 

MATERIAL: O.U. 2527. Large, flattened external mould with incom

plete, articulated valves (Fig. 9A), also internal mould of left 

valve (not shown); O.U. 2529: an apparently undeformed fragment 

comprising internal and external moulds of the beak region (Fig. 9B); 

O.U. 2525: slightly crushed internal mould, valves articulated, 

hinge preserved (Fig. 9C); O.U. 2526: small internal mould with 

valves articulated, beak and hinge well preserved (not shown). 
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A 8 

Fi g . 9A. At omodesma sp . Flattened external mould with incomplete, 
articulated valves. x2. 

Fi g . 9B. Atomodesma sp. Internal and external moulds of the beak 
re gion. x-4. 

Fi g . 9C. Atomodesma sp. Slightly crushed internal mould, valves 
articulated, hinge preserved. 

1 
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LOC.P>LITY: Mokomoko Inlet; Sl82/306889; FRF542; Greenhills Group, 

1,400 ft from top of measured section. 

DESCRIPTION: Shells weakly to moderately inflated; relatively long 

hinge with distinct but shallo·w ligamental grooves; septal angle 

approximately 60° to 70° (Table 2); septum extends up to or very 

slightly beyond (anterior of) be~~; posterior wing narrow to wide; 

concentric growth rugae low to r~gh and overturned both dorsally 

and ventrally. 

Specimen Length Height Width Umbonal Angle Septal Angle 

0. u. 2527 80 40 15 ? ? 

o.u. 2529 ? ? ? 75° 60° 

o.u. 2525 60 30 12 (crushed) 80° 70° 

0. u. 2526 14 12 10 60° ? 

Table 2. Dimensions (in nun) of Atomodesma aff. marwicki 

DISCUSSION: Waterhouse includes in 11 characters of specific impor

tance11 for Atomodesma (1963b, p.702) the shape and angle of the urn

banal septum, 11 the nature of the anterior margin immediately in 

front of the septum, and the anterior end o.f the ligament area •••• 11 

By these criteria the Greenhills Group Atomodesma match Waterhouse's 

description of !· marwicki. 

Trace Fossils 

Scalarituba 

(Fig. 10) 

MATERIAL: O.U. 2530. Relatively common in the fine-grained, less 
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Fig. 10. Trace fossils. Sc alarituba; subcylindrical, segmented 
forms in plane of bedding . x~ . 
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calcareous rocks. These fossils have also been found in higher grade 

metamorphic rocks at Greenhills, for example, in the hornblende horn

fels at 8181/292830. 

DESCRIPTION: Subcylindrical segmented forms in plane of bedding. 

Segments or an individual are same size and taper slightly giving 

the impression of fitting saucer-like one behind the' other. Segments 

of' different individuals vary from 2 to 4 rn:m in diameter. 

DISCUSSION: It is suggested that the forms are faecal pellets ex

creted by worms. The relative compaction may be an expression of' 

the extent to which the material has been digested. They are similar 

to the Fodnichnia (tunnel systems used by hemi-sessile sediment eaters) 

of' Seilacher (1953). 

The description given for the trace fossil Scalarituba Weller 

(Lower Mississippian) which is figured by Hantzschel (1962, p.w213) 

matches well with the above: 11 Subcylindrical burrows 2 to 4 m.rn in 

diameter, curving in all directions, marked by transverse ridges situ

ated at distances of' l to 2 mm. 11 

.Algal Remains? 

(Fig. 11) 

MATERL4..1: 0. U. 2531. Branched forms showing high relief' in fine

grained sandstone. 

DESCRIPTION: Forms commonly found in fine-grained s~~dstone. Plant

like; regular, delicate branching habit. Branches of' an individual 

generally lie parallel to the bedding surface; they do not intersect 

each other nor anastomose. Individual forms thin slightly towards 

nodes. Branches of' different individuals bridge each other but do 

not cross-cut. 

DISCUSSION: A f'ucoid origin is favoured for these forms in prefer

ence to dwelling or feeding burrows of' marine animals because of' their 

more obvious similarities to plants. 
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Fig. 11. Algal_ r emains? Delic ate branched forms in fine-grained 
tuff. rv x3 • 

Fig. 12 . Feeding burrows? Flattened tubular forms meanderiP~ in 
bedding planes of medium-grained tuff. x} . 
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Feeding Burrows? 

(Fig. 12) 

1LL\TERIAL: O.U. 2532. Flattened tubular forms meandering in bedding 

planes of medium-grained tuff. 

DESCRIPTION: Forms consist of relatively smooth, flattened .tubes up 

to 5 mm in diameter and 200 rom long. Pairing of tubes as well as 

branching is suggested in the illustrated specimen. Radial branching 

of such tubes from a common centre is recorded from Mokomoko Inlet. 

DISCUSSION: .Animal trails commonly ramify and one possible explanation 

of these particular forms is that they represent animal feeding bur

rows. However, this interpretation is not supported by the fact that 

the tube walls are relatively more resistant to weathering than the 

tube matrix. No direct correlation can be made with established 

trace fossils. 

A,cz,e of assemblage 

Peruvisuira imbricata is known from the upper Artinskian and 

Kungurian in the Productus Creek Group. 

Atomodesma. marwicki has been found in the Waip'ahi Group (Artin

skian to Kungurian). 

Plerophyllum has been found in Artinskian correlatives in Europe, 

Australia and Asia. Eur;ynhvllum has been reported from the Austra

lian Artinskian and the Braxtonian (Coral Bluff, Productus Creek 

Group), Puruhauan (Arthurton Group), and possibly Waiitian (Stephens 

Formation) in New Zealand. 

Considering the cl~se similarity between the Greenhills coral 

and Plerouhvllum ,timorense and the probability of a significant strati

graphic thickness between the coral and the mollusc localities, it 

seems likely that the coral is Artinskian and the molluscs upper Ar
tinskian to Kungurian. 
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The unfossiliferous 1,400 ft of sediments and tuffs overlying 

the Atomodesma locality are presumably Mid to Upper Permian. 

C. Tertiary Deposits 

Conglomerate cemented to the consistency of concrete by a cal

careous sand is found at several localities on Bluff Peninsula, not

ably Sl8l/284t837 on the south shore of Greenhills and at Sl82/356755 

near the southern-most point on Bluff Peninsula. At the first lo

cality, which may be considered typical, conglomerate more than 15 

feet thick infills a small valley which opens onto a relatively 

sheltered cove (Fig. 13). At the head of the cove the deposit forms 

a thick roof over a shallow cave eroded by the sea. The base of the 

deposit lies slightly below high tide level. 

Fragments in the conglomerate are of local origin and range in 

size from gravel to boulders with little apparent sorting. Ratio 

of fragments to (calcareous) cement is approximately 4: l. In sawed 

sections of the cemented deposit the boulders are well rounded and 

there is little evidence of decomposition except for faint peripheral 

blea.ching. On the weathered surface, however,. the boulders have 

been etched approximately 2 mm deep relative to the matrix. Con

sidering the short time that these boulders must have been exposed 

to the atmosphere relative to their total length of confinement 

within the matrix, the rate of erosion of eucrite is ranid. Most 

of the calcite matrix appears secondary and only exceptionally are 

shell fragments found. Foraminifera were looked f~r but not found. 

Wood (1958) has recorded a thin sequence of late Tertiary (Taranakian 

or Lower Wa.nganui) terrestrial and estuarine beds from Bluff Harbour 

but of this material the coarsest is pebbly sand. Nevertheless he 

reasons (pers. comm.) that on the basis of cementation alone, the 

conglomerate predates Pleistocene deposits in Southland. Assuming 
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Fig. 13. Conglomerate (Tertiary?) infilling small cove on south 
co as t of Greenhills. No te crude stratification in overlying slumped 
material. Geological hammer gives scale. SlBl/284~837. 
Transparent overlay gives details. , 
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the conglomerate is Tertiary, its wide spread but spora.dic occurrence 

suggests that Bluff Peninsula was islanded during this period. Ter

tiary deposits are known to underlie terrace gravels on the South

land Plains (Willett 19~8); Cullen (1967, p.59) considers it" ••• 

not improbable that Tertiary rocks are present also beneath the sedi

ments flooring Foveaux Strait. 11 

D. Pleistocene and Recent Deposits 

Pleistocene deposits. From a study of composition, distribu-

tion and provenence of the sediments of Foveaux Strait, Cullen (1967) 

showed that terrestrial conditions prevailed over this area at the 

end of the Pleistocene period. According to Cullen (1967, p.51) 

most of the sediments are coarse gravels showing fluviatile disner

sal patterns and he attributes this dispersal mainly to the same 

agencies " ••• that were responsible for the deposition of the Pleisto

cene and Quaternary gravels on the neighbouring land. 11 

Several miles east of the thesis area thick deposits of Pleisto

cene gravels underly the Awarua peat bogs. On Bluff Peninsula 

Pleistocene gravels occur only as sporadic remnants of raised beaches. 

The most obvious of the raised beaches is exposed at Sl81/260845 on 

the west coast of Greenhills at an elevation about 8 to 15 feet a

bove present mean sea level. Recent wind blown sands overlie this 

a.eposi t at the locality shovm in Figure 14. The deposit itself, 

presumably equivalent to the Hillgrove Formation (Mutch, 1963), is 

a thin unstratified layer of compacted gravel and rounded boulders 

resting on a narrow rocky shelf of deeply weathered eucrite. Weather

ing of the eucrite is such that prior to complete breakdown only 

tough boulders scattered through a sandy matrix remain. Residual 

products of thi·s sort, tens of feet thick, occur in north-east Green

hills where they are evident in road cuts and some stream sections. 
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Fig. 14. Raised beach about 8 to 15 feet above mean sea level; 
west coast of Greenhills. Note concentric weathering of' the eucrite 
bedrock. 8181/260845. Photograph taken from a colour slide. 
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In this cultivated area the soil has proved fertile although the 

extremely low K content of the eucrite suggests a possible K defi

ciency in the soil. A terrace suggestive of a raised beach also 

occurs at the 150 ft level. This is provisionally correlated with 

an interglacial period of still stand corresponding to one at about 

the same level deduced by Harrington (1958) in the region of Kaitan

gata, Southland. Beach deposits which might be associated with the 

terrace are not exposed at Greenhills and have presumably been 

denuded. 

Wood (1958, p.46) records a decomposition zone in basement rocks 

_where they are overlain by Tertiary beds at the southern end of Bluff 

harbour. Thus the decomposed zone evident in Figure l4~ot be 

regarded as a product of glacial conditions. 

Recent deposits. Wind blown sands are spread over considerable 

areas at Greenhills. One such area begins at the coast west-south

west of Three Sisters Trig. and extends about a mile inland along a 

wide easterly-trending swath nearly to the main road. Indigenous 

bush covers numerous dunes located in the eastern part of the thesis 

area. A large part of this area has been named a reserve by the 

Bluff Borough Council. Large "blows" of sand obscure the marginal 

gabbro at the eastern border of the complex. In the north-east part 

of Greenhills which borders Mokomoko Inlet, dune sand up to 50 feet 

deep covers a half square mile area. This area is rumoured to be 

the site of an ancient Maori burial ground. In 1968, about a mile 

south (8181/298870) on the west shore of Mokomoko Inlet a local far

mer (Mr Harper) unearthed several crude ovens and great heaps of' 

shells of the mud snail A~nhibola crenata (Martyn) and Lunella 

smaragada (:Martyn). A small number of inferior quality artifacts 

fashioned from local 11 argillite 11 have been recovered from the site. 

Sand blasting has produced a strong surface lineation on all 
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rocks above the high tide lc;vel along coastal sections. Even small 

boulders show deep lineation parallel to that in adjacent outcrops, 

a fact which vouches for the intensity of erosion by this means . 

Small ventifacts are common. An interesting phenomenon resulting 

from sand blasting is a desert varnish developed on some rocks. For 

example, wehrlite often exhibits a distinct metallic lustre over 

areas of partially serpentinized olivine. The lustre is due to the 

high polish acquired by the olivines and to the oxidation of finely 

eli vided magnetite within the serpentinized parts of the olivines. 

The growth of abundant reef-forming calcareous algae is recorded 

from the south coast of Greerillills at 3181/290833 where a deposit 

up to a foot thick mantles the rocky platform at the low tide level. 
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CHAPTER IV 

THE LAYERED SERIES 

A. Structure 

The mc:dn rock tvoes. Wager (1963, p.335) defines a layered 

series of igneous rocks 11
••• a.s an igneous complex which can be separated 

by structural or mineralogical criteria into a succession of' extensive 

sheets lying one above the other_. 11 The main rock types comprising 

the Greenhills Complex conform with this definition. The modal 

scheme illustrated in Figure 15 is readily applicable in the field; 

PlAGIOClASE 

Fig. 15. Modal schemeportraying rocks of tr..e Greenhills layered 
series. ?lotted points are rocks for which the mode he.s been 
micrometrically determined. 
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however, hornblende and orthopyroxene are generally present in 

amounts less than 5%. The terminology of the various rock types 

is explained in Chapter II. 

Sequence of ma,ior units of layering. The basin-shaped north 

pluton provides a 2000 ft vertical section through eucritic rocks 

which at their base grade through a Transition Zone into a 500 ft 

thickness of ultramafics (Fig. 16). In contrast the south pluton 

consists largely of ultramafic rocks. However, judging by the pre

sence of a similar Transition Zone at Barracouta Point and the occur

rence in both bodies of an important ultramafic marker horizon, name

ly a characteristic poikilitic peridotite unit, both the north and 

south plutons probably belonged to essentially the same· intrusion. 

Assuming that layering identified as s0 is primary, the eucritic 

and ultramafic rocks that together ma.i{e up the layered series when 

subdivided stratigraphically (Fig. 16) suggest an overall gravity 

stratification. 

Within this stratigraphic scheme various horizons are recog

nized where minerals appear or disappear, where proportions of miner

als change, and where physical properties of a mineral change. For 

rocks formed by crystal accumulation, Jackson (~Wyllie, 1967, 

p.24) defines such horizons respectively as phase, ratio and form 

contacts. 

Penetrative structures 

Planar structures. Two main s-surfa.ces are recognized. The 
•, 

first, s0 , is interpreted as primary and is marked by: a) rhythmic 

layering, a stratification in which there is gr-adation in a single 

stratum in grain size f'rom coarse and dark below to fine· and light 

above. This zonation is repeated in adja.cent layers. b) a 

contrasting abundance of a mineral in adjacent layers of rock. 
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This feature in some instances is accompanied by parallelism of 

platy or tabular minerals and is possibly equivalent to the "igneous 

lamination11 described from Barra.couta Point by Harrington and 

;.rcKellar (1956, p.105). Ty;_:>ical examples of' igneous lamination 

developed in v:el1rli te and duni te are shown in Figures l7A and l7B. 

In Figure l7A the lamination is parallel to the adjacent contact 

between the Transition Zone and the Wehrlite Zone. In Figure 17B a 

subtle dimensional orientation of' olivines is parallel to thin bands 

(wrQch mark s0 ) containing chromite and no doubt contributes to the 

fissile character of' the rock. 

The second type·of s-surface, S,, is the surface along which 
-'-

the rocks, particularly the ultramafics, show preferred f'issility. 

It is essentially a cleavage, presumably developed by deformation 

of solid material. As shown in Figure 17B, S.., is usually narallel 
~ " 

to s
0

• Characteristically it is most prominent in dunite. 

A non-penetrative structure consisting of thin (1-2 mm) sub

parallel closely spaced veinlets of tremoli te, talc and pale green 

chlorite occur sporadically throughout the.ultramafics. For the 

most part these are sub-horizontal and cut indiscriminantly across 

all crystals and fabric. 
loco. I h::tdrot"h.er """"I <:>.ct1v•'S. 

They are attributed to late stage shearinga.Yld 

LineB.tion. In contrast to igneous lamination, unequivocal 

examples of lineation are not obvious although examples of' parallel

ism of long axes of clinopyroxene crystals occur locally. A down

dip lineation present in the lamination illustrated in Figure 17A 

is one example. [,•iesoscopic f'old axes resulting from small sca.le 

deformation of s0 also define a penetrative lineation. This is 

attributed to early shear movements. Linear non-penetrative struc

tures are locally developed on slickensided surfaces of dunite, as 

seen at the Greenhills quarries. 
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Fig. 17A. Igneous l amination 
defined by parallelism of 
clinopyroxene crysta.ls in wehrli te 
shown normal to the lamination. 
A lineation within t he plane of 
the lamination (not visible in 
this photograph ) is also present. 
3181/263885, the Pilot Station. 

Fig. 17B. Lamination in dunite shown by lustre mottling caused by 
sunlight reflecting from individual olivines elongated parallel to 
s0 • S0 is parallel to s1 perpendicular to the rule. Sl8l/287836. 

reiel07p
Rectangle



Kinds of layering 

Introduction. The s0 structure at Greenhills is more prominent 

in rocks of the eucritic portion of the layered series than in the 

underlying ultramafics. This is chiefly because of the large num

ber of ratio contacts or horizons " ••• marked by a shar-p change in 

the proportions of two cumulus minerals'' (Jackson, in Wyllie, 1967, 

p.22). Layering ce.n also be perceived in the ultramafics. N"ear 

unfaulted contacts betvmen duni te and wehrli te often occurs a transi

tional type of rock, poikilitic peridotite. This rock is distin

guished by ratio as ·well as by form contacts, the latter being 

horizons" ••• marked by a sharp change in the physical properties 

of a cumulus mineral, such as size or habit" (Jackson, in Wyllie, 

1967, p.22). However, with the exception of sporadic discontinuous 

chromite~rich bands in d.unite, mappable layering is relatively un

common vri thin the thick ultramafic portion of the complex. Various 

aspects of the major units of layering in the Greenhills layered 

series are discussed below. 

Rhythmic layering. At a number of localities, characteristics 

of the layering are reminiscent of structures common to normal 

sediments. One of the most notable characteristics is the repeated 

graded bedding. Typically each rhythmic unit consists of a basal 

melanocratic layer that grades upward into leucocratic and usually 

finer-grained layers. The top and bottom of each unit is marked 

respectively by an abrupt reversal to melanocratic and to leuco

cratic material. 

Wager and Brown (1968, p.209) noted that density sorting is 

not infrequent in most layered intrusions whereas in sedimentary 

rocks size sorting is dominant. However, Irvine. (1965) has 

documented turbidite-type 9rain-size sorting from the Duke Island 

ultramafic complex. At a number of localities in Greenhills 
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Fig. 18. Rhythmically layered eucrite showing one 17-inch thick 
unit bounded by top and base of adjacent units. Note apparent 
size gradation i n clinopyroxene from large at the base of the unit 
to small at the top. See also Figure 22. Sl8l/268863o 
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exiJosures of rhythmically layered eucrite exhibit clear gradation 

in crystal size. One of these (Fig. 18) was selected to assess 

the relative roles of density and size sorting. 

Grain size data v1ere obtained from eight 2 by 1 inch thin 

sections cut normal to the layering over the intervals shown in 

Figure 19. Measurements were made at low magnification using a 

transparent grid of l mm divisions. The 11 mean grain size 11 was 

taken as the aver.sge of the largest diameter and the greatest 

dimension normal to this measurement. Grains lying under more than 

one grid intersection were counted a corresponding number of times. 

Effects of sectioning and natural overgrow·ths on crystals have not 

been corrected. In each thin section 50 plagioclase grains have 

been measured, but in some thin sections the number of clinopyroxene 

or olivine grains is as low as 25. P~ estimate of the mode on the 

basis of each of the eight sections is shown in F~gure 20. 

Plagioclase crystals tend to be equidimensional and outlines 

of what may have been cumulus crystals are unclear possibly due to 

the lack of zoning. In contrast, clinopyroxene and olivine tend to 

be idiomorphic, although unzoned overgrowths occur on both phases, 

particularly on the olivines. The size sorting of clinopyroxene 

suggests the former existence of a liquid through which these 

crystals accumulated by gravity. Olivine, although present as 

smaller crystals, behaves like clinopyroxene and is more abundant 

towards the base of' the layer (Fig. 20). The slight difference 

(0.15) in specific gravity between the olivines and clinopyroxenes 

does not support the idea that density differences brought these 

two phases together and that sorting occurred under conditions of 

hydraulic equivalence. The relative settling rates of olivine and 

clinopyroxene can be calculated for the various samples from Stoke's 
2 2(d -d ) . Law V = 9gr s 1 where g = accelerat~on due to gravity, r = 

1"'\.. . 
radius of the sinking sphere (measured in mm), d

3 
= density 
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Fig. 21A. Cumule.tive curves shmving gre.in size distributions 
of' A) olivine and B) clinopyroxene in graded layering. The 
curves b,c,d,e,f' and g correspond to samples taken at increasing 
height above the base (b) of the layer shown in Figure 18. 
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Top 

Base 

Fig. 22. Photomacrographs of basal and upper portions of graded 
layer shown in ~2gure 18. cpx = clinopyroxene; ol = olivine; 
pl = plagioclase. x 3 • Non-polarized light. Confa.d fr ,'·.., f. 
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o:f the grain (3.5 :for olivine, 3.35 for clinopy-roxene), QT :: density 
.oJ 

of the li q_uid, 11 = viscosity of the li q_uid in poises. The Reynolds 

number of olivine and clinopyroxene grains is less than 0.2 and 

therefore Stoke's Law is valid (Jackson, 1961, p.31) • ..;\ssuming the 

basic magma approximates that of the Stillwater (Jackson, 1961) d1 
is estimated as 2.7 and ~as 3000 poises. The relative settling 

0. ,, 

rate of olivine to clinopyroxene rm1ges from 1.0 to~ as shown 

in Figure 19 suggesting that differences in size are not compensated 

by dif~ferences in density except in the middle upper portion of the 

layer and that only in this region are the grains hydraulically 

equivalent. A plot of mean diameters of coexisting olivines and 

clinopyroxenes (Fig. 21B) discourages interpretation of the layering 

as current bedding because Jackson (1961) has shown that particles 

tend to be hydraulically equivalent in current bedded rocks. In 

contrast, Wager and Brown (1968) have presented a strong ca,>e for 

convection currents having operated in the Skaergaard intrusion to 

produce uniform rock in which settled phases are not hydraulically 

equivalent. At Greenhills there is little direct evidence to 

support the existence of currents and only one local feature 

suggestive of scour is known (Figo 23)o 

Sorting characteristics in the Greenhills example (Fig. 21A) 

generally resemble turbidites such as those figured by Irvine (1965, 

p.23l). Although clinopyroxene grains show better sorting in the upper 

part of the layer, the olivines are better sorted in the lower part. 

The distributions of both minerals approach log normal. Sample 

OoU. 25980, located about 2 inches above the base of the layer, contains 

the largest clinopyroxenes and judging from Figure 19 appears dupli

cated in the overlying unit~ Inspection of the outcrop (Fig. 18) 

suggests that the coarsest clinopyroxenes do not occur directly 

at the base of the layero 1'his is unlike normal features of graded 

deposits reported by Kuenen (1953, p.l048), or the eJ.-perimental 
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Fig. 23. Possible scour and fill structure (6 inches below rule) 
in fallen block of eucrite. 3181/290879. 
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Fig. 24-. Upv<ard pressure in the fluid of' a typical 
boundary layer is minimum at the top where velocity 
is highest and maximum at the base where velocity 
is lowest. (AI:"ter Fisher and Mattinson, 1968). 

res~lts obtained on turbidity currents of high deosity by the same 

author (Kuenen, 1951). In thin section ( 0. U. 25980) the clinopyroxenes 

are welded together in clusters. Jackson (1961, p.34) records a 

.similar phenomenon from the ultramafic zone of the Stillwater 

complex but doubts that the settling rate is modified by such 

clusters of crystals. However, recent research by Fisher a.nd 

Me.ttinson (1968) on a Californian sequence of turbidite conglomerates 

suggests that such clustering plays an important role in the 

development of certain graded deposits. To explain inverse grading 

at the base of each conglomerate unit Fisher and Mattinson (ibid., 

p.l013) invoked Bernoulli's principle 11 
••• whereby pressures near 

the boundary of deposition tend to drive the large ~articles upward 

The resultant of the pressures is a net upward or inward 

pressure away from the boundary which operates most effectively on 

the largest particles'' (Fig. 24). il.ccording to Bagnold (1954) this 

principle applies only to flovvs containing a high concentration of 

solids. The same principle has been proposed to explain inverse 

grading in lahars (Schmincke, 1967) and ignimbrites (Fisher, 1966a). 

Assuming that the larger clinopyroxene and to a lesser extent 

olivine grains represent settled phases in the Greenhills example 
- ' 
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the ratio of crystals to liquid. in the magma a.pproached l: l. This 

ratio lies well within requirements set by Bagnold's (1954) analysis. 

It therefore seems possible that at Greenhills some of the graded 

layering originated by high density flo·w. Possibly this graded 

bedding vii th its clusters of crystals may be transitional to the 

more prevalent discontinuous banding. 

Size sorting from B2rracouta Point. Evidence suggesting size 

sorting of particulate sediments occurs in a fallen block of eucrite 

at 8181/259841. Figure 25 shows from right to left bands 1 to 3 of 

contrasting grain size. The results of thin section study of these 

bands is given below •. 

Texture o.f the coarse-grained band l (O.U. 25790) is sub-ophitic 

with a tendency to flowage clearly outlined by tabular plagioclase 

Cirystals averaging about 2 mm in length. Normal zoning in this 

mineral appears strong. Clinopyroxene crystals average 4- mm diameter 

and are heavily replaced by hornblende. ~uartz occurs interstitially 

to plagioclase. A small xenolith of unidentified rock is present in 

band l. 

In band 2 ( 0. U. 25791) clinopyroxenes average about 2 mm in 

diameter and are almost completely replaced by hornblende. 

Cummingtonite occurs as scattered tufts and as exsolution lamellae 

in the hornblende. A hornblende-plagioclase symplectite is also 

recorded in this rock. 

Band 3 is compris·ed of tabular plagioclases equivalent in size 

to those in the first two bands and set in a finer-grained ground

mass of plagioclase, hornblende and orthopyroxene. Phenocrysts of 

clinopyroxene 4- to 6 mm in diameter are lightly disseminated through

out this band; accessory minerals are quartz, apa.ti te and magnetite. 

Texturally and mineralogically the above bands are anomalous 

to the layered series rocks and the possibility that they form part 
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Fig . 25. Size sorting in fallen block of eucrite. 8181/25984.1. 
From right to lef t bands 1 to 3 of contrasting grain size are 
recognized. Note unidentified xenolith in band 1 (bottom r ight 
of photograph). Transparent overlay g~ves details. 
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of a dyke is not ruled out. Eov1ever, supoosing the b<mds are. part 

of the layered series, then both the clinopyroxene end plagiocla.se 

of the bands could be classed as size-sorted cumulus minerals. 

Wager and Brown (1968) suggest that where size sorting occurs, as 

in Sk.sergaa.rd uniform average rock, it is the result of steady 

laminar-flow current, not intermittent currents. In the above 

exa.mple from Greenhills, steady laminar flow could account 

satisfactorily for the plagioclase crystals. Indeed Jackson (1961, 

p. 28) ha.s demonstrated that sorting is good in layered rocks that 

contain only a single settled mineral. However, either an independent 

source or an intermittent supply, or both, must be postulated to 

account E'or the distribution of clinopyroxene in the three layers 

because evidently hydraulic equivalence did not hold between this 

minera.l and plagioclase. 

Small scale rhythmic layering from Barracouta Point. 

Convective overturn of magma modelled on Skaergaard was tentatively 

proposed by Harrington and McKellar (1956) to explain rhythmic 

layering in a rock which they termed "gabbro" at Barracouta Point. 

'l'tey also suggested that this "gabbro" together with peridotite 

and :pyroxenite (wehrlite) formed part of a folded,layered intrusion. 

Strictly speaking this "gabbro" is a eucrite because the plagioclase 

of a typical specimen (0. U. 25785) is bytovmi te. Ref'rac ti ve index 

measurements on olivine give -0 = l. 712 indica.ting about 71 percent 

forsterite. The importance of distinguishing this rock, the 

Barra.couta. Point "gabbro", from other eucri tic rocks at Greenhills 

is explained below~ 

The location of Harrington and 1f,c1\.ellar 1 s figured outcrop 

(ibic3_., p.l06, Fig, 3) is shown geographically oriented in Figure 26. 

Nearly vertical layers young to the east according to the concept 

of gravity stratification. Efosion, slumping and sliding and minor 
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?ig . 26 . Deformed rhyth..rnic layering in "gabbro" near Barracouta 
Point. RelAtively homogeneous pegmati tic materia.l occurs as 
interbedded units and in some cases (above and to right of hammer) 
tends to camouflage s0 structure. Jeatures of erosion, slumuing 
and sliding and minor di slocation of' l ayers are all evident at this 
outcrop. Facing north, 8181/270840 . 



, .. 

j 
'. 

-53-

dislocetion of layers during their deposition, features remarked 

upon by Hc;rrington ano I'<~cKellar (1956), may all be discerned in 

Figure 26. Relatively homogeneous pegmatitic material occurs as 

interbedded units and in some cases (above hammer) tends to ca.mouflB.ge 

so structure. In other instances it behaves as a dyke a.nd trP.nsects 

so abruptly. 'rhese me..sses of pegma.titic ma.terial probably relA.te, 

as Harrington and 1lcKellar (1956, p.l06) suggest, to formation of 
11 

••• gabbro pegmatite contemporaneously with the deposition of 

adjacent layers. 11 In the vicinity of Barracouta Point slumping in 

rhythmically layered 11 gabbro 11 rive.ls in scale and intensity examples 

described from Rhum (Brown, 1956, Fig. 34; Wadsworth, 1961, Fig. 26) 

and from Ubekendt Ejland (Thompson and Patrick, 1968, Plate 16A). 

It is pertinant to note here the reason for this. Harrington and 

McKellar's choice of outcrop to illustrate layering at Barracouta 

Point is unfortunate. 'rheir Figures 2 and 3 illustrate 11 ga.bbro'' at 

Sl8l/270840, 400 yards distant from the main layered series eucrite 

at Barracouta Point. Of grea.ter geological significance is the fact 

that a.t this loca.tion duni te has been intruded by the rhythmically 

layered "gabbro 11
• At Barra.couta Point a similar body of rock, very 

likely the same 11 gabbro 11
, has intruded the main layered series 

eucrite. This implies that the Barracouta Point 11 gabbro 11 is a later 

intrusion than the eucrite of the Greenhills layered series. 

Throughout the Barracouta Point 11 gabbro 11 are scattered .Patches 

of hornblende which are readily located by reflection of sunlight 

from their cleavage (Figs. 27 and 28). Ref'lecting patches of horn

blende are less commonly observed in eucrite of the layered series. 

Wood (1969, p.34) has described a similar phenomenon from layered 

gabbroic rocks a.t Pahia Point suggesting that " ••. layering and 

associated gradational changes in composition are apparently due to 

gravity settling of initially small hornblende crystals over 

distances of 2-5 em, before complete crysta.llization of the rock. 
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Fig. 27. Boulder of rhyt:r.mi c ally banded "gabbro" . Patches of 
hornblende are circumscribed with chalk. 

Fig. 28. Details of Figure 27 showing poikili tic habit of hornblende. 
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The la.rge poikili tic hornblendes have formed by later recrystallization 

in pla.ce, after the layering and gradational structure that extends 

through them was established. 11 Texturally the habit of. the horn

blende is much the same in all the above mentioned_ rocks. One 

qualification will be made, however, concerning the rec~Jstallization 

of hornblende proposed by Wood (1969). Evidence f'or such recr-ysta.lliza.tion 

in the Greenhills rocks is slight. In Barracouta Point "gabbro 11 the 

hornblende has crystallized late together with growths of titano

magnetite. Contact of hornblende against olivine crystals is sharp 

but Ca.-rich clinopyroxenes are in some instances completely pseudo

morphea. In some cases the pseudomorphs are optically continuous 

with veinlets of hornblende which cut plagioclAse ana give to the 

rock its chara.cteristic protocla.stic texture. In 0. U. 2578?) 

hornblende poikili tica.lly encloses pla.gioclase, olivine and nyroxene. 

These hornblendes are in fact the conspicuous reflecting hornblendes 

seen in hand specimen. The rock appears to have been produced by 

reaction between crystalline phases and a late stage magmatic liquid 

from which hornblende crystallized in abundance. The manner in 

which hornblende dominates the texture of the interstitial material 

is similar to the oikocrysts of augite, orthopyroxene and olivine 

described from the Stillwater complex by Jackson (1961, p.67) who 

visualized the growth of oikocrysts as tt ••• outwa.rd from centrA.l 

nuclei displacing the interprecipitate magma without local entrapment.u 

This is the favoured hypothesis of origin of the large reflecting 

hornblendes at Greenhills. 

Ha.rrisitic structure near Barracouta Point. Associated with 

rhythmic layering at 3181/263845 is a structure resembling the 

"harrisitic structure" of olivines from Rhum (Wager and Brown, 1951). 
The term describes an unusual habit o:E' olivine produced by conditions 

that resulted in the unward grmvth oE' elongated branching crysta.ls. 

Assuming the Greenhills example (Fig. 29) is in situ, the hypothesis 
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Fig . 29. Rhythmically layered eucrite, possibly not in situ, with 
harrisitic olivines (large dark crystals) shown in two layers at 
top, and in l layer at the bottom of photograph . Mafic crystals 
in the thin layers are mainly hornblende. Sl8~263845. 
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of gravity stratification suggests that the layering is inverted. 

A thin band of magnetite (?) located near the three inch line on 

the rule may mark the original base of the lowermost layer. Rooted 

at this base and projecting downward in Figure 29 are elongate 

(2 inch) olivines oriented with their £-axes perpendicular s
0

• 

This orientation, confirmed by thin section study, was first 

suggested by crude goniometric measurements on olivines projecting 
rr o 11o 

from the weathered .surface (O.U. 25793) which showed (-6;'t0)"'(001.) 

approximately 50°. Whether or not branching of the crystals occurs 

is not known. They show no sign of flattening parallel to (010) 

thus differing from the habit of Rhum harrisitic olivines which are 

flattened parallel to (010) and tend to be elongate parallel to the 

!:;-axis (Wadsworth, 1961). 

The habit of clinopyroxene in some of the vrehrlite dykes and 

the habit of hornblende in some of the hornblende-plagioclase 

pegmatite dykes resemble the harrisitic olivines in Figure 29 but 

are invariably rooted on both sides of the dykes. In contrast, the 

olivines of the lowermost layer shown in Figure 29 are rooted at 

one side only. 

Discontinuous banding. This is a kind of layering characterized 

by discontinuous banding along strike. Adjacent bands contain the 

same minerals in contrasting ratios. Discontinuously banded rock 

together with a substantial thickness of more uniform eucrite make 

up the major part of the eucritic portion of the layered series. 

Discontinuous banding appears to result from the disruption of 

earlier banding as shown by small intrar'"'ormational shear folds 

(Figs. 30 and 31). These folds have thickened crests and troughs 

and in most cases banding has been truncated as a result of 

attenuation. In some cases typical rhythmic layering occurs in the 

same outcrop, but not at the same horizon, as discontinuous banding. 
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Fig. 30. Discontinuous banding in layered series7 lOO ft south
west of Three Sisters Trig. Scale is l foot. Facing .south-east. 

' . 
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Fig. 31. Details of Figure 30 centered on quartz-feldsnar 
actinolite dilation dyke. Note coarse grain of rock and faintly 
outlined shear folds in mafic layers in upper right of photograph. 



r 
•,\ 
i 
J 

r 
I· 
i 

-60-

Examples a.re particularly well exposed at tl-:e Pilot Station (normal 

grading) and 50 ft south of Three Sisters Trig. (reverse grading). 

Details of one example from the latter locality are shown in Figure 32. 

The same phenomenon appears less obviously in Figure 30. In 

instances where incipient shearing has affected such graded beds, 

the mineral gradation can be traced a.round the thickened crests and 

troughs of small folds, indica.ting that the gradation existed prior 

to deformation. Optical determinations of the compositions of 

olivine, clinopyroxene and plagioclase in adjacent mafic and felsic 

layers in two specimens (o.u. 26007 and O.U. 26008)showed that 

minerals in adjacent layers do not dif~er significantly in 

composition. For these reasons the discontinuous banding is inter

preted as connate to the eucrite. 

The relatively unstrained ~abric of the rock suggests that the 1 

drawing out anq deformation of discontinuous banding must have 

occurred by flowage in a semi-solid condition. A number o~ meso

scopic shear folds most of which are rotated to the north and only 

a few to the south, occur at 8181/270864. The condition most capable 

of producing such haphazard folding is the slumping and sliding o~ 

unconsolidated material between relatively more stable layers. 

Although not practicable in the field to measure the rake of the 

shear fold axes (B8 ) more accurately than~ 10°, a careful search 

was made around the0periphery of the north pluton to ascertain their 

geometry. As in the above example, a number or reversals in the 

sense of rotation of the folds were observed. However at each of 

the six localities where B8 was measured, rake ~f the fold axes 

did not exceed 15°, suggest~ng that ~esoscopic folding in the 

layered series may have been controlled by conditions of slumping 

during evolution of the northpluton. 
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Fig. 32. Graded bedding transitional into discontinuous banding; 
sequence is by convention inverted. Location about 50 ft south of 
the Three Sisters Trig. 
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Crvptic layering 

Introduction. According to Wager and Deer (1939, p.37) cryptic 

layering involves the gradual change in composition of a solid phase 

as fractional crystallization progresses, with or without abrupt 

appearance or disappearance of particular solid phases. In the case 

of Skaergaard and other igneous intrusions, including some gabbro

peridotite complexes, cryptic layering has been shown to be of 

critical petrogenetic importance. Greenhills Ultramafic Complex 

belongs to the latter category and appears to be layered after the 

fashion of classic stratiform bodies. To aid the study of layering 

at Greenhills, mineralogical and modal analyses (Table 3) were made 

on 25 samples from a 2500 ft vertical section E1-E
2 

(Map 1) of the 

north pluton. Availability of outcrop controlled sample interval. 

Detailed textural descriptions of the rocks are given in Chapter IV C. 

In general, texture of the eucrite can be described as hypidiomorphic 

to xenomorphic granular. A 50 ft thick allivalite unit occurs in 

the Eucrite Zone. Near the base of the section the Eucrite Zone 

grades transi tionally into the Wehrli te Zone. Hornblende and ore 

content fall off and orthopyroxene is virtually absent. Wehrlite 

averages about 75% clinopyroxene and 25% olivine thus resembling 

the wehrlite described by Turner (1930) from the Cascade Valley, 

Westland; texture is essentially hypidiomorphic granular. Near 

the base of the Wehrlite Zone occurs a unit of poikilitic peridotite 

in which the olivine:clinopyroxene ratio is approximately 2:1. 

Pyroxenes in this unit commonly attain 1.5 em in diameter and 

poikilitically enclose many euhedral to subhedral olivines. Zoning 

in the main minerals of the layered series is weak and patchy. 

Method. Modal calculations were carried out using a Swift 

point counter and the scheme outlined by Chayes (1956) for 

rocks of essentially granitic fabric. The total given for olivine 
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Atom1c % Fo % A Atoml.c 
% cpx % % * % 1 Elev. o.u. % Ca % Mg % Fe . n % F % ol % hb % opx 1 e uralite p ag ol feet No. clinopyroxene P ag opx opaques 

2100 25704 43 41 16 71.7 24. 36.3 22.8 0.2 3.9 1.0 36.7 

1910 25703 42 41 17 71.7 24 27.8 39.6 0.2 7o3 1 .o 24.,9 

1720 25702 42 41 17 71.7 27.0 39 .. 3 0.2 5 .. 2 1.0 28.3 
1340 _25687 43 41 16 70.3 27 29.8 34.3 1.0 6.0 1.0 28.7 

14 21.7 4o.o 3.8 12.0 3.0 22.0 1295 
1090 
1040 
858 
805 
630 
585 
540 
500 
420 
380 
260 
125 

Bo 
45 
20 
-5 

-100 
-360 
-400 
-440 

25688 41 45 70 .. 3 
24591 43 42 15 73·9 88$3 27 31.2 39.3 1 .. 6 3.0 1 ,0 24.7 

25690 43 41 16 68 .. 1 25 19.4 21.8 2.1 6.,0 1.5 42.0 

25691 43 41 16* 68.1 90 .. 4 22.5 3· 1 8.1 4.0 trace 62.3 
25692 43 41 16 65 .. 2 25 10.6 5o9 3 .. 8 3.9 trace 73.8 
25693 43 42 15 73e9 31 .. 8 36.3 o.4 3.0 1.0 28 .. 4 
25694 41 44 15 75 .. 3 24.3 44.2 o. 1 5o0 2.0 26.4 

25695 43 43 1l} 76.0 39.9 40 .L~ 0.1 5.,0 < 1.0 14.4 

25696 42 lt3 15 75o3 31.3 26.,0 0.2 10.0 1.0 32.,0 
.25697 44 43 13 78 .. 9 25 20.1 48.6 0 .. 3 4.0 1.5 26.,4 

24592 44 43 13 78.9 91.0 25 25 .. 0 22.3 0.2 3.0 1.5 48.,8 

25699 44 42 14 78 .. 9 24.3 41u1 o. 1 1.0 1e0 32.9 
25700 43 42 15 77·5 38.5 29.1 nil 2.0 1.5 30.,4 
25701 43 42 15"' 76.0 25 14 .. 8 52 .. 8 nil 2 .. 8 2 .. 8 28 .. 5 
25689 43 41 16 73·9 26.7 54.0 nil 1.,0 1.0 18.3 
25698 44 41 15 78.9 91.9 29 .. 3 58.1 .0.,4 o.8 <1.0 11.4 
25705 45 44 

/ 
11 79.6 46.7 52.6 nil 0.2 0.2 0,5 

25706 45 44 11 79.6 29.6 70.,2 nil 0.2 0.,2 nil 

25707 42 47 11 83.2 28.9 70.9 nil 0.,2 0.2 nil 

25708 41 55 4 81 .. 1 70.4 29-5 o. 1 nil trace nil 

25709 41 54 6 78 .. 9 63 .. 8 33.4 0.5 2.3 0.2 nil 

7f included ".; t,f, 

TABLE 3 Essential mineralogical and modal data on 25 rock samples in stratigraphic order, 
from the vertical section E~ - E

2 
through the north pluton. Elevations refer to 

the base of the Transition ~one (0). 

(• estimated from ~ refractive index) 

0.1 
0.2 
nil 
0.2 
Oe5 
0.2 
0 .. 7 
nil 
2.,0 
0.1 
nil 
0 .. 2 
0 .. 5 
o.6 
0 .. 7 
Oo6 
nil 
1.1 
nil 
nil 
nil 
nil 
nil 
nil 
nil 

I 
0' 

'-.N 
I 
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includes serpentine because of' the mafic minerals only olivine shows 

appreciable serpentinization. For simplicity a constant volume 

replacement of' olivine by serpentine is assumed. 

By means of' factor analysis the correlation coefficients among 

10 of' the more important variables were calculated. The coefficients 

are derived by an R-mode analysis as described by Krumbein and Gray

bill (1965) in which n variables are treated a.nd an n x n matrix of 

relationships is examined between all pairs of variables. Correlation 

coefficients for each of the 10 variables, paired one against the 

other, are shown in Table 4. Signs of either positive or negative 

correlation are affixed indicating the cova.riance, the extent of the 

association. The correlation coefficient takes a value of 1.00 only 

for perfect linear associations. In testing the significance level 

of correlation coefficients, n - 2 degrees of' freedom are used 

because pairs of' observations are being used to estimate a straight 

line and three. pairs at least a.re required to test this association. 

Reference to standard tables (Fisher & Yates, 1943) gives approxi

mately .414 and .526 as 95% and 99% confidence limits respectively. 

Thus if the coefficient is greater than .526 the null hypothesis 

that no association exists is rejected with 99% confidence. This 

study was aided by the use of the University of Otago's IBM 360 
computer and the program Factor executed in Fortran IV. 

Results. Among the-more significant correlations are a) a 

definite association (95% confidence) of the amount of olivine with 

the most Mg-rich olivine· b) a strong (99% confidence) negative 

association between the atomic % Fe in clinopyroxene and the % Fo in 

olivine. These traits together with the slight decrease in anorthite 

content of plagioclase towards the top of the section (Table 3) are 

typical of cryptically layered stratiform.intrusions. 

The sympathetic correlation coefficients for Ca, Mg and Fe of 
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% Fo 
atomic % % % clino- % % horn- % plagio- % ortho-

Fe Mg Ca 
olivine clinopyroxene 

olivine pyroxene opaques blende clase pyroxene 

% Fo 1.00 -0.66 0.53 0.17 o.49 Oo64 -0.64 --0-59 -0.73 -0.41 
olivine 

atomic 1.00 .-0.95 0.19 -0.78 -0.20 0.23 0.44 0.63 0.24 
% Fe 

% Mg 1.00 -0.49 0.78 0.10 -0.17 -0.25 -0.58 -0.25 

% Ca 
clino- 1.00 -0.27 0.22 -0.10 -0 .. 45 o.o8 0.11 
pyroxene 

% olivine 1.00 o.o4 -0.32 -0.33 -0.63 -0.56 

9b clino- 1.00 -0.59 pyroxene 
-0.36 -0.78 -0.38 

% opaques 1.00 0.31 0.59 0 .2lJ-

% horn- 1.00 0.35 0.23 
blende 

% plagio- 1.00 0.63 
clase 

% ortho- 1.00 
pyroxene 

-- .. ...~ 

TABLE 4: Correlation coefficients between the 10 variables studied in 25 samples from a 2500 ft. 
vertical section of the north pluton. 
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clinopyroxene reflect tl'e efficacy of the analytical method. Plagio

clase content varies in a manner analgous to atomic % Fe in clino

pyroxene. Hornblende and orthopyroxene tend to increase towards the 

top of the stratigraphic section; only a week positive correlation 

is evident between hornblende and the amount of opaques. Compared 

to the Alaskan ultramafics (Ruckmick and Noble, 1959) the Greenr.ills 

rocks contain vanishingly small amounts of opaques. 

Forsterite content of the olivines along with the atomic 

proportion of Fe in the clinopyroxenes are the clearest indicators 

of cryptic layering at Greenhills. Figure 33 shows these two 

variables plotted against height in the layered series. 

Discussion. It seems likely that at Greenhills a general 

solidification from the base upwards took place. In support of this 

concept is the o-verall decrease in the Mg/Fe ratio of olivine and 

the decrease in amount of olivine with increasing height in the 

layered series, and the rare occurrence of xenoliths of underlying 

rocks in o-verlying horizons. 

The situation at Greenhills is, however, different from that 

of conventional cryptic layering. At Kap Edvard Holm intrusion, 

east Greenland, Deer and Abbott (1965) record repetition of cryptic 

layering in two series of rocks. The end of each succession is 

marked by an abrupt change from low temperature members of solid 

solution series to high temperature members. The phenomenon is 

correlated with a large volume of undifferentiated magma injected 

after most of the lowermost series was consolidated. In contrast, 

the manner in which forsteri te content of olivine's (Fig. 33) at 

Greenhills va.ries with height seems cyclic rather than rhythmic. 

It is therefore uncertain whether influx of undifferentiated magma, 

or partially differentiated magma after the manner of Kap Edvard 

Holm complex, occurred in the case of Greenhills. Mixing of magmas 

has been postulated by Wadsworth (1961) to account for the reverse 



j 
I 

I 
J:' 
j 

I 
'I 

I_ 

L l j ., 
). 

J 
'~ 
I~ 

I 
J 

1 \ 

.; 
'I 
I l 
l :-

I if 
I 
I 
T 
I 
l 

I l 

II 
I " 

-67-

1000 

500 

0 

I 
I 
I 

i~. 

atomic c' lfe 1 

200 .dinopyro ene ·~ 
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Fig. 33. Cryptic layering at Greenhills shown by plots of 
atomic % Fe clinopyroxene and % Fo olivine against height 
in the layered series. Elevations refer to the base of 
the Transition Zone (o). 
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of normal cryptic layering in the Transition series in south-west 

Rhum. The 150-170 ft thick series underlies two units in which 

normal cryptic layering occurs. The Transition series, according 

to Wadsworth, consists of eucritic cumulates upwards through which 

olivines become more magnesian (Fo82_86 ) and the feldspars more 

calcic (~8_84 ). Change in olivine and feldspar composition is 

gradational over a few feet at the base of the series. Mixing of 

an undifferentiated magma intermediate in composition between the 

parent of the underlying less basic Harris Bay series (Fo
81

_82 ) and 

that of the more basic overlying Ard ~llieall series (Fo
88

_
89

) is 

believed to account for the anomalous Transition series. Possibly 

a similar phenomenon accounts for the cryptic layering at Greenhills. 

One other means of producing reversed cryptic layering may be 

briefly examined. From "chilled" hypersthene dolerite of the Border 

Zone rocks of the Stillwater complex Hess (1960, p.55) records 

almost euhedral orthopyroxene, less Mg-rich than from overlying 

coarser-grained mafic norite. Similarly, interstitial clinopyroxene 

and plagioclase are respectively more Mg- and Ca-rich in the mafic 

norite. In the basal portion of the Ultramafic Zone which overlies 

the mafic norite, even more Mg-rich pyroxene and more Ca-rich plagio

clase are found. Total thickness from the base of the "chilled" 

dolerite to the base of the Ultramafic Zone is several hundred feet. 

Hess suggests that crystals of orthopyroxene may have been modified 

to an intermediate (lower temperature) composition by reaction with 

surrounding liquid, the viscosity of which decreased from the floor 

upward. A similar behaviour in the case of olivine in an Hawaiian 

lava lake has been elegantly demonstrated by Moore and Evans (1967). 

Hess (1960, p.55) attributes the enrichment of Mg and Ca in inter

stitial clino'pyroxene and plagioclase 11 
••• to another process -

namely, the loss upward of some of the less refractory constituents 
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of the magma by diffusion of the more refractory constituents from 

the overlying magma to the site of crystallization.tr Similar phe

nomena have been recorded from the base of other large layered in

trusions and from dolerite sills although invariably a process of 

continuous crystal accumulation follows initial "chilling11
• At no 

point in the 2500 ft sequence of the Greenhills north pluton has any 
11 chilled11 rock been recognized. It therefore appears that the 

hypothesis of mixing of magmas in a type of open system best accounts 

for the nature of the cryptic layering at Greenhills. 

Mixed dunite/wehrlite unit. Irregularly-shaped patches of 

dunite up to a foot in diameter are not uncommon throughout t.he 

wehrlite. However, an intimate mixture of dunite and wehrlite 

frequently marks and is usually restricted to the immediate vicinity 

of' major dunite/wehrlite contacts. This 11 mixed unit" is characterized 

by the presence of globul.es of wehrli te up to 3 or more f'eet in 

diameter in dunite or by irregularly-shaped patches of dunite in 

wehrlite (Fig. 34). No chilling or bleaching of' host rock adjacent 

such f'ragments is evident. Texturally nothing outstanding distin

guishes them f'rom massive layers of' wehrlite and dunite. 

The mixed dunite/wehrlite unit defies mapping on any but a very 

small scale. The geometry of' the patches of' dunite is bewildering 

but in many cases they assume a dyke-like f'orm. However, certain 

features of the dunite demonstrate its emplacem~nt over a period of 

time during which the host rock, wehrlite, consolidated. Prime 

evidence f'or this relates to ultramaf'ic dykes which are prominent 

in the mixed unit. 

Disseminated chromite occurs in dunite of the mixed unit as 

well as in the main dunite masses. In one instance concentration 

of chromite grains is recorded f'rom the central portion of a dunite 

dyke (o.u. 25801). Forsterite content of' olivine in this dyke deter

mined by X-ray dif'fraction is 88.9%, a composition matched by layered 
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Fig. 34. Mixed unit of dunite (smooth, grey) and wehrlite (rough, 
preferentially weathered sur:'ace). Gradation in form of the dunite 
patches suggests a common origin for most of the forms of dunite 
found in the mixture. Early composite ultrabasic dyke beneath rule. 
SlBl/260856. 
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series dunite. Smith (1958) mapped similar dykes in the Bay o~ 

Islands igneous complex, Newfoundland, on the basis of size of 

constituent chromites. Due to the heavily serpentinized nature o~ 

the dunite and the variability in composition of the chromite, Smith 

(1958, p.27) likened the origin of the chromite" ••• to the central 

magnetite partings found in serpentine veins •••• 11 In contrast the 

Greenhills dyke, not so extensively serpentinized and with relatively 

unaltered chromite, probably originated magmatically, and the dis

tribution o~ chromite within it by flowage di~~erentiation. 

One of the most enigmatic bodies of dunite at Greenhills is 

exemplified by v.rhat appears to be a single large dyke ( O. U. 25761, 

% Fo olivine = 87.6) in the form o~ a cross located 85ft west of 

the Natural Arch. The locality is here named for the occurrence of 

a small arch eroded in dunite by the sea. Details of the geology 

of this locality are shown on Map 2. Throughout each main arm of 

the dyke run two sets of cleavages. The best developed set in each 

case is sub-parallel to the walls of the dyke. The other set, more 

like a joint in terms of spacing, is oblique to the first and is 

parallel to the main set in the complementary arm of the dyke. A 

similar pattern of fracture occurs in the host wehrlite though it 

is refracted to a smaller angle in the dunite. The present example 

is essentially a fracture cleava.ge (Billings, 1954, p. 343) obeying 

the laws of shear fracture, inclined 30° to the greatest principal 

stress axis (left to right in Fig. 35). Possibly flowage of materi

al in the dunite dyke is partly responsible for the development of 

cleavage although this seems unlikely in view of Turner's (1942) 

fabric study o~ typical dunite (O.U. 5308) ~rom Greenhills. Turner 

observed (1942, p.29l-2) that the (dyke?) sample is equigranular 

and 11 
•• " appears not to have been affected by stress since consolida

tion·., •• the o<. diagram is a vaguely defined maximum •• while 13 

clearly tends to lie in a girdle perpendicular to the c< -maximum ,. • ·0 
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Fig. 35. Dunite dyke in the shape of cross. The , lengths of the 
main arms of this unusual dyke are measured in tens , of feet. Note 
tiny wedge-shaped dykelet which branches off one of the main arms 
of the dyke 4 inches below the left end o~ the rule. (dunite smooth 
grey, host wehrlite rough preferentially weathered surface). 
Location Natur'al Arch Sl81/277~837. 
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there is no prererred orientation of D .•• II Although recrys-

tallization of olivine could produce such a pattern (Raleigh, 1965, 

p.734) the texture of these dykes is not that of' recrystallization. 

The rabric contrasts strongly with that of Cypress Island peridotite 

w:nich Raleigh (1965, p. 733) described as " ••• characterized by a 

single strong [100] -maximum normal to girdles of [010] and [001) 

axes." Raleigh (ibid., p.738) considers tha.t this fabric and the 

fact that the Cypress Isle.nd olivines are elongated parallel to [100] 

is due to" ••• plastic flow or recrystallization during the folding." 

Thin sections of dunite show stringers of chrysotile parallel 

to the ab tectonic plane. However, the uniform extinction of 

numerous adjacent relic olivine grains indicates that flowage, if' 

it occurred, must have taken place prior to serpentinization. This 

feature in Greenhills dunite demonstrates the general lack of post

serpentinization deformation eliminating an otherwise attractive 

hypothesis of accounting for s1 as a result of serpentinization 

due to volume increase, unless of course this change occurred with

out deforming the olivines. 

Serpentinization has contributed to the fracturing of wehrlite 

adjacent patches of duni te in the mixed duni te/wehrli te unit. ln 

most cases, especially where a patch is rounded, radiate fractures 

are prominent in the host rock (Fig. 36A). The exploded fracture 

pattern is directly analogous to microscopic ra.dial fractures 

surrounding olivine on the weathered surface of feldspathic rocks 

at Greenhills (Fig. 36B). In thin section, where these fractures 

penetrate olivines the latter are serpentinized. ' Flett (1946, p. 73) 

and Smith (1958, p.36) described comparable examples also attributing 

them to serpentiniza.tion. Thayer (1966, p.695) regards the phenomenon 

as the most obvious but highly over-rated evidence for expansion 

and believes the freshness of the feldspar indicates limited move

ment of solutions and that very slight expansion could cause the 
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Fig. 36A. Patch of dunite from which radial fractures penetrate 
host wehrlite. D = dunite; W = wehrlite . 3181/263886. 

B C 
Fig. 36B. Microscopic r adial cracks around partly serpentinized 
grain of olivine on weathered surface of eucrite. x3. 
Fig. 36C. Patch of dunite (smooth grey) cut by wehrlite dyke. 
The dyke also cuts the host wehrlite. 3181/263886. 
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fractures. The present writer casts his vote with that of Thayer. 

It is proposed that the radial cracks surrounding the patches of 

duni te e.re caused by serpentinization but that volume increase 

during this process was minimal. Basic evidence for this hypothesis 

follows: Firstly, as shown by Figure 36C one dunite patch and the 

host wehrlite are cut by a dyke of pegmatitic wehrlite. The dyke 

is not disrupted latere.lly as might be expected had flowage in the 

dunite occurred. Secondly, the textures of' the dunite patches are 

remarkably fresh and typically show euredra.l olivines about 5o% 

serpentinized set in a small percentage of semi-poikilitic clino

pyroxene; the clinopyroxene although traversed by numerous cracks 

is unserpentinized. Thirdly, xenoliths of dunite in Barracouta 

Point 11 gabbro 11 are practically unserpentinized and radial fractures 

are not evident in host 11 gabbro 11
• In this instance the dunite is 

believed to have been hot when intruded by the 11 gabbro 11
, hence 

cooling cracks such as those figured by Harker (1904, p.65 Fig. 12) 

around a block of unserpentinized peridotite enclosed in gabbro did 

not form. Serpentinization is thus a reasonable interpretation of · 

the radial cracks which surround dunite patches in the mixed unit 

at Greenhills although it seems unlikely that more than a. token 

amount of expansion occurred. 

kly hypothesis that accounts satisfactorily for the dunite 

patches and dykes is likely to provide a reasonable explanation of 

the mixed unit. The hypothesis must accomoda.te the following facts: 

l) The complete absence of dunite dykes and patches in dunite. 

2) their relative concentration near major dunite/wehrlite 

contacts and their minor abunda..nce stratigraphically higher 

in wehrlite. 

3) their early emplacement and probable common magmatic origino 

4) the high forsterite content of th~ olivine (87.6%) from 

typical dykes. 
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Restriction of the mixed unit to the immediate vicinity of major 

dunite/wehrlite contacts over a wide area rules against the like

lihood of initial intrusion of a semi-solid mixture of dunite and 

wehrlite. Slumping could account for contortions among rock types 

in the mixed layering but it does not account for patches of dunite 

stratigraphically higher in the wehrlite. Xenolithic origin of 

these, but not necessarily of the most regular dyke-like forms, as 

blocks torn from the walls of a funnel-shaped conduit would also 

account for the phenomenon of the mixed dunite/wehrlite unit. This 

is the preferred hypothesis. 

Slumned layering. One example of slumping in the Barracouta 

Point "gabbro", shown in Figure 37, illustrates precisely the man

ner in which many of the early shear folds outlined by discontinuous 

banding in layered series eucrite may have formed. Thus, normal 

and reverse senses of rotation of beds occur at the same horizon. 

Figure 37 shows a 10 inch diameter block of eucrite which displaces 

small scale rhythmic layering; this emphasizes that deformation 

took place prior to consolidation. Paradoxically one of the most 

striking examples of' flow of semi-consolidated material in th,e 

layered series occurs at the location of some of the best developed 

rhythmic layering (discussed on p.39 et. ~.). 1'he flow, shown 

in Figure 38, occurs as a 2 ft wide dyke characterized by discontin

uous banding. The phenomenon may be compared to an example of 

slumping figured by Wager and Brown (1968, Fig. 47, p.79) from the 

Skaergaard Middle Zone. Unlike the Skaergaard example the Green

hills dyke was emplaced after consolidation of the host. At 

Skaergaard (Wager and.Brown, 1968, p.76) 11 
••• cumulus material, 

showing poor layering, had been laid down in the gaping cra.cks" 

more or less horizontally. In contrast, the Greenhills dyke 

must have been emplaced as a liquid mush although it is not 
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Fig. 37. Slump phenomena in the Barracouta Point "gabbro". A ten 
inch diameter block of eucrite displaces rhythmic layering. In 
this outcrop relatively homogeneous pegmatitic material is 
essentially conformable with the fine - scale rhythmic layering. 
Sl8l/270840. 

... : \ ·. 
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Fig. 38. Dyke two feet wide characterized by discontinuous banding 
(right o~ rule) emplaced in graded bedding. Emplacement o~ the dyke 
has resulted in a small abrupt displacement of the graded beds 
indicating that the latter were almost if not completely con
solidated at the time the dyke formed. Overlay gives details. 
Sl8~268863 . 
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certain whether this mush vras emplaced £'rom above or below. I£' 

emplaced £'rom above the dyke possibly represents slumped material 

which i'lov;ed down slope into a structural trap set by f'racturing. 

The picture may in fact approximate Bess• (1938, p.265) description 

of' zones of' disturbed banding in the Stillwater where he states 

"In a number of' cases ••• the lowermost disturbed bands must have 

been approaching the .consolidation -stage, i'or they show some 

tendencies to break into blocks and thrust upwards as slices into 

the mushier material above. That they are not entirely solid is 

indicated by the manner in which they bend, and in part deform 

plastically. 11 

Intrusion breccia unit. This is marked by a crazy paving 

comprised of' sharply angular f'ra.gments of' duni te and wehrli te 

ranging up to tens of' feet in diameter but having a median diameter 

of' about 6 inches. The f'ragments are cemented by pegmatitic horn

blende eucrite the intrusion of' which was coeval with brecciation. 

The term intrusion breccia is thus appropriate having been defined 

by Wright and Bowes (1963) as 11 a breccia caused by intrusion 

of' some other material, usually a magma. 11 The Greenhills intrusion 

breccia commonly transects layering. On a relatively large scale 

it can be mapped as a unit of' layering where it coincides with 

dunite/wehrlite contacts. However, relative displacements along 

such contacts are difficult to assess because the chief expression 

is a spectacular net-veining of' the rocks. The intrusion breccia 

unit which at 3181/276~838 overlaps the mixed durd te/wehrli te unit 

provides the best exposure of' its kind at Greenhills (Fig. 39). 

Throughout the exposure the fragments are rarely so ini'erior in bulk 

to the enclosing hornblende eucrite that an extraneous derivation 

of' the f'ragments need be considered. The net-ve~ning closely 
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Fig. 39. Typical intrusion breccia unit the surface of wPich has 
been scoured by wave action. Angularity of fragments and the signs 
of progressive brecciation indicate a minimum of transport. Contact 
with wehrlite (out of view) at right of photograph . Sl8~276~838. 
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resembles segregation-veins figured by Harker (1904, p.78, Pl.IV) 

from the south~western part of the Cullin Hills in Skye. The 

Greenhills net veins resemble the Skye examples in that they a.re 

dilation intrusions generally less basic, more f'eldspathic, and 

coarser-grained than the dominant rock. They probably closely 

relate in time to the numerous discrete dilation dykes of hornblende 

eucrite that occur throughout the area. Harker (ibid., p.78) re

garded the segregation-veins in Skye peridotites " ••• as representing 

the final injection of residual magma ••• 11 analgous to the pegmatites 

of granite. Wells (1954) attributed net-veining at Ardnamurchan 

to the separation from a crystallizing basic parent of a gas-charged 

residual magma due to sudden reductions of external pressure. A 

similar process could conceivably account for the widespread net

veining at Greenhills. Equally plausible are the concepts of an 

independent source for the hornblende eucrite or of an origin as a 

product of mixed magmas (Walker and Skelhorn, 1966). 

Folding. 

South of dividing fault. In this area the distribution of 

rock types is governed mainly by folding and the extent to which 

the south pluton has moved relative to the north pluton by normal 

displacement along the major dislocation earlier defined as the 

dividing fault. Critical to the recognition of' folding in the 

domin~ntly ultramafic rocks of the south pluton are thin chromite

rich bands of duni te of' which 14 have been recorded (Fig. 40). 

Individual grains of chromite are generally euhedral and commonly 

form a mesh texture with coexisting olivines. The bands range in 

size from ~ inch wide and several feet in length to less concentrated 

disseminations several feet in width and traceable over tens of 

feet in length. Contacts of the chromi te-rich bands with duni te 
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mark the s
0 

structure. A few of these bands describe small meso

scopic folds. In each case the drag recorded on these folds is 

compatible with the postulated cross-section F
1
-F 

2 
(Map 1). This 

cross-section shows that the south pluton is comprised of two north

trending nearly isoclinal anticlines with an intervening syncline. 

In the west a dislocation separates dunite from a relatively gently 

.;· 

1$). + 

Fig. 40. Stereographic plot of poles to s1. 
1 = lineation (fold axis of folded chromite
rich band); ~ =poles to thin chromite-rich 
bands; • =poles to s1 • North to north
easterly trend of sl s~ructure is stronger than 
the north-westerly 'trend. : 
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dipping succession of eucrite and wehrlite. This succession, out

lined by s
0

, consists of a small portion of an elongate basin-shaped 

body whose longest axis plunges south-west at a low angle. In the 

north-eastern part of this body, S0 is intersected by s
1 

(Map l), 

suggesting the proximity of a fold hinge which, unfortunately, 

erosion has erased. In the east the cross-section is bounded by a 

fault which in turn is occupied by the marginal gabbro. In duni te 

of the easternmost anticline, axes of drag-folded chromite-rich 

bands plunge about 15° north-east suggesting a corresponding north

ward tilt of the ·whole structure. In the observed chromi te-rich 

bands the s
0 

structure is in every instance parallel to s
1

• In 

Figure 40 the s1 structure shows a strong north to north-easterly 

trend and a weaker north-westerly trend. The latter is compatible 

with regional structure. However, the strongest trend is not so 

easily explained and is more reasonably related to tectonism which 

to a large extent must have been independent of the regional pattern. 

This strongest trend is particularly well developed in the eastern

most anticline. 

North of Barracouta Point, s1 structure indicates an antiform 

in ultramafic rocks. These rocks were sampled along cross-section 

G1-G2 (Fig. 41) to test for cryptic layering. Sample interval along 

the line of section was determined by the need for adequate sampling 

at critical contacts and by outcrop availability. The southern 

contact of wehrlite/dunite although not encountered along the line 

of traverse is exposed on the west shore as a steeply dipping east

west fault. Essential data derived from rock samples obtained along 

G1-G2 are given in Table 5. These data are significant in several 

respects: 

a) Olivine, generally the only mineral serpentinized at 

Greenhills, is more extensively serpentinized in rocks 

where it was originally a major component. 
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O.U. Number 25710 25711 25712 25713 25714 25715 25716 25717 25718 25719 25720 25721 24593 

plagioclase nil nil nil nil nil nil nil nil vein material 5·8 38.6' 

clinopyroxene 73.9 35-7 61,0 0.7 0.9 0.5 2.0 0.5 34.9 43.4 46.7 52.0 33·9 

olivine + 25.9 63.5 38.6 98.1 98.3 98.7 96.8 97.9 64.6 56.3 52.7 37·3 15.8 
serpentine 

hornblende + 0.8 0.8 
uralite 

0.2 0.1 nil nil 0.1 0.1 0.1 0.5 0.2 0.2 3.2 

orthopyroxene nil nil 0.3 nil nil nil 0,1 0.4 nil 0.1 0.4 1.5 0.2 

opaques 1- chrornitel 
titano-

magnetite 
nil nil nil 1.2 0.8 0.7 1.0 1.1 nil nil nil 0.2 10.7 

% serpentiniz- 41.3 33.7 44.3 33.6 46.7 48.7 38.5 47.4 51.2 30.2 30.4 33.8 15.8 at ion 

S.G. of rock 3.23 3.14 3.16 3.06 2.93 2.95 2.98 3.03 3.20 3.21 3.23 3.20 3.22 

56 Fo olivine 77·5 79.6 86.1 84.7 86.1 86.1 86.8 83.2 86.1 84.7 79.6 79.6 68.8 (X-ray) 

fl 1.688 1,685 1.676' n.d. 1.674 1,675 1.676 1.679 1,679 1.685 1.681 1.685 1.689 clinopyroxene 

2Vz 54 50 54 n.d. 55 54 54 55 n.d. 52 52 52 52 clinopyroxene 

atomic % 45 / 41 42 44 43 43 42 45 43 43 43 
Ca Mg Fe 42 47 53 n.d. 53 53 52 n.d. 51 44 49 45 43 
clinopyroxene 13 12 5 3 4 5 7 11 9 12 14 

f\' 1.580 1.581 1.581 plagioclase - - - - - - - - - -
%An 92 93 93 plagioclase - - - - - - - - - -

y 
1,683 1,686 1.683 1.690 orthopyroxene - - - - - - - - -

Atomic % Fe - - - - - - - 15 - 18 15 20.5 -
orthopyroxene 

-----------------------" ---- --- ------- --- ------ -

TABLE 5: Essential data derived from rock samples along cross-section G
1 

- a
2

, north of Barracouta Point 

I 
()) 
-f"" 
I 
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North / "';dunite/w~e~hr~te;-:::,:;..:.:.::.---....;....,21!\) 
Gl 1 ' unit dunite 

wehrlile 

South 
G2 

Fig. 41. Cross-section G1-G2 o~ anti~orm north o~ Barracouta 
Point. A syrnps.thetic relationship is evident between the 
compositions of co-existing olivine and clinopyroxene. Location 
shown on Map 1. , 
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b) Accessory amounts of clinopyroxene are ubiquitous in the 

dunite. 

c) Orthopyroxene is present in all the rock types and a trend 

to Fe enrichment in this component is suggested. 

d) There is a sympathetic relationship between the compositions 

of co-existing olivine and clinopyroxene (Fig. 41). This· 

relationship is directly comparable to the c~Jptic variation 

between these two phases in the north pluton (see cryptic 

layering). Moreover the respective rninera.l comuosi tions 

A 

in the Transition Zone of the north and south plutons are 

closely comparable (Table 6). These aspects support the 

concept of unity between north and south plutons. 

OLIVINE PLAGIOCLASE ORTHO- CLINO- -
PYROXE1iE PYROXEf.JL 

Cilo Fo % Vol- 1.3 % Vol- Atomic % Vol- Atomic 1-o Vol-
(X- ume ume %Fe ume %Fe ume 
ray) est. est. 

from from 
I ?J ;3, 2Vz 

' 

25698 78.9 26.7 1.580 11.4 - n.s. 16 53.8 
B 

25721 79.6 31.7 1.581 5.8 20 2.1 12 50.0 

Table 6. Mineral compositions of the Transition Zone in north. 
pluton (A) compared with the same zone in the south pluton (B). 

In general the compositions of olivine and clinopyroxene shown 

in Figure Lt-1 are compatible with an anticlinal structure. However, 

near the a.uni te/wehrli te conta.cts is a hiatus in the trends toward 

Fe _enrichment in clinopyroxene and olivine. At the southern contact 

this is attributed to faulting. Faulting is not apparent at the 
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northern contact although there is a mixed dunite/wehrlite unit from 

which samples O.U. 25711, O.U. 25712 and O.U •. 25713 were obtained. 

The appreciable difference in olivine composition (compare Fo
79

•
6

, 

O.U. 25711; Fo86 •1 , O.U. 25712) between s&~ples separated only by 

about 20 stratigraphic feet is explained by a xenolithic origin of 

this layering. 

North of dividing fault. The occurrence of metasediments on 

Omaui Island promotes the concept of struc ture.l unity of the Green

hills Complex for it marks the north-west boundary of the intrusion. 

Furthermore, a closing of the structure in the north is indicated 

by s
0 

and by distribution of the main rock types in the north pluton 

(see Map 1). Consistent dips of s0 toward the center of the pluton 

range from nearly vertical at the margin to sub-horizontal at the 

center, outlining a basin-shaped structure elongated north-north

west. In the south, the north pluton is truncated against the 

dividing fault the trace of which trends approximately N65°W. 

It is difficult to account for the basin-shape of the north 

pluton by normal processes of folding. The possibility that the 

structure has resulted at least in part from a primary igneous 

process has a number of parallels: Wager and Deer (1939) estima.ted 
0 initial dips of up to 25 for large parts of the Skaergaard layered 

series; 0 primary dips up to 45 of layers resulting from crystal 

accumulation have been described from the minor igneous complexes 

Crillon-La Perousse stock in Alaska (Rossman, 1963) and Gronnedal

Ika alkaline complex, South Greenland (Emeleus, 1964); in the 

Muskox Intrusion, Smith and Kapp (1963) calculated that dips of the 

sides vary from 22 to 58 degrees; in the major layered basic 

complex of Freetown, Sierra Leone, there is a steady steepening of 

dip from the outer margin (10°) toward the center (40°) of the 

intrusion (Wells, 1962). However, Wells (1962, p.l8) concluded 
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. that the dips are not original but due to centrP.l subsidence around 

the 11 stem" of a f'unnel. Although at Greenhills central subsidence 

did not occur, it is clear that the steep dips of s0 at the border 

of the complex are tectonically imposed. This is shown by a detailed 

study of the marginal gabbro (Chapter V A) which suggests that folding 

of the layered series was to a great extent controlled by the em

placement of the marginal gabbro. One distinct tectonic feature of 

the north pluton is a verticel fracture cleavage which trends approx

imately north-south in the ultramafics along the north shore. Pro

fessor Peter Robinson observed this cleavage in the 'Nehrli te and 

Transition Zones at the Pilot Station and has suggeste'd (pers. comm.) 

·its occurrence throughout the north pluton as an axial plane cleavage. 

Possibly this cleavage is an expression of warping initiated during 

the Rangitata (Cretaceous) orogeny but if this is the case the 

practical absence of cleavage in the metasediments of Mokomoko Inlet 

is anomalous. 

Independent evidence relating to deformation of the layered 

series is provided by potassium-argon radiometric age dating. 

Concerning intrusive rocks from the Foveaux Stra.i t area, Devereux 

~ al. (1968, p.l233) argue that" ••• the comparatively young dates 

obtained are related in part to localized areas of deformation and 

an increase in temperature during the orogeny." Significantly, 

their specimen K.A3 of hornblende from a 11 coarse-grained hornblende

rich gabbro 11 (Sl8l/282836) (ibid., p.l231) which yields the oldest 

date at 247 ~ 10 m.y. has suffered least argon loss. It follows 

from this reasoning that the Greenhills area has undergone least 

intense deformation. 

Faulting. 

Faulting at Barracouta Point. Contact between Barracouta 

Point "gabbro'' and the layered series occurs at several localities 
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Fig . 42. Intrusion breccia occupies a zone of contact (part of 
5 - 8 ft wide contact shown here) between dunite and Barracouta Point 
"gabbro". Fragments are exclusively dunite; matrix here approximates 
anorthosite in composition. Chilled anorthosite dykes are common 
along the zone of contact. The intrusion breccia lacks small scale 
rhythmic layering but appears to grade into the Barracouta Point 
"gabbro'1 (out of view). Black crystals left of center of' photograph 
are hornblende . approximately 3181/267841. 

' 
' 
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along the shore immediately east of Barracouta Point. Details of 

this contact (Fig. 42) indicate that the "gabbro" supplied the matrix 

of the intrusion breccia. 'l'his feature and the presence or xenoliths 

of eucri te in 11 gabbro 11 (Fig. 37) show that the ''gabbro" post-dates 

the layered series. 

Contact between layered series dunite and eucrite at SlSl/263839 

is marked by a 25 yd wide zone of intrusion breccia the matrix of 

which is pegmatitic hornblende eucrite. In this zone the change 

from dunite to eucrite is abrupt. A discordant faulted contact be

tween eucrite and dunite was thus invaded by a dyke-like mass of hot 

intrusion breccia. The precise orientation and magnitude of displace

ments along the zone of dislocation are not known. 

The concept of' the "gabbro" as a source for the matrix of the 

intrusion breccia at Barracouta Point has been advanced. If the 

dilatory nature of the intrusion breccia throughout Greenhills and 

the widespread occurrence of dilation dykes is accepted, the proba• 

bility of a common source for the intruded material must be admitted. 

The lack of net-veining in the Barracouta Point "gabbro" has been 

noted. Only in the marginal gabbro, a compositionally similar rock 

type, is net-veining likewise absent. This suggests a direct associa

tion between,the marginal gabbro and the Barracouta Point "gabbro". 

The dividing fault. This major normal fault strikes N65°W 

dividing the Greenhills complex into two portions, the north and the 

south pluton. The distribution of rock types on either side of the 

fault (Map 1) suggests that displacement inthe vertical plane ex

ceeds 500 feet. A dip of 70° ~ 10° north-east is indicated for the 

fault plane by exposures of rock on the west coast of Greenhills. 

A succession of magnetic profiles across the marginal gabbro 

(Chapter V A) shows that this body of rock has not been substantially 
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offset laterally by the dividing fault. Where exposure is best, tne 

dividing fault is marked by the presence of intrusion breccia. Thi~ 

breccia, ana_ by implication its source, is similar to that describeQ 

from Berracouta point. 

Intrusion breccia along the dividing fault in many cases occurs 

in a broad zone of dislocation up to several 100 yards wide; conse

quently the inferred position of the dividing fault shown on Uap 1 

generally approximates that of the most intense brecciation. In 

Figure 43 the s
0 

structure in eucrite seems to reflect the movement 

picture during brecciation. Probably the entire outcrop has under~ 

gone brecciation although only the discontinuously banded portion 

shows so strikingly the nature of' the movements involved. At several 

localities near the dividing fault a brick and mortar-like pattern 

of intrusion breccia occurs. Figure 44 illustrates this nattern-,_ 

ana_ suggests the manne.r of advance of the hornblende-eucri te matrix 

through the brecciated rock. 

Minor faulting and ,jointing. Numerous minor faults occur 

sporadically throughout Greenhills. With few exceptions they are 

parallel to existing joint sets and like these are usually poorly 

developed except in duni te where jointing is most easily mapped. 

To a limited extent minor faults have aided erosion especially on 

wave cut platforms where they are revealed by preferential erosion 

of narrow crush zones. A few such zones are occupied in part by 

gabbroic dyke material, others by secondary minerals resulting from 

alteration of fragmented dunite. However, the majority of minor 

faults show little evidence of crushing. Evidently minor faulting 

coincided mainly with dilation. Figure 45 illustrates a typical 

dilation dyke of eucrite occupying a minor fault. 
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Fig. 43. Stereographic pair of photographs showing intrusion breccia 
in eucrite in the viciraty of the dividing fault . To right of rule 
relatively unbrecciated eucrite shows discontinuous banding which 
dips north at about 50°. Below the rule banding is brecciated and 
has undergone some sinistral rotation possibly in response to drag 
movements within the zone of dislocation. 8181/270862. 
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Fig. 44. Brick and mortar intrusion breccia in fallen block of uni
form eucrite. Bricks are layered series eucrite; mortar is pegma
titic hornblende eucrite. 8181/275859. Transparent overlay shows 
details. 

Fig. 45. Dilation dyke of pegmatitic eucrite present .a1ong minor 
fault in dunite. Transparent overlay outlines cross-section of the 
dyke. Major constituents of dyke are hornblende-clinopyroxene
orthopyroxene and bytownite. 8181/286836.- . 
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No detailed study of the jointing has been attempted. Green- . 

hills eucrite tends to exfoliate and as a rule jointing is highly 

irregular. The pattern in wehrlite generally consists of' one weak 

set of joints parallel to s1 structure. In dunite jointing narallel to 

s
1 

is prominent. Except for the ubiquitous thin brittle layer of 

"buckskin weathering" (Thayer, 1966) the jointed dunite is fresh. 

Also common are two sets of sloping joint planes approximately at 

right angles to each other producing four-sided pyramids. As a 

result some exposures of dunite resemble fields of tank traps. An 

additional widespread set of joints is sub-horizontal. 

Figure 1;.6A shows a plot of the poles to joint planes in the 

main rock types of Greenhills. A great deal of scatter is present 

in all five represented rock types. No attempt has been made to de-

sign a statistica.l analysis of joints ~ ~· However, it is in-

structive to compare the pattern of jointing to dyke orientation 

within a small domain. The selected domain l (Map l) is comprised 

chiefly of' dunite. 

Within domain l both "early" and "late" dykes are present. In 

contrast to late dykes, early dykes are distinguished by lack of 

chilled margins and are placed in groups a)' dunite, b) wehrlite 

and c) eucrite. The last named group is regarded as gradational 

into the late dykes for although relatively uncommon, a number of 

chilled gabbroic dykes cut early dilational eucrites. These chilled 

gabbroic dykes are generally of small dimensions and no effort is 

here made to segregate them from the dilational type. The main type 

of late dyke in domain l is dolerite though elsewhere in Greenhills 

trondhjemite, aplite, hornblende andesites and some anorthosites 

fall in this category. 

Figure 46B shows the orientation of dunite dykes largely in

dependent of jointing. This situation contrasts with the close co

incidence of jointing with eucrite and wehrlite dykes. This is not 



\' 

r' 

i; 

+ 
+ 

+ + 

-95-

+ 

+ 

Fig. 46A. Plot of poles to joint 
planes throughout Greenhills. 
Each point represents 1 joint 
respectively in: + duni te, x wehrli te, 
o eucri te, ®marginal gabbro, 0 Omaui 
Island metasediments. 

Fig. 46B. Plot of poles to joints 
and early dykes in domain 1: +joints, 
0dunite dykes, o wehrlite dykes, 
• eucrite dykes. 

Fig. 46C. Plot of poles to joints and 
late dykes in domain 1: +joints, 
• dolerite dykes. 
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surprising in the case or the eucrite dykes because their dilation 

properties mark them as relatively late intrusives (Fig. 47). How

ever, in view of' the relatively early evolution of the wehrlite 

dykes, it is strange that they too coincide so closely with jointing. 

The occurrence of' eucritic dilation dykes parallel to early wehrlite 

dykes strongly suggests that directional stress conditions were 

similar during widely separated intervals of g~ologic time. 

Figure 46C suggests that emplacement of the late dykes ex

emplified by dolerite in domain l was governed by a pre-existing 

joint pattern. These dykes show a preference for the more steeply 

inclined joints. 

B. Early Dykes 

Introduction. A number of' the larger and relatively mappable 

early and late Greenhills dykes are shown on Map l. None exceed a 

dozen feet in width or can be reliably traced more than a few hun

dred yards along strike. The majority are small and 'Nhere most 

numerous, as at major lithologic contacts, pose a difricult mapping 

problem. The problem is illustrated at the Natural Arch (Map 2), 

an area of mixed layering within domain l. Here early dykes ab9und 

and are almost exclusively dunite and pegmatitic hornblende eucrite 

dykes. The eucrite dykes appear to grade into an area of intense 

net veining (see Fig. 39) and are therefore interpreted as coeval 

with the intrusion breccia. 

Mapping suggests that although early dykes were intruded in 

the order dunite, wehrlite, and eucrite, a threefold classification 

is an oversimplification. Feldspathic dunite dykes, feldspathic 

wehrlite dykes, and the many compositiona~ variants of those classed 

as eucrite complicate the picture. The relative· order of intrusion 

of the dykes and the forsterite content of their respective olivines 
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Fig. 47. Small wehrlite dyke (4ft right of rule) is parallel to a 
1 inch dilati'on dyke of eucri te (center of photo)_. A larger and 
slightly sinuous wehrlite dyke (under rule) is offset by the small 
eucrite dyke. At least 4 sets of joints can be distinguished in the 
host rock dunite. Sl81/285837. Transparent overlay shows details. 
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is given in Table 7. For the sake of completion, late dykes are 

included in Table 7 although discussion of these is reserved for 

Chapter V B. 

Duni te dykes (non-felds·oathic). These dykes are comprised of 

about 98% olivine and are almost invariably located in or directly 

adjacent the mixed dunite/wehrlite unit. Descriptions of a number 

of these dykes have already been presented (p.71). ·Like the main 

mass of dunite, in which they are not known to occur, the dykes show· 

a thin layer of "buckskin weathering 11
• Freshly broken surfaces are 

deep olive green in colour. The olivine of many such dykes (o.u. 
25761) is weakly serpentinized (20%) although the intensity of ser

pentinization_varies. 

Figure 48 illustrates a knife edge contact between wehrli te 

and a 10 foot wide band of dunite beneath the Natural Arch (Map 2). 

Presumably this band is similar in origin to other patches of dunite 

at this locality. Less conspicuous though equally intriguing is a 

~inch wide dark dykelet which cuts the wehrlite (Fig. 48) but can

not be detected in the dunite. Thin section O.U. 26017 shows that 

the dykelet is weakly scristose and consists essentially of olivine 

(45%) and serpentine. · Clinopyroxenes in the host wehrli te have 

undergone slight granulation directly adjacent this dykelet but 

there is little evidence to suggest that the dykelet originated by 

replacement of wehrlite. More plausible is the concept of dunitic 

material supplied directly from the large band into a minor fracture 

in wehrlite. 

Feldsuathic dunite dykes. Although these dykes occur spor-

adica.lly throughout the layered series they are uncommon in the 

eucritic portion of the layered series. TYPically the dykes are com

posite having unchilled allivalite (Harker, 1935) margins and a central 

zone comprised of plagioclase and hornblende (Fig. 49A). In contrast 
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EARLY AGE OF INTRUSION REMARKS l,o.u. NO. %Fo HOST 
DYKE olivine ROCK 

I 

dunite 1 25801 88.9+ 
25802 87.6+ wehrlite 
25761 87.6+ 

wehrlite 2 25742 81~ 

25991 82• dunite 
25992 83· 

feldspathic variant of 3 dyke cuts both 25800 75.4+ wehrlite and 
dunite wehrlite and dunite dunite 

feldspathic variant of 3 25882 71• feldspathic 
wehr lite wehrlite 

pegmati tic 3 highly variable 25933 68+ all main rocks 
eucri te mineral proportions 

LATE 
DYKE 

eucrite 4 25907 73* 
25930 72• all main rocks 

anorthosite 5 all main rocks 

trondhjemite 5 cuts Barracouta all main rocks 
Point "gabbro" 

hornblende- 6? early phase of all main rocks 
andesite dolerites? 

dolerite 6 all main rocks 

tremolite- 7? I 25857 84• all main rocks 
picrite 

I 
hornblende- 7 residual fraction all main rocks 
plagioclase of doleritic 
pegmatite magma? 

aplite 8 all main rocks 

Table 7. ·Relative order of decreasing age of intrusion of dykes at Greenhills giving 
forsterite content of olivine in respective dykes. 

• % Fo based on refractive iridex; 

+ % Fo based on X-ray measurements. 
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Fig. 48. Knife edge contact between wehrlite and dunite beneath 
Natural Arch. Light veins in dunite are composed of tremolite and 
chlorite. A half-inch wide dykelet of dunite (below rule) cuts 
wehrlite but cannot be traced into the dunite. Mottled effect due 
to partial drying. Sl81/277t837. 
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Fig. 49A. Feldspathic dunite dyke slightly over 3 inches wide shows 
typical composite nature. Central portion (white) largely comprised 
of hornblende and plagioclase; host rock is wehrlite. Sl8l/26085~. 

Fig. 49B. Sketch from a photomacrograph of O.U. 25800 showing 
general textural relations in a cross-section or the above dyke. 
ol = olivine; cpx = clinopyroxene; hb = hornblende; pl = plagioclase; 
op = opaques. x3. 
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to Harker's (1904, p.296) detailed terminology applied to dykes of 

the ~ritish Tertiary province, a simpler distinction is made here 

between composite and multiple dykes. Multiple dykes are distin

guished from composite on the basis of presence or absence of chilled· 

margins referable to distinct intrusions. The allivalite margin or 

a typical feldspathic dunite dyke (O.U. 25800) resembles olivine 

cumulates such as those illustrated by Jackson (1961, p.55). Figure 

49B shows idiomorphic olivine in contact with semi-poikili tic pla.gio

clase. Brown hornblende crystals are also poikilitic and apnear 

co-magmatic with cuspate intergrowths of titanomagnetite and ilmenite. 

Textural relations among the oxide minerals closely resemble those 

in the layered series eucrite (see mineralogy). Plagioclase crystals 

appear allotriomorphic granular in the central part of the dyke and 

in some cases measure ;}; inch or more in diameter. Plagioclase in 

these dykes is nractically unzoned basic bytownite c~ = 1.578). 
c:: ~ 

Forsterite content of olivine (Fo
75

_
4

) suggests this dyke's 

association with eucrite dykes rather than with the earliest (non

feldspathic) dunites. Except for this criterion,possible extreme 

variants of the feldspathic dunite dykes could, by nearly complete 

elimination of plagioclase, easily be confused with dunite dykes of 

an entirely different generation than group 1 (Table 7). 

Wehrlite dykes (non-feldspathic). These dykes are restricted 

to dunite in which they occur as tabular bodies of fairly constant 

dimensions. They a~e common on the south shore of Greenhills. The 

smallest known example (o.u. 25733) is best described as a clino

pyroxe:qite dykelet several feet in length and :k- inch wide, the 

thickness o.f individual crysta.ls of diopside which comprise it. 

The largest wehrlite dyke (Fig. 47) is about 8 inches wide and has 

a strike length of over 30 feet. This dyke becomes composite in 

structure after being obliquely intersected by a smaller wehrlite 

dyke (Fig. 50). But for this relationship,.wehrlite dykes could be 



-103-

Fig. 50. Intersection of wehrlite dykes. The smaller dyke 
(parallel to the rule) cuts the larger; both dykes make knife 
edge contacts with the host dunite. Transparent overlay shows 
details. 3181/285837. ' 



ri 
I 

l 
l 
'-; 

'i 
b 
I 
I .. 

1', 
I 
! 

T 
j ) 

l' 
l 
I 
I I ·' 
I 
' 

-104-

mistaken for interlayered wehrlite, as the proportion of' olivine to 

clinbpyroxene is about 1:1 and texture is strictly hypidiomorphic 

granular. 

Clinopyroxene (O.U. 25472) from the large wehrlite dyke compares 

closely in chemical composition with clinopyroxene (O.U. 25707) from 

layered series wehrlite (see Table 11). Also, olivine of' the dyke 

(Fo
81

) compares closely with olivine (Fo83 ) from layered series 

wehrlite. A direct relationship between the dykes and layered series 

wehrlite is reasonable except for the considerable distance of' many· 

of' these dykes from wehrlite/dunite contacts. This feature virtually 

rules out a 11 sandstone-dyke 11 type of' origin for the wehrlites. An 

alternative explanation is that the dykes represent material origin

ally interlayered with dunite but which has been somehow remobilized. 

Feldsuathic wehrlite dykes. Some of' these dykes are com-

posite in ~tructure and others non-compos~te. Composite wehrlite 

dykes are commonly veined, usually but not always symmetrically, by , __ 

non-chilled f'eldspathic material. Abundant field evidence such as 

that shown in Figure 51 proves that feldspathic core material of' 

composite wehrlite dykes was intruded after emplacement of the wehr

lite dykes but at a time prior to the cooling of' the latter. 

In non-composite wehrlite dykes plagioclase is intimately as

sociated with the mafic minerals as typified by examples at Sl81/ 

269884. The dykes are small, randomly curvi-planar and are found 

exclusively in f'eldspathic wehrlite. Typically they are coarser

grained than the host and with rare exceptions are by definition 

ultramafic in that modal plagioclase is less than 5%. Sometimes 

they connect with pegmatitic patches of' wehrlite suggesting a close 

genetic association between dykes and host. Possibly they represent 

connate portions of' the host rock which underwent extreme adcumulus 

growth of' crystals. Such speculation does no~ account for the variable 
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Fig. 51. Photograph of wehrlite dyke which shows gradation to com
posite dyke due to intrusion of hornblende eucrite. Sl8~280837 
(near boathouse). Tr~nsparent overlay shows details; from a 

· colour slide by Y. Kawa.chi. 
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geometry of these dykes. However, the absence of chilled margins is 

compatible with the concept of slow cooling requisite to adcumulus 

growth. Thin section examination of pegmatitic pyroxenes (O.U. 25882) 

suggests an absence of zonation. Coarse clinopyroxene (O.U. 26018) 

in a pegmatitic patch in wehrlite of the layered series shows similar 

absence of zonation. Negligible zonation is confirmed in the latter 

instance by :refractiv~ index measurement~ on fragments of' a 3-inch 

diameter pyroxene crystal: core ex = 1.680, /.3 = 1.688, J' = l. 710; 

rim~= 1.676, ~ = 1.68~, o = 1.705. 

Eucrite. Early eucrite dykes are found throughout the layered 

series. The type example shown in Figure 52 is 10 ft wide and marks 

a major contact between dunite and wehrlite. It can be traced 100 

ft along strike before branching into several smaller dykes. Zon

ation of the dyke is attributable in part to differences in grain 

size and in part to varying proportions of the minerals plagioclase, 

olivine, clinopyroxene and hornblende. Overall the rock is pegmatitic 

with plagioclase crystals ranging in size from l inch in diameter, 

at the center of the dyke, to *inch in diameter at the dyke margins. 

Clinopyroxene, olivine, brown hornblende and titanomagnetite occur 

as interstitial minerals, and hornblende also occurs as minute'vein

lets. Sparse tufts of a colourless multiply-twinned amphibole, 

assumed cummingtonite, occur throughout the dyke. On a scale of 

inches, zones of ano~thosite, eucrite, allivalite and hornblende

plagioclase (eucrite) pegmatite can be distinguished and,although 

not mapped in detail, this zonation seems symmetri.cal. In some 

allivalite bands the amount of plagioclase is as low as 5 percent and 

the composition of dunite is approached. 

Numerous thin sections obtained from a crqss-section of this , 

dyke failed to reveal significant zoning in the silicate minerals. 

Olivine composition estimated from the refractive index~= 1.718 

is about Fo68 • This composition compares closely with olivine (Fo
71

) 
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Fig. 52. Type example of early eucrite dyke occurs at a dunite/ 
wehrlite contact. Intrusion breccia several feet wide lines the 
dyke on either side wliere the host rock has been 'net-veined. Only 
one half the width of the dyke is shown here; right foreground 
marks approximate center of dyke. - 8181/272854. Transparent over-
lay shows details. ' 
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in the Ba.rracouta Point 11 gabbro". Refractive index measurements of 

plagioclase give IS = 1.579 which indicates An
90

, a measurement 

closely matched by other eucrite dykes at Greenhills. Partial 

analysis of this plagioclase gives results agreeing closely with 

composition estimated from ~ refractive index~ 

wt.% CaO = 17.4.8, 16.81 molecular proportions An = 91.45 

wt.% Na2o = 0.90, 0.83 calculated from Ab = 8.37 

wt.% K 0 
2 = o.oo, 0.05 average of two Or = 0.18 

partial analyses. 

Mineralogically these early eucrites vary a great deal. Field 

inspection at the Natural Arch (Map 2) demonstrates that although 

the mineralogy of individual eucrite dykes is not constant, variations 

can be usually matched by particular zones of the type example. An 

exception is noted in the presence of one hornblende-plagioclase 

pegmatite (o.u. 25797) which has a composite margin enriched in 

quartz. The plagioclase in this dyke is weakly zoned. Refractive 

index measurements of' ~ = 1.570 to A = 1.575 on grains dug out of 

uncovered thin sections indicate a range in composition from An
72

_
82

• 

A small number of plagioclase crystals are thinly mantled by basic 

oligoclase. This rock, except for the presence of quartz and sparse 

oligoclase, could be classed as eucrite. It resembles Wood's descrip

tion (1969, p.36) of the pegmatoid hornblende gabbro from Pahia 

Point although the latter lacks quartz. 

Another unusual variety of leucocratic dilation dyke at Green

hills is dioritic in composition. Abundant zoned plagioclase An
16

_
30 

in these dykes is accompanied by minor clinopyroxene which has been 

largely altered to tremolite and chlorite. Accessory minerals in

clude zoisite, sphene, zircon, magnetite and apatite. The plagio

clase is partly recrystallized and is extensively altered to mont

morillonite and to a lesser extent prehnite. An 8-inch thick dyke 
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of this description (O.U. 25735) has developed en inch-thick reaction 

zone or talc against dunite host rock. 

Although the majority or leucocratic dilation dykes at Green:

hills are eucritic a small proportion is evidently much less basic. 

This situation may possibly be explained by compositional variation 

in the fluid phase supplying the dykes. Relative distance of trans

port is, for example, one prime .factor capable or bringing about 

precipitation from progressively resio.ual fractions of magma. Early 

eucrite dykes and the several types of leucocratic dilation dykes 

mentioned above are not known to cut late (chilled) eucrites; how

ever, the discovery of such an occurrence would not upset the proposed 

scheme of overlap between the two groups. Such a situation might 

be predicted in those portions of the complex which cooled relatively 

rapidly. 

Reaction and renlacement phenomena. Replacement phenomena 

abound in early eucrite dykes. Replacement or olivine by ortho

pyroxene is in many instances complete; clinopyroxene, and to a 

lesser extent orthopyroxene, have undergone replacement by ubiquitous 

late magmatic hornblende. Many dykes contain inclusions of host 

rock with which reaction has taken place. Figure 53A shows a dunite 

inclusion with an outer rim of colourless multiply-twinned chlorite 

enclosing an inner zone or cummingtonite .:t. talc. In some instances 

three distinct zones: talc, cummingtonite and chlorite succeed each 

other outward from the dunite inclusions. The sequence talc

cummingtonite-chlorite generally occurs wherever dunite hosts early 

eucrite dykes and is particularly conspicuous (o.u. 25773) in 

relatively small dykes. The example shown in Figure 53B branches 

into a * inch-wide monomineralic dykelet of hornblende (7 inches to 

right of rule). The hornblende, which occurs as crystals only 

slightly less in diameter than the width of the dykelet,does not 
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Fi g . 53A. Boulder of eucrite showing reaction rim around dunite 
f r agment; inner portion of rim is cu~~ngtonite ~talc; outer 
portion of rim is chlorite. O.U. 17379. xl~. 

Fi g . 53B . Eucrite dyke (right of rule) shows reaction rim of 
chlorite (dark, against dyke)-cummingtonite-talc (light, adjacent 
dunite host rock). This dyke adjoins a hornblende-plagioclase 
pegmatite (left of rule). SlSl/276839. 
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occur in a replacement role but was deposited in the same manner as 

those pegmatitic hornblendes present in the main feeder dyke (lert 

of rule). 

One eucrite dyke (see Fig. 54A), comprised of plagioclase and 

olivine with lesser amounts of titanomagnetite, clinopyroxene, brown 

hornblende and orthopyroxene, has a striking texture. Replacement 

phenomena similar to those described above are rampant throughout 

the rock. Of special interest are the large broken fragments of 

plagioclase, in which zoning appears prominent. Plagioclases of 

similar habit are also present in the dilation dyke of Figure 45. 

Close inspection reveals that this zoning is more apparent than real. 

One plagioclase crystal in which 16 distinct zones were counted 

yielded the following refractive indices on fragments dug out of 

uncovered thin sections from three of the sixteen zones; innermost 

zone l, A = 1.580; intermediate zone 8, ~ = 1.576; outermost zone 

16, 1.5 = 1.580. Compositional zoning within these plagioclase frag

ments is therefore not as strong as suggested by Figure 54A although 

various growth stages are clear. In a normal thin section, zoning 

in these crystals is most clearly revealed by trails of tiny needles 

of a pale green hornblende and it is these inclusions which show up 

so prominently in thicker than normal sections. 

A further point of interest is exemplified by the large clino

pyroxene crystal in Figure 54B (upper left). Zoning in this crystal, 

as in the plagioclase, is also made apparent by trails of inclusions. 

In this instance, however, the inclusions are pl~gioclase crystals 

which occur along (110) and (001) of the host. This zonal arrangement 

together witl:l optically continuous satellite growths of clinopyroxene 

suggest that clinopyroxene in this rock grew as skeletal crystals 

and does not represent material detached from host rock. 

The more hornblende-rich early eucrite dykes resemble pegmatites 
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Fig. 54A. A 1 mm thick slab of eucrite dyke (O.U. 17373) showing 
apparently strong zoning on broken plagioclase crystals. xlt. 
Non-polarized light. 

Fig. 54B. Sketch from a photograph of large thin section of the 
above dyke (O.U. 17373) showing texture suggestive of skeletal growth 
of clinopyroxene. x3. 



:i' 
' 

-113-

described by Irvine (~ Wyllie, 1967) from Duke Island ultrama.fic 

complex, Alaska. Because of the calcic nature of the plagioclase, 

Irvine rejects the idea of differentiation of the hornblende anorthite 

.pegmatites from the main gabbroic intrusions of Duke Island, prefer.:.. 

ring instead evolution of the pegmatite magma from 11 
••• interstitial 

magma that reacted with Ca-rich clinopyroxene. 11 (ibid., p.92). The 

extensive amphibolization of the Duke Island complex makes this 

concept eminently plausible. However, a similar explanation is not 

applicable to Greenhills where Ca-rich clinopyroxene, although abun

dant, is not extensively replaced by hornblende. It is in early 

eucrite dykes themselves that replacement of clinopyroxene is most 

pronounced. The same is true of the Barracouta Point ngabbro 11 and 

the marginal gabbro in which hornblende-plagioclase pegmati tes 

commonly occur as connate segregations. 

It is interesting that Watters (1962) recorded dykes consisting 

of plagioclase as basic as An88 and brown-green hornblende from the 

north-east part of Stew~rt Island. Watters (ibid., p. 293) pictures 

the hornblende as 11 
••• derived from earlier-formed augite and hyper

sthene during the later stages of crystallization of the rock. 11 

Service (1937, p.211) pictured processes of 11 
••• normal magmatic 

reaction between early-formed crystals and magma" producing the 

hornblende of the Bluff norite. The present writer accepts a mag

matic origin for the hornblende • 

Conclusions. Structural aspects of the Greenhills Ultramafic 

Complex indicate that recurring conditions of instability accompanied 

its evolution. Instability is expressed by slumping, a chronic 

condition during deposition of the eucritic upper portion of the 

layered series. It is also suggested by the mode of emplacement 

of the complex already largely crystallized and layered, bounded by 

a fault and ringed by a 'lubricating' marginal gabbro. Emplacement 
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of the complex was accompanied by large scale intrusion of eucritic 

and related ultrabasic dykes into the layered series and by substan

tial folding. 

Occurrence of such events is not unusual considering the eugeo

synclinal setting in which the complex evolved. The marvel is that 

under such conditions existed quiescence adequate to produce a cryptic

ally layered series of rocks with textures frequently identical to 

cumulates in classic stratiform intrusions. Finally, critical to a 

concept of unity is the occurrence of the Transition Zone and poik-

ilitic peridotite as marker horizons across the dividing fault. 

C. Field and Petrological Description 

of Main Rock Types 

Introduction. A very coarse granitic grain size is maintained 

throughout the layered rocks. In dunite
7

where this quality is least 

apparent)an average grain size of about 3 to 5 mm is indicated by a 

subtle lustre mottling and also by areas outlined by networks of 

chromite grains interstitial to olivines. In the eucrite,and in the 

wehrlite,pale green clinopyroxenes from 0.5 to 1 em in diameter are 

conspicuous on weathered surfaces. 

Areas of dunite occupy the low levels of land in Greenhills. 

This is a feature initiated by the stratigraphic position of this 

rock type and emphasized by its rapid rate of erosion relative to 

eucrite and wehrlite. Gentle breaks in slope occur at dunite/wehrlite 

contacts. One of the more striking breaks in slope occurs in the 
', 

north pluton at the contact between wehrlite and eucrite and can be 

traced laterally around the north and west coast of Greenhills. It 

is evidently due to the relative ease with which wehrlite breaks down 

yielding residua of clinopyroxene crystals. 

Although the layered series is fairl~ well exposed throughout 
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Greenhills it is surprising that topography does not more clea.rly 

reflect the a.spect of bedding. There is, for example, little topo

graphic indica.tion of the basin-shaped structure that is prominent 

in the 2000 ft thick eucritic portion of the north pluton. This is 

probably due to the overall massive quality of the rocks, the appre

ciable thickness of individual zones and the paucity of marker hori

zons. In addition, a real variability along strike exists in the 

north-western part of. Greenhills where, on a. small scale at a number 

of localities, eucrite grades laterally into wehrlite. Such varia

bility, which is possibly widespread in the area, is grounds for sus

pecting that in addition to gravity a filter-press mechanism operated 

to caus'e limited fractionation of the magma. 

Textures of the layered rocks of Greenhills contain elements 

strongly suggestive of those documented as cumulate rocks by Wager 

et al., (1960), Jackson.(l961) and Wager and Brown (1968). It is 

therefore proposed to follow the scheme outlined by Jackson (in Wyllie, 

1967, p.22) whereby a rock is completely described in terms of cumulus 

and postcumulus materials. Following Jackson: a cumulus crystal is 

one " ••• that came into existence outside of, and previously to, the 

magmatic sediment of which it now forms a part ••• "; nostcumulus 

material is 11 
••• primary material that formed in the places it now 

occupies in the magmatic sediment ••• 11
; intercumulus liguid is liquid 

held interstitially to cumulus crystals 11 
••• before and during growth 

of postcumulus materia.l ••• 11
• Subtle differences among cumula.tes 

appear to have been effected by various ways in which crystallization 

of intercumulus liquid occurred. To account for these differences 

the nomenclature of Wager et al., (1960) is applied. 

The following descriptions are based primarily on the strati

graphic succession of rocks encountered along sections E -E and 
1 2 

G1-G2 (Map 1) for which the generalized sequence is given in Figure 

16. 
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'I' he Duni te Zone. The exposed thickness of' this lowermost zone 

is at least 2000 ft, but the base is nowhere observed and the true 

thickness is probably much greater. Dunite is ?omprised almost com

pletely of olivine with accessory amounts of clinopyroxene and chro

mite. There is only slight deviation from the average mode: olivine 

9&,1o, clinopyroxene 1.~, chromite 0.8%. Alteration of olivine gives 

rise to the pale brown colour of weathered surfaces. The occurrence 

of zones of relatively concentrated disseminated (5%) chromite vary

ing in thickness from 25 ft to 75ft thick in dunite are recorded 

from several localities. Examples of these zones at S18J./282837, 

290834 and 267841 are located about 500 ft distant from wehrlite/ 

dunite contacts and possibly belong to a single marker horizon in 

dunite. 

Texture in dunite is dominantly that of an olivine-chromite cum

ulate. Chromite was one or the first phases to crystallize. It 

occurs as single euhedra about 0.5 mm in diameter within·olivine crys

tals and at their margins. There is clear evidence that chromite 

sometimes underv;ent adcumulus growth. One example, 0. U. 259 59, rrom 

a zone of disseminated chromite shows transparent brown chromite to

gether with clinopyroxene filling interstices between olivine crystals. 

Because chromite shows idiomorphic outline against clinopyroxene 

the latter probably crystallized last and thus represents the termin

ating peritectic (reaction) relation (Irvine, 1967) with chromite. 

This example (Fig. 55) is also noteworthy for the presence or small 

rounded inclusions comprised of pale brown biotite and pale green 

hornblende in some of the interstitial chromi te. ' 

Locally where chromite is concentrated in bands a distinctive 

mesh texture is formed around olivine crystals. The size of olivine 

crystals thus enclosed ranges from 3 to 5 mm in diameter a.nd closely 

resembles discrete areas of optically continuous olivine in adjacent 

normal dunite. These dimensions are similar to those of olivines 
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outlined by the phenomenon of lustre m~ttlingJthus confirming the 

primeness or the observed textures in dunite. 

Scattered small cuspate patches of clinopyroxene are ubiqnitous 

throughout the dunite. They appear to represent postcumulus material 

formed because the adcurnulus process (Wager £.1 al., 1960) whereby 

cumulus crystals are enlarged at much the same temperature as their 

original formAtion by diffusion from overlying ma.grna, was not completed. 

Thus, except for accessory clinopyroxene,Greenhills dunite approxi

mates an adcumulus material (Fig. 56). 

Olivine in the Dunite Zone ranges in composition from Fo
90

to Fo
80 

and shows no zoning. It is usually moderately altered to chrysotile 

and iron ore. Sporadic patches of orthopyroxene suggest that at lower 
rea.c.+e.d 

temperatures olivine to orthopyroxene rather than undergo 

Fe-enrichment. Clinopyroxene in dunite often appears faintly zoned 
· ( pa..le,.,es5) 

as evidenced by slight bleachingfof 

much as 51-55° within some grains. 

rims and a range in 2V2 of as 

Uralitization is patchy. Optical 

measurements indicate a magnesian variety of clinopyroxene probably 

similar to analyzed endiopside from the poikilitic peridotite unit with 

which dunite has close textural affinities. The chromite is a faintly 

translucent (brown) variety in which zoning is inconspicuous. 

Feldspathic dunite occurs at several localities adjacent the 

dividing fault and at Sl81/268847 near the dunite/wehrlite contact 

north of Barracouta Point. The presence at the la.tter locality of 

numerous sub-parallel bands ranging in thickness from 2 to 24 inches 

suggests a real transition from dunite through feldspathic dunite 

into wehrli te.. The case for layering would be complete but for the 

fact that some of these bands interconnect. Moreover, a few are 

structurally composite like the feldspathic dunite dyke described 

earlier (Fig. 49). The bands resemble this dyke in that they contain 

titanomagnetite and brown hornblende. Translation lamellae in the 

olivine of these bands are generally more conspicuous than in normal 
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Fig . 55. Peritectic relation between chromite and clinopyroxene in 
duni te. Note inclusion in chromi te. 0. U. 259 59. x70. Transparent 
overlay shows details. 

Fig. 56. Photomacrograph of typical adcumulate texture in dunite; 
mostly olivine and scatter~d grains of chromite (black). O.U. 25714. 
x3. Crossed polars. 
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dunite. These features together with the forsterite contents of 

the olivines (Table 8), which resemble those of eucrite and feld

spathic dunite dykes, suggest that feldspathic dunite at Greenhills 

is not an integral part of the layered series. 

Sam12le Localit;z Rock Ty-pe ~ Forsteri te 

o.u. Sl81/ 

25800 260857 feldspathic dunite dyke 75 (from refractive index) 
25993 270858 feldspathic duni te band 73.9 (X-ray) 
25994 270858 non-feldspathic dunite 79.6 II 

adjacent O.U. 25993 
25941 268847 feldspathic dunite band 71.7 tl 

25995 268847 non-feldspathic dunite 81.4 II 

adjacent O.U. 25941 
25944 267842 · feldspathic duni te band 72.8 n 

Table 8. Percent forsterite of olivine from feldspathic and non
feldspathic dunite at various localities in Greenhills. 

Contact relations with overlying rock. Contact between dunite 

and overlying wehrlite is usually either: 1) a unit of mixed dunite/ 

wehrlite 2) a unit of intrusion breccia 3) a knife edge or 4) a 

unit of transition. Examples of the first three types of contacts 

have been described in Chapter IV A. The fourth and least common 

type possibly represents the important instance where tectonism least 

modified primary layering. Minor units of transition from duni te to 

wehrl:Lte occur at several localities on the westcoast of Greenhills. 
•, 

The transitions~are usually complete over a distance of less than 25 

feet and the following order may be considered typical (Table 9). 

* The_ dt"s-1-,v;ct:ve fexfvre /s h12-fteve.rf .fo had {~v114ed, £7 conf,J-tuouS ;vow-f~ 

1 h"fh Cl-1-i'Yl<-</Lts o..nd /o'i(r/,f,c ( ,;devcuMulu..s) cr:;sfc.../s o.fc.orlsfo.nf 

fefertJ~><re uvd./ nO ~~fev-cu.mu/u5 fti ... ,J ve-wta,;,e/ l~e f-e)('/urf /s 

fheve 4v'(' /,eleralcwY/"<.j,._/e ( wo..rev ef a.l, !'160). 
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Snecimen Rock Textural Feature Estimated_ Mode 

o.u. ol- clino-
ivine pyroxene 

25823 wehrlite normal close packed 25 1-5 
clinopyroxenes 

25822 wehrlite disseminated clino- 50 50 
pyroxenes 

25.821 peridotite patches of clino- 80 20 
pyroxenes poikilitically 
enclose many euhedral 
olivines ( he-l-e.-a..dc<-<rnulc..fe) y 

25820 dunite hypidiomorphic granular 97 2 

Table 9. Textural and modal features of a typical minor dunite/ 
wehrlite transition unit. 8181/25986~. 

chr 
mit 

-

-

-

1 

The Wehrlite Zone. Thickness of this zone is approximately 

o
e 

500ft although local deviations of 100ft or_more are common. This 

thickness includes the main poikilitic peridotite unit. In addition 

to the above described gradation from dunite into wehrlite, modal 

analyses obtained from the Wehrlite Zone reveal a variability in com

position of wehrlite within the range of the two samples shown in 

Table 10. More extreme varieties appear locally within the zone, 

for example, at 8181/260856 where the rock approaches clinopyroxenite 

in composition, but they are not traceable along strike. 

Sample Olivine + Clinopyroxene Other 
Sernentine 

o.u. 25718 64.6 34.9 0.5 (vein hornblende 
+ urali te) 

o.u. 25710 25.9 73.9 0.2 (uralite) 

Table 10. Two modes of typical Greenhills wehrlite. 
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Texture in wehrlite is characteristically hypidiomorphic gran

It is essentia.lly the texture of a modified clinopyroxene-

olivine cumulate in which these two settled phases are cemented to

gether by va.ria.ble amounts of intercumulus overgrowth. Some cline

pyroxenes are idiomorphic towards each other and to olivine but the 

majority show signs of embayment by olivine suggesting either replace

ment by the latter, or adcumulus growth of clinopyroxene (Fig. 57). 

It seems unreasonable that both processes occurred simulta.neously 

although it is not inconceiva.ble that one should overlap the other. 

Sporadic euhedral olivines occur within some of the clinopyroxenes. 

However, none of the latter are so poikilitic in habit as to suggest 

they represent completely postcumulus material. A more likely possi

bility is that the olivines became entrapped in clinopyroxene during 

the process of settling out of the magma. Taylnr (in Wyllie, 1967) 

postulates cotectic crystallization of these minerals to account for 

the relatively constant mode of olivine pyroxenite units (15-2o% 

olivine, 70-80% clinopyroxene) in Alaskan ultramafic complexes. 

Experimental phase equilibria on the join forsterite-diopside-iron 

oxide at 0.21 atmos. Po (Presnall, 1966) show that diopside and for

sterite form in the pro~ortions 89:11 at 1389°C. According to Kushiro 

(1964a) crystallization at higher pressures shifts the olivine

diopside eutectic toward the olivine end of the system. The possi

bility that cotectic precipitation of olivine and clinopyroxene re

sulted in the formation of Greenhills wehrlite is not strengthened 

by the relatively inconstant ratio of these two minerals although 

variable post-cumulus packing of the crystal precipitate ma.y have 

contributed to this. 

The olivines, which are more than 50% serpentinized in wehrlite, 

have also undergone crushing and usually lack unambiguous origina.l 

form except where enclosed by clinopyroxene. However, evidence of 
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Fig. 57. Modified cumulate texture in wehrlite; note the form 
contact center of photograph, also embayment of clinopyroxene by 
olivine. Some clinopyroxene grains are euhedral. O.U. 25706. 
ol = olivine; cpx = clinopyroxene. x3. Crossed polars. 
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recrystallization such as Raleigh (1965, p.729) described is absent 

except in small-scale :rractures marked by a fine-grained mosaic of 

cryste"ls. In instances where olivine is least altered, optically 

homogeneous patches neatly fill interstices between clinopyroxenes in 

a manner which can be attributed to the adcumulus process. However 

in no instance does this olivine form a truly poikilitic texture. 

The general range in grain size in layered rocks of the north 

pluton is shovrn in Figure 58. The data for each of 25 rock samples 

are: maximum diameter of optically homogeneous grains of plagioclase, 

olivine and clinopyroxene; average diameter of clinopyroxene grains 

estimated from measurements of the mean diameter of 25 or more sepa

rate grains. The maximum grain size of plagioclase and olivine evi

dently varies within a relatively small range. Average grain size 

of these constituents is about 2-4 mm less than the recorded maximums. 

Clinopyroxene exhibits a relatively large range of grain size both 

within individua"l semples and throughout the layered series. Gene

rally the largest clinopyroxenes occur in rocks of highest clino

pyroxene content. Figure 59 shows a positive correlation between 

the percent serpentinization of olivine and the mode of clinopyroxene. 

The olivine in wehrlite is more intensely serpentinized than in any 

other layered rock at Greenhills, including dunite, but the reason 

for this is not clear. 

In the Wehrlite Zone unzoned olivine ranges from Fo
86 

to Fo
78

• 

Chemically analyzed clinopyroxene, ca40 •8Mg
5
1. 2Fe8 •0, is slightly more 

iron-rich in wehrlite than in underlying dunite. Although z~ning in 

clinopyroxene has not been unequivocally confirmed,it is suggested 

by the way in which birefringence sometimes increases towards the 

edges of grains oriented perpendicular to Y. Exsolution lamella.e of 

orthopyroxene oriented parallel to (100) of clinopyroxene are usually 

absent in these peripheral areas. This suggests migration of exsolved 
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material during exsolution or a deficiency of the orthonyroxene mole

cule in the final cryste.llization product. Similarly, exsolution 

lamellae of clinopyroxene in orthopyroxene are generally lacking at 

grain margins. Orthopyroxene lamellae are relatively inconspicuous 

in Greenhills clinopyroxene because they commonly occur with flecks 

of uralitic hornblende and are often altered to serpentine. Commonly 

they coincide with a relatively prominent schiller structure, as in 

0. U. 25886 and 0. U. 25710, but in many suitably oriented crystals 

they are absent. Such poor development possibly is due to the calcic 

composition of the clinopyroxenes as suggested by Brown (1957). 

The poikilitic peridotite unit and its cont~:~ct relations with 

wehrli te. The greatest apparent width of the main poikili tic peri·do

tite unit is about 100ft as recorded from the type locality Sl8l/ 

257886 on the north shore of Greenhills but this rock pinches out 

along strike several hundred yards eastward along the north shore. 

About half a mile south of the type locality the poikilitic perido

tite is lost at a fault. The mode of a typical sample (O.U. 25708) 

is olivine 70.5%, clinopyroxene 28.5%, uralite 1%, but in many cases, 

particularly in the central portion of the unit the rock grades into 

dunite. A number of criteria serve to distinguish poikilitic perido

tite in the field: · 

a) Reflection of sunlight or lustre mottling, from the cleavage 

planes of large poikilitic clinopyroxenes. · 

b) "Cellular structure" outlined by subjacent clinopyroxenes 

that enclose large olivine crystals. 

c) A bumpy surface resulting from the weathering of poikili tic 

peridotite in which clinopyroxene occurs as large dissemi

'nated poikili tic crystals. 

Texturally the poikilitic peridotite resembles the minor (Table 9) 

heteradcumulate unit of transition between dun:i.te and wehrlite. 
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Typically the poikilitic peridotite consists of closely spaced sponge

shaped often interlocking clinopyroxene crystals more than one centi

meter in diameter (o.u. 25708) some of which poikilitically enclose 

up to 2000 euhedral olivines. The habit of these clinopyroxenes 

compares closely with that of clinopyroxene in the 11 textural perido

tite" (Ruckmick and Noble, 1959, p.lOOO) from the Union Bay Comnlex 

and with clinopyroxene in the Rhum peridotite, unit 14, (Brown, 1956). 

Grains of chromite occur in olivine crystals and interstitially to 

them in postcumulus clinopyroxene. Clearly, in this rock clino

pyroxene ceased to be a cumulus phase. As a rule the habit of the 

olivines is euhedral and tabular on (010) but they show no obvious 

preferred dimensional alignment within their host (Fig. 60). A size 

varie.tion of olivines is indicated by the degree of coarseness of'. 

the cellular structure outlined by the enclosing clinopyroxene. The 

structure appears most coarse adjacent the upper contact of the poi

kilitic peridotite with v1ehrli te as in O.U. 25996 where olivines 4 

mm in diameter are common (Fig. 61). 

Although not well exposed on the north shore a basal contact of 

slightly crushed poikilitic peridotite with wehrlite is clearly seen 

in the south pluton at Sl81/291834. The weathered surface of the 

outcrop is bumpy with each bump marking a large sponge-shaped poi

kili tic clinopyroxene disseminated in a matrix of olivine crysta.ls 

(Fig. 62). These disconnected poikilitic crystals are termed oiko

crysts after Jackson's (1961, p.5) description of crystals grown 

from intercumulus liquid in the ultramafic zone of the Stillwater 

Complex. Their disseminated occurrence in the Greenhills example 

implies extreme adcumulus growth of olivine away from the centers 

at which clinopyroxene nucleated. 

Olivine from the poikilitic peridotite is Fo81_
79 

which is 

within the range of composition of olivine from the wehrlite. Chemi-

cal analysis gives the composition of clinopyroxene as Ca
40

.?Mg
53

•
7

Fe
5

•6 • 
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Fig . 60. Photomacrograph of poikilitic peridotite (O.U. 25708), a 
heteradcumulate marker horizon. Cumulus olivines, mostly euhedral, 
are set in l arge postcumulus crystals of optically continuous clino
pyroxene. x3 . Crossed polars . 

Fig. 61 . Photograph of hand specimen showing cellular structure in 
poi ki litic pe ridotite (O.U. 25996). Olivines (light), mostly 
euhedr8.l, are set in large postcumulus clinopyroxenes (dark) . 
Compare grain size with that shown in Figure 60. xlt. 
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Fig. 62. Basal contact (near bottom of photograph) of poikilitic 
peridotite with wehrlite SlSl/291834. Strike is normal to rule; 
dip about 75° away from observer. Note globule of wehrlite to right 
of rule reminiscent of mixed dunite/wehrlite layer~ng. White vein
lets are chrysotile-asbestos. Transparent overlay shows details. 
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The optical properties of the clinopyroxene do not differ signifi

cantly from those of clinopyroxene in dunite. 

'l'he 'l'ransi tion Zone. This consists of about 50 ft of feld

spathic wehrli te separating the ul tra.mafic portion of the layered 

series from the overlying eucritic portion. Some of the best ex

posures occur at the Pilot Station in north-western Greenhills and 

at Barracouta Point. In the Transition Zone plagioclase makes its 

first appearance in the layered series. It occurs in accessory 

amounts in an interstitial role in O.U. 25705 at the base of the 

zone, increases up to 10% in O.U. 25698 over a stratigraphic interval 

of about 50 feet, and continues to grade upward, with several rever

sals due to r~wtbmic layering, into eucri te. 1'he plagioclase is 

white and even in accessory amounts is readily recognizable in hand 

specimens from the Transition Zone. 

Texture of the Transition Zone is hypidiomorphic granular. 

Plagioclase at the base of this zone develops only as poikilitic 

growths around cumulus clinopyroxene and olivine (Fig. 63). A 

barely perceptible normal continuous zoning is evident in these 

poikilitic growths although it is obscured in many cases by the 

alteration products prehnite, thompsonite, montmorillonite and chlor

ite. The poikilitic tendency occurs throughout most of the layered 

ser,ies above the base of' the 'l'ransi tion Zone. However, towards the 

top of the zone plagioclase asserts a normal tabular outline evi

dently joining clinopyroxene and olivine as a cumulus phase. This 

inference is supported by the presence of very narrow discontinuous 

rims of slightly zoned plagioclase suggesting adcumulus growth along 

one or more edges of the crystal where intercumulus liquid existed • 

.Accessory brown hoz:,:nb;L~nde together with titanomagnetite appear as 
,1-,IL•-.-,:-

semi-poikilitic intergrowths near the top of the Transition Zoneo 

In view of the minimal zoning of constituent minerals in the Transi

tion Zone it is unlikely that the postcumulus material has crystallized 
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Fig . 63. First appearance of plagioclase in the layered series is as 
postcumulus material (O.U. 25705) at base of Transition Zone. 
Olivine (lo~er left) heavily pseudomorphed by serpentine; cpx = 
clinopyroxene, idiomorphic against plagioclase (at extinction) center 
of photograph. x25. Crossed polars. 
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in ~ from trapped intercumulus liquid. Such a rock would be an 

orthocumulate (Wager ~ al., 1960) the extreme opposite of an ad

cumulate. The Transition Zone on the other hand represents the inter

mediate case of a mesocumulate in which some intercumulus liquid was 

eliminated by adcumulus growth before being effectively trapped. In 

this case postcumulus material consists partly of adcumulus materia.l 

derived by diffusion from overlying magma, and to a lesser extent 

from trapped intercumulus liquid. 

Olivine in the Transition Zone is Fo
79

• Clinopyroxene as de

termined optically in 0. U. 25698 is about Ca41Mglt4 Fe15, slightly 

more iron-rich than clinopyroxene from the underlying ultramafics. 

Chemical analysis of the plagioclase yields An.91.
9 

llh8•
1 

Or0 •0 , a 

composition that changes little throughout the layered series. At 

the margins of plagioclase grains incipient al~eration to prehnite, 

thompsonite and montmorillonite is widespread. This alteration 

usually occurs at contacts between clinopyroxene and plagioclase 

grains. Typically tufts of prehnite rim clinopyroxene and are suc

ceeded outward into plagioclase by fibrous aggregates of thompsonite. 

Thompsonite and prehnite commonly occur together in fractures which 

traverse plagioclase and which are generally parallel to and often 

continuous with serpentinized fractures in adjacent olivine. 

The Eucrite Zone. The eucritic portion of the layered series 

in the north pluton consists of a thickness of approximately 2000 ft 

of eucri te which includes a band of allivali tic rock at least 50 ft 

thick. This estimate is a minimum because the top of the sequence 

is nowhere evident. In the south pluton at Barracouta Point only 

the lowermost quarter of this sequence is exposed. The modes of 19 

rock samples from the Eucrite Zone are given in Chapter IVA. 

In spite of the large number of ratio contacts in the Eucrite 

Zone, texture of the different samples is hypidiomorphio granular 

and differs in degree, not kind, from the upper part of the Transition 
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Zone. With the exception o~ the allivalite unit (described below) 

texture is or little use as a stratigraphic indicator in the Eucrite 

Zone. Plagioclase evidently joined clinopyroxene and olivine as a 

cumulus mineral throughout the zone. In many instances plagioclase 

forms large crystals which poikilitically enclose olivine and clino

pyroxene (Fig. 64) but it is uncertain whether ·this habit ever super

ceded cumulus plagioclase as happened at the base o~ the Transition 

Zone. Evidence ~or the cumulus origin of at least some of the plagio

clase is revealed in every thin section by the idiomorphic outlines 

or some plagioclase crystals against either clinopyroxene or olivine. 

The presence or narrow discontinuous rims of weakly zoned plagioclase 

suggests that the eucrite is dominantly a mesocumulate. Commonly 

large clinopyroxene crystals contain one or more small euhedral oli

vine and plagioclase crystals suggesting entrapment of the last two 

phases dur~ng settling out of clinopyroxene. However, the fact that 

many clinopyroxene grains have sponge-like margins interstitial to 

relatively close-packed plagioclase and olivine grains suggests 

that the adcumulus process contributed to the growth of clinopyroxene. 

Olivine also shows addition to its margins from the intercumulus 

liquid and although largely adapted to the shape of the plagioclases 

true poikilitic olivine does not occur. 

Postcumulus material not of adcumulus origin consists mainly 

of intergrowths of brown hornblende and titanomagnetite occasionally 

with flakes of biotite attached to the iron ore. Where it occurs 

in sporadic veinlets the same assemblage contributes a protoclastic 
' aspect to the texture of the eucrite (Fig. 65). Adjacent these 

veinlets uralitization is relatively intense, although clinopyroxene 

throughout the layered series invariably shows some signs of uralitiza

tion. The varying intensity of uralitization at Greenhills is simi

lar to the Eulogie Park gabbro (Wilson and Mathison, 1968) in which 

uralitization of augite is present in some layers but not in others. 
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Fig. 64. Sketch from a photomacrograph of eucrite show
ing partly recrystallized patches of poikilitic plagio
clase and the idiomorphism of some plagioclase crystals. 
Note relative decrease in grain size from right to left. 
O.U. 25693. ol =olivine; cpx = clinopyroxene; pl = 
plagioclase . x4 . 

Fig . 65. Photomicrograph showing plagioclase idiomorphic 
toward brown hornblende (at extinction) whereas clino
pyroxene is uralitized. O.U. 25699 . cpx = clinopyroxene; 
hb = hornblende; pl = plagioclase. x30. Crossed polars. 
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Wilson and Mathison visualize the controlling factor as the concen

tration of volatiles, mainly water, varying as a function of height 

in a crystal mush. Uralitization of the Belhelvie gabbroic complex, 

Scotland, has been described by Stewart (1947) as relatively intense 

nearest the top or the intrusion. The phenomenon appears in essence 

a deuteric effect. 

Olivine composition in the Eucrite Zone ranges from Fo
79 

to Fo
65 

and reflects better than any other of the main minerals the cryptic 

trend to lower temperature phases with increase in stratigraphic 

height in the layered series. Clinopyroxene (ca44 .1Mg
46

•
9

Fe
9

•1) 

determined by chemical analysis shows a slight increase in,Fe content 

over clinopyroxene of the Wehrlite Zone but throughout the 2000 ft 

thickness of the Eucrite Zone it is doubtful whether there is any 

further significant change in composition. Plagioclase undergoes 

very slight Na-enrichment (An91 •0-An88•
3

) over 700 vertical feet 

(see Table 3). 

The allivalite unit. This band of rock exceeds 50 ft in thick

~ess and is located about 800 ft above the Transition Zone at Sl8~ 

26288~. Al~hough apparently conformable with s
0 

structure in the 

enclosing eucrite the allivalite outcrops sporadically for only a 

few hundred yards along strike and is of' little use as a marker hori

zon. Contact with the enclosing eucrite has not been seen, hence a 

sill-like origin of the allivalite is not ruled out. The average 

of two closely similar modes of Greenhills allivalite is: 68.Q% 

plagioclase; 4.5% clinopyroxene; 16.6% olivine; 3.9% hornblende; 

3.8,% ore; l.o% orthopyroxene. This average resembles the Rhum 

allivalite which according to Brown (1956, p.ll) contains" ••• ap

proximately 70% feldspar, 20% olivine and 10% clinopyroxene •• " Tex

turally the Greenhills allivalite is sub-ophitic and relatively 

finer-grained than other rocks of the layered series. Figure 66 

illustrates these features and the apparent alignment of tabular 
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Fig . 66 . Photomacrograph of allivalite showing sub-ophitic texture. 
O.U. 25691. ol = olivine; cpx = clinopyroxene; pl = plagioclase. 
Titanomagnetite is discernible only as occasional black grains in 
plagioclase. x4 . Crossed polars . 
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plagioclase phenocrysts. Clinopyroxene, brown hornblende and ti ta.no

magnetite are evidently postcumulus phases in this rock. The ophitic 

texture and the plagioclase/olivine ratio of' about 68:17 suggest 

that the rock might be the result of the eutectic precipitation of' 

these constituents. Although the above ratio falls on the anorthite 

side of' the eutectic determined anhydrously by Osborn and Tait (1952) 

it was found_ by Yoder (in Brown, 1956, p.46) that an increase in 
<VI "'the ->~ste.., Di -1-o-A"' 

water vapour"lowers the eutectic moving it toward the anorthite end 

of the system. Conditions of' high pH 0 may therefore have been 

operative during the formation of the
2
Greenhills allivalite. 

D. Mineralogy Primary Minerals 

Clinopyroxene 

Introduction. Pyroxene compositions expressed in relative 

proportions of CaSi03-w~Si03-FeSi03 are an important guide to the 

cooling history of basic magmas and to the recognition of fractiona-

tion products of basaltic magmas. In classic Skaergaard (Wager and 

Deer, 1939; Muir, 1951; Brown, 1957) the Ca-Mg-Fe ratio of pyroxenes 

illustrates a nearly complete series of Ca-rich clinopyroxenes re-

sulting from fractionation of a high alumina basaltic magma of' tho

leiitic affinities. Hess (1941) reviewed the course of' crystalliza-

tion of pyroxenes from common mafic magmas. .He defined approximate 

limits of solid solution, the limit of' the field of two-pyroxene 

crystallization, and showed the significance of certain exsolution 

textures. The trend of chemical variation in the, clinopyroxene from 

ultramafic complexes such as the Horoman in Japan (Onuki, 1965) and 

the Alaskan intrusions of Duke Island (Irvine, in Wyllie, 1967), 

Union Bay (Ruckmick and Noble, 1959) and Blashke Island (Walton, 

1951) differs significantly from that of Skaergaard and common mafic 

magmas. In this section the trend in chemical variation of clinopyroxenes 
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from the layered series of the Greenhills Ultramafic Complex is 

examined and comparisons are made with trends shown by clinopyroxenes 

from other intrusions. 

Chemical analysis of selected clinouyroxenes. Clinopyroxenes 

from the Greenhills layered series were chosen for analysis from the 

cross-section of the north pluton (Fig. 16) at: -440 ft (poikilitic 

peridotite unit),-360 ft (Wehrlite Zone) and +1090 ft (Eucrite Zone). 

In addition clinopyroxene has been analyzed from two wehrlite dykes 

and from the marginal gabbro. Relatively little difficulty was ex

perienced separating clinopyroxene fractions for analysis due to the 

coarse-grained textures of the rocks. Unfortunately almost all 

clinopyroxene at Greenhills shows incipient uralitization. The a

mount of uralite in concentrates of clinopyroxenes O.U. 24591 and 

O.U. 25828 is approximately 1% and in the other analyzed specimens 

uralite is less than 0.2%. No allowance has been made for uralite 

in the recalculation of the analyses. Recalculations (Table 11) 
were carried out on the University of Otago's IBM 360 computer using 

the program Pyrend developed by Drs E. Essene and P.B. Read and 

written by the latter. The standard formula (WXY)
2
(z

2
o6) shows the 

balance of charge and variation in cation proportions calculated on 

the basis of 6 oxygens. All but one of the analyzed clinopyroxenes 

are endiopsides. The exception, O.U. 25828 from the marginal gabbro, 

is an augite according to the nomenclature of Poldervaart and Hess 

(1951). 
Changes in composition of Greenhills clinopyroxenes during 

fractionation. The most significant specimens relating to the 

frectionation sequence in the Greenhills layered series are the first 

three, O.U. 25708, O.U. 25707 and O.U. 24591 which in this order 

represent successive crystallization products. One of the interes

ting features or the analyses is the complementary variation between 
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o.u. 25708 o.u. 25707 o.u. 24591 o.u. 25742 o.u. 25947 o.u. 25828 

\.' ~ 

52.88 50.84 50,89 51.40 51.45 49.75 

0,41 0.17 0,40 0,19 0.13 0.37 

1.69 1.78 2.33 2.19 1.65 3.04 

trace 0.03 0.02 0.05 0.08 trace 

0.64 2.03 Oo53 o.o6 o.4o 2.67 

3o09 3.50 5.40 4.39 3.31 5,02 

0.14 0.15 0,21 0.17 0.14 0.22 

19.56 19.28 17.00 18.64 18.66 16.78 

20.63 21.38 22.23 21.94 23.64 21.75 

0.07 0.29 0.94 0.15 0.12 0.31 

0.07 0.03 0.07 0.11 0.07 o.oo 

n.d. 0.02 0.02 0.02 0.02 n.d. 

99.18 99.50 100.04 99.3 j'. 99.67 99.91 

53 52 52 53 54 53 

1.674 1.684 1.690 1.684 1.684 1,692 

40.69 40.83 44.05 42.74 4s.o6 42.74 

53.67 51.23 46.86 50.51 49.48 45.87 

5.64 7.94 9.09 6.76 5.46 11.39 

Number of ions on the basis of 6 oxygena 

1.933 1.878 1.886 1.899 1.897 1.849 

0.067 0.078 0,102 0.095 0.072 0.133 

0,006 o.o o.o o.o o.o o.o 

o.o 0.001 0.001 0.002 0.002 o.o 

0,011 o.oos 0.011 o.oos o.oo4 0,010 

0.018 o.o56 0,015 0.002 0.011 0.075 

0.095 0.108 0.167 0.136 0.102 0.156 

0.004 0.005 0.007 o.oos 
\, 

0.004 0,007 

1.066 1.062 0.939 1.026 1.025 0.930 

o.8o8 0.846 0,883 0.869 0.934 0.866 

0.005 0.021 o.o68 0.011 0.009 0.022 

0•003 0.001 0.003 o.oos 0.003 o.o 

2.00 1.96 1.99 1.99 1.97 1.98 

2,0't 2 011 2.09 2.06 2.09 2.07 

Table 11. Chemical analyses of clinopyroxenes from the Greenhills Complex, 
O.U. 25708, poikilitic peridotite unit; O.U. 25707, l'iehrlite 
Zone; O.U. 24591, Eucrite Zone; O.U. 25742, wehrlite dyke; 
O.U. 25947, wehrlite dyke; O.U. 25828, marginal gabbro: 
analyst - D, Mossman, 
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magnesium and ferrous iron suggesting replacement of the former 

by ferrous iron in progressively later pyroxenes, a trend well estab

lished in layered intrusions (Wager and Brown, 1968). The concept 

of replacement of magnesium by ferrous iron is substantiated by an 

accompanying decrease in the silica weight percentage (Muir, 1951). 

The fractionation trend can be further extended by treating specimen 

O.U. 25828 from the marginal gabbro as part of the fractionation 

sequence although it is doubtful whether this is a valid assumption. 

Titanium content in Greenhills clinopyroxenes is less than 0.5%. 

Mn content is less than 0.25%. Na content is also low, but there is 

a suggestion of slight increase to about 1% in the later clinopyroxenes. 

Ferric iron ranges from practically nil to 2.67% but no systematic 

variation is evident. The two clinopyroxenes O.U. 25742 and O.U. 

25947 from wehrlite dykes are similar in composition; judging from 

their Ca:Mg:Fe ratios and their high Ca contentsthey have affinities 

with early clinopyroxen~of the layered series. Al2o
3 

content shows 

an increase from 1.69% in the earliest to 2.33% in the latest clino

pyroxene of the layered series. Insignificant amounts of Cr are 

present. 

Variation in the Ca:Mg:Fe ratio of Greenhills clinopyroxenes 

during fractionation is best seen by reference to the conventional 

pyroxene quadrilateral (Fig. 67) on which the chemically analyzed 

clinopyroxenes have been plotted. On the same diagram their values 

of~ refractive index and 2VZ have been plotted according to the 

curves given by Hess (1949). Included are the optically estima.ted 

compositions of 21 other clinopyroxenes from the 'cross-section E
1

":'E
2 

(Table 3) through the· north pluton. A line drawn through points 

representing the chemical analyses of the three clinopyroxenes from 

the Greenhills layered series is parallel to the trend defined by 

the optical data but is slightly_ ~ffset from it away from the Fe 
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apex of the quadrilateral. The general paucity of exsolution in the 

clinopyroxenes may contribute to this because the observed optic 

angles will be slightly lower than those predicted by Hess's optical 

data. However, the rea.son for the discrepancy between the Mg:Fe ratio 

Mg 

,----=s __ 
I 

GREENHILLS CLINOPYROXENE 

• plot from analysis 
~ plot from optics 

/trend 

~orthopyroxene from 
,.,..- marginal gabbro 

ATOM PERCENT 

Fig. 67. Plot of clinopyroxenes and one orthopyroxene from the Green
hills Ultramafic Complex on the Di-He-Mg-Fe quadrilateral. For com
parison the following are included: the trend of Ca-rich cline
pyroxenes in the Alaskan ultramafics of Duke Island (D), (Irvine, in 
Wyllie 1967), Union Bay (U), (Ruckmick and Noble, 1959) and Blashke · 
Islands (B), (Walton, 1951); the trends of Ca-rich and Ca-poor 
pyroxenes in the Skaergaard (S) intrusion (Brown, 1957); the trend 
of clinopyroxenes in common mafic magmas (C), (Hess, 1941); the 
general trend of augites from alkali-basalt magmas (A), (Wilkinson, 
1956). 

of chemically analyzed clinopyroxenes and the values indicated by 

the refractive index is not clear. 

Comparison with the trend of clinopyroxenes from other intru-

sionso Judging from the composition of coexisting ferro-magnesian 

silicates in the marginal gabbro specimen (O.U. 25828) the most 
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iron-rich phase is orthopyroxene (Mg68 •8Fe 31 •2)* followed by olivine 

(Fo
74

Fa26 : X-ray) and clinopyroxene (Mg80 •
7

Fe19 •
3

)*. This rela.tion

ship is similar to the Skaergaard intrusion (Muir, 1951; Brown 1957) 

and to orthopyroxene-olivine pairs formed in a highly magnesium-rich 

paragenesis (Ramberg and DeVore, 1951). For olivine and clinopyroxene 

the same relationship applies to the Greenhills layered series; how

ever, orthopyroxene is not recognized as a cumulus phase at Green

hills and in this respect the pyroxene assemblage resembles that of 

Rhum (Wager and Brown, 1968) and the .Alaskan ultramafics. Brown 

(1956) noted an absence of exsolution lamellae of orthopyroxene 

parallel to (100) of clinopyroxe?e from Rhum and attributed the phe

nomenon to the calcic nature of the latter. Similarly at Skaergaard 

exsolution lamellae are lacking in diopsidic augite of gabbro-picrite 

in the marginal border group due to the calcic composition of this 

mineral (Brown, 1957, p.535). Exsolution lamellae of orthopyroxene 

have not been reported in clinopyroxenes from the Alaskan intrusions. 

Although relatively uncommon they have been detected optically in 

Greenhills clinopyroxenes. This may be accounted for by the fact 

that Greenhills clinopyroxenes are generally less calcic than the 

specimen from Rhum, ca
44

.Mg
49

Fe
7

, analyzed by Brown (1956, p.23). 

Assuming that the trend indicated by the chemical analyses, ex

tended towards the Ca-Fe side of the diagram (Fig. 67), represents 

the actual trend of clinopyroxenes at Greenhills, it is about 2 per

cent more calcic than the trend in common mafic magmas and less cal

cic than the trend in most .Alaskan intrusions. However, it is vir-
' tually identical with the trend of clinopyroxenes from Blashke Islands 

(Walton, 1951) except that the latter extends slightly further towards 

. *.Mg and Fe recalculated to 100%; orthopyroxene composition is the 
average of two electron probe analyses (B & D) listed in the fol
lowing section (Table 13). 
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the Ca-Fe side of the quadrilateral. The Horoman trend (Onuki, 1965) 

is also nearly coincident with that of Greenhills and is not plotted 

in Figure 67. An "ultramafic" magma is favoured by Taylor (in Wyllie, 

1967) as the parent of most of the Alaskan intrusions. However with 

the possible exception of the wehrlite, it seems unlikely that at 

Greenhills magmas existed of the sa.me composition as the several 

ultramafic rock types. 

Unlike the Alaskan clinopyroxenes which commonly contain 4 to 7 

percent Al2o3 
(Taylor, in Wyllie, 1967), Greenhills clinopyroxenes 

contain only about 1.5 to 3% Al2o3
, an amount according to Atkins 

(1965, p.233) not inconsistent with the property of tholeiitic 

pyroxenes which crystallize at crustal levels. As shown in Figure 

68Jthis amount is also low compared with clinopyroxenes from alkaline 

intrusions and with those from primary and recrystallized Lizard 

peridotite. Greenhills clinopyroxenes most closely resemble those 

from major stratiform intrusions and those from Dun Mountain. Clearly 

the criterion of alumina content is inadequate to distinguish be

tween alpine and stratiform peridotite intrusions.· 

Distinction between tholeiitic, alkaline and peralka.line rocks 

on the basis of the alumina and silica content of clinopyroxenes he.s 

been attempted by plotting Al2o
3 

against Si02 (LeBas, 1962), plotting 

Al against Si (Kushiro, 1960), and by plotting Alz against Si (Challis, 

1965a). Similar results are obtained in each case and on Challis' 

plot (Fig. 69) tholeiitic affinities for the Greenhills clinopyroxenes 

are indicated. However, the apparent anomalies of the Lizard and 

particularly the Alaskan (Union Bay) clinopyroxenes which on the 

same diagram straddle both fields, underlines the inadequacy of a 

diagram of this kind to allow for the _effect of pressure. Another 

attempt to contrast clinopyroxenes of alkaline and tholeiitic prov

inces is the normative scheme of Coombs (1963). This employs the 
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diopside-olivine-silica triangle and a second adjoining triangle 

Ca(Mg,Fe)Si206-(NaA1Si0
4

+KA1Si 206 )-(Mg,Fe) 2Si0
4

• Onto this diagram 

are plotted rocks and minerals in 11 
••• molecular proportions of 

(NaA1Si04+KAlSi 2o6):Ca(Mg,Fe)Si 206:(Mg,Fe)Si0
3

:(Mg,Fe)
2
Si0

4
:Si0

2 
as 

0.3 

0.2 

0.1 

• 

Alkaline 

Field 

1.8 

o Dun M tn Red Hills Red Mtn 
o Nodules 
A Webster Twin Sisters 
t:J. Stillwater Skaergaard Bushveld 

+-Greenhi lis 
>< Dawros 

Lizard + primary 
0 recrystallised 

/ Alaskan (Union B'ay) 

Tholeiitic 

Field 

1.9 21) 
S; 

Fig. 69. Plot or Alz substitution in cline
pyroxenes rrom the Greenhills Ultramaric Com
plex. In this calculation the (Z) group has 
been made equal to 2. Included ror comparison 
are clinopyroxenes rrom various ultramaric 
rocks. (modiried arter Challis, l965a, p.351) 

' 

computed during the calculation or the C.I.P.W. Norm, and recalcu

lated to l00%11 (Coombs, 1963, p.231). 

Table 12 shows the norms and the molecular proportions or 
(NaA1Si0

4 
+KAlSi 206+Ca2Si0

4
): Ca(Mg ,Fe )Si206: (Mg, Fe )SiO 

3
: (Mg ,Fe) 

2
Si0

4
: 

Si02 or 28 clinopyroxenes rrom 10 ultrabasic and ultramaric intrusions, 
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NUHBER 

Si02 
Ti02 
Al

2
0

3 
Cr

2
o3 

Fe2o
3 

FeD 

HnO 

2 

'2.88 :;o.84 

0 .41 0.17 

1.69 1.78 

trace 0.03 

0.64 2.03 

3-09 3.50 
0.'14 0.15 

19.56 19.28 

20.63 21.38 

0.07 0.29 

0.07 0.03 

n.d. n.d. 

n.d, 0.02 

3 

50 . 89 
0.40 

2.33 
0.02 

0.53 

5.40 
0,21 

17.00 

22.23 

0.94 

0.07 

n.d. 

0.02 

4 

51.40 

0.19 

2.19 

0.05 

0.06 

4.39 
0,17 

18.64 

21.94 

0,15 

0.11 

n.d. 

0.02 

5 

51.45 

0.13 

1.65 

0.08 

0.40 

3.31 

0.14 

18.66 

23.64 
0,12 

0.07 

n.d. 

0.02 

6 

49.75 

0.37 

3.04 
trace 

2.67 

5.02 

0.22 

7 

52-32 
o.oo 
3.01 

n.d. 

o.oo 
3.21 

0.09 

16.78 20.72 

21.75 19.69 

0.31 n.d. 

0,00 n.d. 

n.d. n.d. 

n.d. n.d. 

8 

52 . 28 

o.oo 
2.87 

n.d. 

o.oo 
4.67 

0.06 

19.79 

9 10 

53.10 54.41 

0.08 o.oo 
3.92 2.21 

0.55 0.48 

0.05 0.00 

2.70 2.3~ 

0.08 0.09 

16.13 18.36 

22.06 22.30 21.59 

n.d. 0.48 0.21 

n.d. 0.13 0.30 

n.d. 0.41 0.35 

n.d. 0.00 0.00 

11 

52 .92 

0 .50 
2.80 

0.88 

0.85 

5-57 
0.15 

12 

50.35 

0.36 
?.21 

n.d. 

1.69 

16.18 

0.37 
11,15 

17.93 

0.23 

13 

54.07 

0. 21 

2 .08 

0.98 

0.56 

2 .53 

0.09 

17.39 
22.12 

0.41 

0.03 < 0,01 

n.d. 0.04 

0.02 0.06 

14 

51. 90 

o.lc6 
3.40 

0.88 

0-53 

3.70 
n.d. 

17.00 

21.12 

0.36 

0.03 
0.13 

0.12 

16 17 18 

) 1. 81 52-73 52.66 49.57 
0.21 0 . 25 o.48 o.8f. 
3.60 ? .05 2 .90 4.31 

0.38 0.43 0.35 0.09 

1,08 1,00 0.74 2.3C 

3.48 . 2 .37 2. 91 7.46 

0,11 0.12 0.13 

16.77 18.05 16.09 

22 .13 22.57 23.29 

0,21 0.16 0.34 

0.27 

11.79 

22.81 

0.48 

0.02 0.01 0.07 0.04 

0.24 0.48 0.05 0,02 

o.o4 o.o9 o.oo o.oo 

19 

52.07 
0.15 

3.58 
1,06 

0.73 

2.07 

o.o8 
16.81 

22.36 

0.47 

0.01 

0.15 

0.11 

20 

50.06 

0.78 

2.89 

0.07 

6.48 

0.54 

13.63 

20.99 

0.47 

0.01 

0.15 

0.05 

21 22 

47.42 48.66 

0.86 0 . 38 

5.9P- 5.28 

n. d. n.d. 

2 .48 2.33 

3.96 5-43 
0.13 0.19 

14.62 13.63 

23.36 23.02 

trace 0.18 

trace 0.06 

0.76 0.31 

0.20 0.09 

23 

51.94 

0.13 

1.52 

0 .22 

0 . 83 

2. 79 
0.14 

18.56 

24 

7.09 
0.66 

1.23 

2.25 
0.10 

16.99 

25 

49.66 

0 .31 

6.80 

0 .89 

1.37 

2 .38 

0.03 

17.78 

22.82 20.67 20.36 

0.09 0.79 0 .36 

0.04 0.02 0.05 

0.62 n.d, n.d, 

0,19 n.d. n.d. 

26 

G.73 

0.53 
2 . 87 

0.07 

16.29 

22.54 

0.50 

0.05 

n.d. 

n.d. 

MgO 

CaO 

Na
2
o 

K2o 
H

2
0+ 

H20-

0ther 

16.40 

19.97 

0.35 
0.01 

0,10 

0,07 
0,10 0.04 0.12 0.03 ' _ , 

TOTAL 99.18 99.50 100.04 99-31 99.67 99.91 99.04 101.73 99.93 100.39 100.67 100.52 100.58 99.75 100,08 100.33 100.01 100,00 99.65 99.64 99.77 100,16 99.89 100.05 99.99 100.23 

NORMS (WEIGHT PERCENT) 

qz 

or 0,41 0.07 0.77 1.77 o.o6 0.18 o.o6 0.18 o.12 o.o6 o.41 o.o6 o.o6 0.12 0.30 0.30 

lc 

ab 

an 

di 

hy 

ol 

cs 

il 

(di 

(he 

(en 

(fs 

(fo 

(fa 

mt 

Other 

4.09 

0.08 0.32 0.51 ' 0.32 

4.31 

1.93 

o.69 
4.98 

71.23 74.27 66.75 69.28 72.19 
6.03 6.40 12,65 10,42 7.84 

9.19 

o.89 

4.56 
. 0.49 1.04 

0.32 

2.94 

1.91 

2,60 

0.76 

0.77 

10,03 

1.91 

0.98 

0.36 

0.09 

9.11 

1.25 

3o71 

0.25 

0.58 

0.02 0.02 0,02 0,02 

1.42 

6.90 

67.99 

9.68 

7.20 

1.29 

o.87 
0.70 

3.87 

8.21 7.83 

63.93 67.36 

6.55 10.35 

9.10 

1.07 

9.02 12.65 

1.17 2.46 

1,07 

3.94 
o.o6 
8.16 

72.94 

7.82 

4.45 

o.6o 

0.15 

0.07 
0,41 

4.20 

74.46 

6.48 

6.73 

o.67 
3.14 

0.34 

0.35 

2.96 

6.04 

62.03 

11.89 

10.97 

2.41 

0.76 
0.19 

0.95 

1.23 

0.17 

1.95 3.47 

4.91 3.81 

36.78 77.02 

32.83 6.20 

8.97 5.66 

9.17 ,o.52 

1.23 1.35 
1.38 0,14 

o.68 o.4o 

2.45 0,81 

0.02 0,10 

7-57 8.82 4.85 
68.74 71.60 78.92 

7.92 8.01 5.11 

2.99 o.84 2.38 

0.40 0,11 0.18 

5.24 5.42 4.19 

0.76 0.77 0.34 

o.87 o.4o o.47 

0,77 1.57 1.45 

0.25 0.28 0.57 

1.51 

0.74 

6.18 

78.86 

7.20 

2.46 

0.28 

0.91 

1.07 

0.05 

0.19 

2.20 

9.49 

61.79 

19.97 

0.50 
0,20 

0.59 
1,63 

3-33 
0.02 

2.46 3.98 

0.82 

7.63 5-75 
76.13 6'4.09 

4.91 14.34 

2.22 

0.57 
4.61 1.42 

0.38 0.40 

0.28 1,48 

1,06 5.10 

0.26 0.20 

0.28 0.19 

0.83 0.41 

16.32 15.06 3.63 

59.17 58.37 78.58 
5o73 11,66 6.65 

6.30 

0.77 

5-31 
1.63 

3.60 

0.96 

4.82 

1.22 

3.43 
0.72 

3.38 
o.4o 

6;86 

0.73 

0.37 

0.25 

1.20 

0,81 

0.10 

3.57 
15.74 

64.54 

3-45 

8.68 

0.59 

o.Bo 
1.78 

0.77 0.03 
1.23 2.28 

16.79 9.91 

62.55 73-90 
3.42 6.20 

10.71 4.42 

0.74 0.47 

Do59 1,22 

1.99 0.77 

TOTAL 99.19 99.46 100.00 99.27 99-58 99-92 99.05 101.72 99.37 99.92 99.68 100.55 99-54 98.74 99.72 99.87 99.67 99-91 98.60 99.61 99-79 100.17 99.68 99-37 99.09 99-50 

NaAlSi04+} 
KAlSi206+ _ 

ca_2s;o4 . 
2.2 

MOLECULAR PROPORTIONS NaA1Si04 : Ca(Mg,Fe)Si2o6 
Si02 . (recalculated to 100 percent) 

8.2 1,4 0,1 1.3 2.3 1,4 1.3 6.3 

Ca(Mg,Fe) 
Si2o6 

72.6 78.5 79.5 78.9 82.9 65.6 76.5 91.3 79.4 71.4 63.4 84.3 82.6 87.6 87.2 94.2 96.5 90.2 90.2 78.9 84.0 87.0 77.6 

(Mg,Fe)Si0
3 

20,2 

(Mg,Fe~Si04 7.2 16,1 

20.1 15.5 27.2 33-3 13.4 7.8 2.2 

14.5 17.7 15.3 13.6 14.3 22.1 8.6 5.1 1,4 3.3 2.3 9.6 10.2 1.2 8.4 

6.7 

3.1 12.9 10.7 16.1 

1. 

2. 

3. 
4. 

5· 
6. 

Table 12. CHEMICAL ANALYSES AND NORMS OF 28 CLINOPYROXENES FROM VARIOUS IGNEOUS INTRUSIONS 

Endiopside, poikilitic peridotite unit, O.U. 25708, Greenhills 
Endiopside, ~ehrlite Zone, O.U. 25707, Greenhills 

Endiopside, Eucrite Zone, O.U. 24591, Greenhills 

Endiopside, wehr lite dyke, 0. U. 257.42, Greenhills 

Endiopside, wehrlite dyke, O.U. 25947, Greenhills 

Augite, marginal gabbro, O.U. 25828, Greenhills 

Clinopyroxene, primary, Dawros (Rothstein, 1958, P, p.458) 

Clinopyroxene, recrystallized, Dawros (Rothstein, 1958, R, p.458) 

Clinopyroxene, ultramafic rock, Miyamori, Japan (Onuki, 1965, No,10 p.242) 

Clinopyroxene, ultramafic rock, Miyamori, Japan (Onuki, 1965, No.15, p.242) 

Diopside, ultramafic rock, Horoman, Japan (Onuki, 1965, No.4, p.242) 

Aueite, olivine-clinopyroxene gabbro, Horoman (Onuki 1 1965, No.?, p.242) 

2.2 3.8 

77.4 88.1 

20.4 8.1 

7. 
8. 

9. 

Diopside, harzburgite, Dun Mountain (Challis, 1965a, No.8, p.343) 

15. 
16. 

17. 

18. 

19. 

20. 

21. Diopside, mar;ne tiferous pyroxenite, Union Bay, Alaska ( Ruckmick and Noble, 1969, No. 32a, 
p.98lf) 

1 o. 
11. 

12. 

13. 
14. 

Diopside, harzburgite-dunite, Dun Mountain (Challis, 1965a, No.9, p.343) 

Diopside, dunite, layered sequence, Red Hills (Challis, 1965a, No.5, p.343) 

Diopside, harzburgite, layered sequence, Red Hills (Challis, l965a, No. 6, p.343) 

Cumulus augite, gabbro, Bushveld (Atkins, 1969, N·o.5, p.232) 

Cumulus augite, ferrogabbro, Bushveld (Atkins, 1969, No.10, p. 232 ) 

Intercurnulus diopsidic augite, bronzite adcumulote, Bushveld (Atkins, 1969, No.1, p.232) 

Endiopside, plagioclase-clinopyroxene-oll.vine adcumulate, Rhum (Wager and Brown, 1968, 
No.2, p.256) 

22. 

23 . 

24 . 

25. 

;>8 . 

Diopside, pyroxenite, Union Bay, Alaska (Ruckmick and Noble, 1959, No,109, p.984) 

Diopr;ide 1 dunite, Union Bay, Alaska (Ruckmick and Noble, 1959, No.183b ,p.984) 

Clinopyroxene, primary, Lizard (Green, 1')64 , ~o.c 1 , p.157) 

Clinopyroxene, primary,Lioard (Green, 1964, No.c
2

, p.157) 

Clinopyroxene, primary, Lizard (GreC'n, 1964 , No .c
6

, p.157) 

Clinopyroxene, recrystallized, Lizard (Green, 1964, No.c
5

, p.157) 

Clinopyroxrne, recrystallized, Liz~rd (Green, 1 q6 ~, No.c
7

, p.157) 

27 

51.25 
1.12 

3.80 
0.81 

1.04 

2.30 

0.08 

16.19 

22.63 

0.70 
o.o6 
n.d. 

n.d. 

28 

51.38 

1.09 

4.05 

0.25 

1.01 

2.85 
0,10 

16.17 

22.70 

0.45 
trace 

n.d. 

99.98 100.05 

0.19 

3.11 

?.05 
79.4o 

2.85 

2.46 
0,11 

o.ao 
1.63 

9.03 

76.6o 
4.62 

9').16 Cj9,8o 

,.2 2.8 

91.1. 

6.1 
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including the Greenhills Ultramafic Complex. The norms were calcu

lated using the University of' Otago 1 s IB11 360 computer and the program 

Genorm. The molecular proportion of' Ca2Si0
4

, larnite, is grouped 

~~th the molecular proportions of' NaA1Si0
4 

and KA1Si 2o
6 

to provide a 

further measure of' undersaturation. A plot of' the molecular propor

tions of' the clinopyroxenes is shown in Figure 70 superimposed on 

the fields outlined by (Coombs, 1963) of' clino~yroxenes f'rom:A, 

alkalic basaltic rocks; B, tholeiitic; C, peridotite inclusions. 

Coombs' data has been modified by grouping larni te with nepheline 

and leucite. Thus fields A and B are expanded slightly (cr. Coombs, 

l9q3, p.246) and field C remains unchanged. 

The new data on clinopyroxenes from ultramafic end ultrabasic 

rocks are, with the marginal exceptions of' a specimen from Dun Moun

tain and one rrom Miyamori, Japan, all contained within the area out

lined by the fields A,B and C (Fig. 70). However, the appreciable 

overlapping of' these fields suggests that clinopyroxene composition 

is not a reliable indicator of' magmatic affinities. The Alaskan, 

the primary clinopyroxenes of' the Lizard, and with one exception 

(which plots in the tholeiite field) the Greenhills pyroxenes fall 

in the field (C) of peridotitic inclusions. One of' the recrystal

lized Lizard clinopyroxenes plots well within the alkaline field. 

There is no apparent explanation for this anomaly. One clinopyroxene 

from Dun Mountain falls in field C whereas the other clearly lies in 

field B. A similar transitional trend is shown by the two specimens 

from Red Hills. The Japanese specimens are relatively rich in 

Ca(Mg,Fe)Si2o6 and despite their different petrol~gical characters 

(Horoman is the result of' a high temperature liquid intrusion and 

was possibly emplaced at higher pressures than Wd.yamori, a low tem

perature mush-sta.te intrusion, according to Onuki, ,1965) are grouped 

close together near the olivine-diopside join. 
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(Mg Fe )
2 

Si0
4 

(Mg, Fe) Si 0
3 

Fig. 70. Pyroxenes from alkaline basaltic rocks (field A) tholeiites 
(field B) ana peridotitic inclusions (field C); modified after· 
Coombs (1963). Compositions in molecular percentages of normative 
components of the clinopyroxenes shown in Table 12. + Greenhills; 

!::.. Dun Mountain; o Rea Hills; \)\ Bushvela Complex; • Rhum; • Dawros; 
Ill Miyamori and Boroman, Japan; o Alaskan (Union Bay); x Lizard. 
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Conclusions. Greenhills clinopyroxenes are highly calcic and 

plot above the solvus boundary derined by clinopyroxene coexisting 

vQth orthopyroxene or pigeonite in other intrusions. This implies 

that they are undersaturated in (Mg,Fe)(Si03) like most clinopyroxenes 

from alkaline volcanics and like some early clinopyroxenes of tholeiites. 

Presumably the parent magma was similarly undersaturated. The trend 

in chemical variation of Greenhills clinopyroxenes represents an 

intermediate case between clinopyroxenes from Alaskan ultramafics 

and clinopyroxenes from common mafic magmas. The absence of cumulus 

orthopyroxene urima facie suggests transitional affinities between 

tholeiitic and alkaline for the parent magma and this is substantiated 

by the norms of the Greenhills specimens. Brown (1956, p.24) has 

pointed out that crystallization of cumulus clinopyroxene to the 

practical exclusion of orthopyroxene is not incompatible with experi-

mental results in the system Di-Fo-SiO because If in a silica-2 ... 
deficient melt pure diopside would form at the Fo-Di eutectic ... 
one might (therefore) expect the calcic augite crystallizing togeth-

er with olivine to be closer to the diopside-hedenbergite line than 

it would crystallizing with a pigeonite or an orthopyroxene." (that 

is, not end member tholeiitic). The chemical composition of Green

hills clinopyroxenes is tentatively explained by the above reasoning. 

Orthopyroxene 

Introouction. Although least abundant (less than 2%) of tl).e 

main minerals in the layered series, orthopyroxene is important be

cause or the information it affords on the temperature of crystal

lization of the Greenhills Complex and of its relevance to petro

genesis. It occurs principally as narrow discontinuous rims of 

postcumulus material on olivine. In the layered series the compo

sition of orthopyroxene ranges from Fs15 to Fs
24 

(bronzite); in 
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the marginal gabbro hypersthene from Fs
33 

to Fs
43 

is dominant. 

Greenhills orthopyroxene is characterized by numerous thin lamellae 

2- 10"<-wide oriented parallel to (100). These lamellae give an 

appearance that resembles twinning. Service (1934-) erroneously 

called the mineral in Bluff norite clinohypersthene and enstatite

augite. However, C.O. Hutton (in Service, 1937, p.209) identified 

it as 11 
••• normal hypersthene with some clinopyroxene intergrown in 

lamellar fashion so as to simulate twinning. 11 Similar lamellae in 

orthopyroxene were described as Bushveld-type by Hess and Phillips 

(194-0) in contrast to the more Fe-rich orthopyroxenes which are in

verted pigeonites containing Stillwater-type exsolution lamellae of 

augite parallel to (001) of the original clinopyroxene. Poldervaart 

and Hess (1951) interpret the Bushveld-type lamellae as indicating 

primary crystallization of orthopyroxene and exsolution of clino

pyroxene on slow cooling. The temperature at which this took place 

was, according to Hess (194-l), below the orthopyroxene-clinopyroxene 

inversion temperature. 

In sections of Greenhills orthopyroxene viewed perpendicular to 

(010) the lamellae extinguish about 30° ~5° either side of crystal

lographic-~ of the host crystal. The uncertainty involved in this 

measurement is due to the thinness of the lamellae. Nevertheless, 
0 the extinction angle appears at least 5 less than that described 

for such lamellae by Hess (1960, p.30) and is much greater than the 

8° reported by Henry (194-2, p.l84-). Numerous optical studies of 

these lamellae and their orientation relative to host orthopyroxene 

are reported but according to reviews by Henry (194-2) and Deer, Howie 

and Zussman (1963) the results are not concordant. So far as the 

writer is aware extin~tion angles of. 30° are not among those pre

viously reported. Both Henry and Hess attempted to reconcile X-ray 

data with optical characteristics of the lamellae. Henry (194-2, p.l88) 

I 
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showed that~ and .£_-axes of lamellae in orthopyroxenes from several 

European localities are displaced relative to those of the main 

crystal 11 
••• in, or nee.rly in, the !l£. plane at angles up to about 

10°- 15°. 11 He suggested that the lamellae are due to deformation 

during crystallization and that they are of the same composition as 

the host crystal. Hess (1960) believed that the lamellae differ in 

chemical composition from the host and that they have the optical 

properties of diopside. Crystallographic considerations favour 

Hess' interpretation because twinning on (100) in the orthorhombic 

system is prohibited. Thus the £-axis which is of two-fold symmetry 

cannot function as twin axis. As Phillips (1963, p.l65) has nointed 

out" ••• no new orientation is produced by rotation through 180° 

about such an axis." Notwithstanding this condition,a number of 

modern texts on mineralogy describe twinning of orthopyroxene as 

simple and lamellar on (100). 

Va.rious workers using the electron microprobe have recently 

confirmed Hess' interpretation. For example, Green (1963) identified 

diopsidic lamellae in orthopyroxene from the Tinaquillo alpine perido-
' 

tite; Howie and Smith (1966) have described the difficulties of 

obtaining accurate analyses of plutonic orthopyroxenes because of 

the effects of clinopyroxene exsolution lamellae; Boyd and Brown 

(1967) studied the behaviour of the elements and exsolution and 

inversion relationships in pyroxenes. 

Data on Greenhills orthopyroxene include semi-quantitative re

sults on the composition of the orthopyroxene and its included la

mellae and the results of an optical and single-crystal X-ray study. 

The work was undertaken a) to determine the chemical composition 

and unit cell of the lamellae and host orthopyroxene, and b) to 

establish the precise orientation of the lamellae·relative to the 

host. 
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Results: chemical comuosition. Samples of orthopyroxene used 

in this study are from the Greenhills marginal gabbro. Their optical 

properties do not appear to differ significantly from orthopyroxene 

in the main rocks of the complex. They were selected solely on the 

basis of their relative abundance in the rock type. Coexisting with 

orthopyroxene, Ca2Mg
67

Fe
31

, in a typical rock specimen (o.u. 25828) 

is sodic anorthite: 1m90 (1.3= 1.579.:!:..0.002); olivine: Fo
74

.:!:..1 (X-ray); 

and clinopyroxene: Ca
43

Mg
46

Fe11 (Chemical analysis). Partial elec

tron microprobe analyses of orthopyroxene and lamellae in O.U. 25828 

(Figs. 71A, B, C and D) and O.U. 25809 were carried out by Dr G.A. 

Challis at the New Zealand Geological Survey, Wellington. According 

to Dr Challis (pers. comm.) absolute amounts particularly in the case 

of Mg may be one percent low; analysis of the lamellae is particular

ly subject to error in so far as about 20~is generally considered 

the minimum size for avoidance of matrix effects. Silica in the 

electron microprobe analyses has been calculated by difference. 

Ionic proportions or the pyroxenes were computed using a Fortran IV 

program Pyrend developed by Drs E. Essene and P.B. Read and written 

by the latter. Chemical data are given in Table 13; Figure 72 

shows a plot or the pyroxenes on the basis of their Ca:Mg:Fe ratios. 

Both the granular clinopyroxene (analysis A, Table 13) and the clino

pyroxene exsolution lamellae may be classed as augites according to 

the terminology of Poldervaart and Hess (1951) although the lamellae 

are significantly lower in calcium. 

In one grain of orthopyroxene (in O.U. 25828) stubby pale green 

rods (0.01 X 0.03 mm) are tentatively identified as spinel (analysis 

D1,Table 13). They are aligned approximately parallel to the crystal

lographic Q-axis in the host. Goode and Krieg (1967) described a 

similar phenomenon from the Ewarara ultramafic intrusion in Central 

Australia and suggested that it is due to exsolution from a pyroxene 



A 
o.u. 25828 Cpx 

si.o2 49.75 

Ti02 0.37 

Al2o
3 

).04 

Fe 2o
3 

2.67 

FeO 5o02 

HnO 0.22 

HgO 16.78 

CaO 21.75 

Na2o 0,)1 

K20 o.oo. 

p2°5 0.29 

TOTAL 100.20 

Ca 42.74 

Mg 45.87 

Fe 11.39 

Si 1,848 

Al 4 0,133 

Al 6 o.o 

Ti. 0,010 

Fe+ 3 0.075 

Fe+2 0.156 

Hn 0,007 

Mg 0.930 

Ca 0.866 

Na 0.022 

K o.o 

z 1.98 

1\XY 2.07 

Table 13. 
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B c c1 o.u. 25809 D n1 o.u. 25828 
o.u. 25828 Opx o.u. 25809 Opx Cpx lamellae o.u. 25828 Opx spinel(?) lamellae 

55.4 54.4 53.2 55·8 n,d, 

n.d, n,d, n.d. n.d. n.d, 

1.8 2,0 2.9 2.3 12.9 

n,d, n.d. n,d, n.d. n.d. 

18,8 (total) 18,6 (total) 8,7 (total) 19,1 (total) 14.7 (total) 

n.d, n.d. n.d. n.d, n,d, 

23.0 24.0 18.0 21.8 10,4 

1,0 1,2 17.2 1.0 1,4 

n.d. n.d. n.d. n.d. n,d, 

n.d., n.d. n.d. n.d. n.d. 

n.d. n.d. n.d, n.d. n.d. 

100.0 100,0 100.0 100.0 

2.10 2.44 35o08 2,16 

67.12 67.99 51.07 65.59 

30.78 29.56 13.85 32.24 

Number of ions on the basis of 6 ox;ygens 

2,014 1,979 1,946 2.027 

o.o 0.021 0.054 o.o 

0.077 0,065 0.071 o.o98 

o.o o.o o.o o.o 

n.d. n.d. n.d. n.d. 

0,572 0.566 0,266 0.580 

o.o o.o o.o o.o 

1.246 1,)01 0,981 1 ,180 

0.039 0,047 0.674 0.039 

o.o o.o o.o o.o 
\ 

o.o o.o o.o o.o 

2.01 2,00 2,00 2.03 

1.93 1.98 1.99 1.90 

Chemical analysis of clinopyroxene (O,U. 25828), uncorrected for 1% uralitization: 
analyst - D. Mossman, Partial electron microprobe analyses of orthopyroxenes; silica 
calculated by difference, B (O.U, 25828), C (O.U. 25809), D (O.U, 25828); clinopyroxene 
lamellae c1 (O,U. 25809); rods of spinel(?), n1 (O,U. 25828): analyst- G,A, Challis. 
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A 

D 

Fig. 71A. Electron image of exsolved augite 
(100) in orthopyroxene. 30 KV; beam current 
B. X-ray line scan for Ca across l25~of same field as Figure 71A. 
C. Electron image of exsolved augite lamellae in orthopyroxene. 
xl400; length of scan 57 '-l• 
D. X-ray scan picture for Ca; Al; Fe; Mg. (all xl400). 
Photographs: Dr G.A. Challis. 

ou 2 5828 

ou 25 

,- -- __,5....__ 

--~c;llt' avg. 
oB &D 

ATO M PERCENT 

Fig. 72. Analyzed pyroxenes of Table 13 plotted on the Di-He-Mg-Fe 
quadrilateral. o = orthopyroxene; ><: = clinopyroxene lamellae; 
+ = granular clinopyroxene. For comparison the trends of Ca-rich and 
Ca-poor pyroxenes in the Skaergaard (S) intrusion (Brown, 1957) are 
shown. 

Fe 
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that originally crystallized under high pressures. The occurrence 

of exsolved rutile in orthopyroxene from Gosse Pile, Australia, has 

been similarly explained by Moore (1968). 

Orientation of clinonyroxene lamellae. X-ray work was carried 

out on a 57.3 mm diameter Weissenberg camera. Orthopyroxene grains 

suitable for single crystal study were selected from uncovered thin 

sections of specimen O.U. 25828. Portions of optically homogeneous 

crystals showing a maximum number of/lamellae were removed and cleaned 

of balsam in acetone prior to X-raying. These grains, of the order of 

0.1 mm in diameter, were examined optically in immersion oils prior 

to mounting on an optical goniometer for the purpose of refining the 

orientation. Some difficulty was experienced in obtaining an unde

formed orthopyroxene grain. Stereographic projection or optical data 

recorded on these crystals and their enclosed lamellae is shown in 

Figure 73. Due to the thinness of the lamellae unequivocal deter

mination of their optic angle could not be made. 

In a Weissenberg normal-beam 48-hour exposure rotated about the 

£-axis only orthopyroxene reflections could be detected, among them 

a (070) reflection which is prohibited in both orthopyroxene Pbca and 

clinopyroxene C2/c, space groups (Henry and Lonsdale, 1962; Clark 

~ al., 1969). This suggests that there is more than one space group 

for orthopyroxene; alternately,the violating reflection is possibly 

due to the long exposure time involved (Burnham et al., 1967, p.ll3). 

The (070) reflection was accepted by a Fortran IV program Celref 

modified by Dr P.B. Read from programs described by Cox and Steward 

(1967) for least-squares refinement of cell dimensions. The follow·

ing cell dimensions were obtained from single crystal photographs: 

a~ 18.28, b ~ 8.85, c ~ 5.20 all+ 0.01 ~' Vo 841.94 + 0.5 ~3. -o -o -o - -
.Approximate composition is E~7Fs 23 (Kuno, 1954). A Weissenberg 84-

hour exposure of the same grain rotated through 15° either side of 

the .§;,-axis showed a number of very weak reflections some of which 
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lay along the a* direction in the orthopyroxene; these could not be 

explained by the orthopyroxene lattice but were compatible with the 

a* dimension of clinopyroxene. Coincidence of a* clinopyroxene with 

a* (=~) orthopyroxene is expected (Fig. 74) according to Hess (1960, 

p.30) who states that 11 The exsolution takes place in such a way that 

the lamellae and host have their£ and~ axes,{lOO}plane, in common. 

~ 

o X OP: Y CP= blcommon) 
0 

z c p 

Fig. 73. Stereographic projection of optical and 
crystallographic directions in Greenhills ortho
pyroxene (OP) and its included clinopyroxene 
lamellae (CP) showing their common b-axis normal 
to paper. 
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fl. 
c Opx =f. Opx & 

$.. Cpx 

;1: 1>= b Opx 
&b*Cpx 

f! Cpx 

Fig. 74. Orientation of 
Greenhills orthopyroxene 
relative to exsolved 
clinopyroxene lamellae, 
assuming that z~c in the 

0- 0 
lamellae is 30 ~ 5 • 

This is the only plane on which the clinopyroxene and orthopyroxene 

have the same structure, and it is the plane which might be expected 

to give the lowest energy interface between the two structures." 

To confirm that the several weak reflections belonged to clino

pyroxene in the orientation described by Hess (1960) a clinopyroxene 

grain was chosen as a standard from the same rock (O.U. 25828) for a 

comparative ~-axis oscillation, a technique of identification ad

vocated by Bown and Gay (1959). Superposition of the resulting 

photograph of the clinopyroxene lattice on the photograph of ortho

pyroxene for the same setting showed that the following weak reflec

tions in the latter are coincident with strong reflections of clino

pyroxene: 

402 

44.58 

402 

63.75 

600 
58.80 

6o2 
60.15 

800 

81.90 
802 

105.35 
Calculation of 2~ for (010), (020), (030), and (040) from an hO~ 

photograph of the clinopyroxene standard allowed an approximation 

of the unit cell of the lamellae with the aid of·a Fortran IV program 



-158-

Monref (modified from Cox and Steward, 1967): ~~ 9.79, ~0~ 8.90, 
s:_}'- 5.29 all±. 0.04 ~' 13106°14 1 ±. 1', Vo 41,-2.62 ±.0.5 )1.3• 

Conclusions. Results from the x..;.ray study show that the Q. and 

E.-crystallographic directions of orthopyroxene host and included 

clinopyroxene lamellae are coincident in the Greenhills example. 

This is in agreement with the work of Hess (1960) on Bushveld-type 

lamellae. The observed outical extinction of the Greenhills lamellae 

30° .!. 5° either side of crystallographic-f. in the host crystal is 

not significantly less than the minimum extinction angle for augite 

(35°) according to Deer Howie and Zussman (1963). The extreme thin

ness of the lamellae prohibits a more accurate determination of the 

extinction angle. 

Olivine. Olivine in the Greenhills layered series where least 

altered by serpentinization is essentially colourless as seen in 

thin section, although in oils)grains of olivine show a distinct 

golden tint. Irregular fractures in the mineral are commonly marked 

by dense strings and tiny dendritic forms of opaque material. Brown 

translucent picotite in irregularly-shaped grains is widespread and 

appears to accompany or replace the opaque material. However, dis

crete euhedral grains of chromite are restricted to olivine from the 

Duni te Zone and the poikili tic peridotite unit. Cleava:ge in the 

olivine is poorly developed along (100) and (010) and weak translation 

lamellae parallel to (100) are not uncommon. Measurable zoning has 

not been detected optically and this facilitates use of olivine as 

an indicator of cryptic layering. 

The manner in which forsterite content of olivine varies through

out the layerea. series has been discussed in Chapter IVA. In review, 

the range is: Dunite. Zone Fo90_80; Wehrlite Zone Fo
83

_
79

; Eucrite 

Zone Fo
79

_65 • Green (1964~ and Smith (1961) have suggested that 

olivine in alpine-type peridotite is typically Fo
93

_88• However it 
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has been shown (Challis and Lauder, 1966, p.ll) that olivine compo

sition in ultramafic intrusions 11 
••• is probably more dependent on 

rock type and level in the intrusion than on any fundamental differ

ence in the mode of origin. 11 Olivine shows no distinct gap in the 

sequence between Fo
90 

and Fo
65 

at Greenhills. In comparison it may 

be noted that silica enrichment in the Skaergaard magma did not pro

hibit crystallizatio.n of olivine until the composition of Fo
57 

had 

been reached ,(Brown and Vincent, 1963) and that recent work by Atkins 

(1969) on the Bushveld intrusion suggests that the crystallization 

gap in olivines of tholeiitic origin is highly variable. 

Hornblende 

Introduction. Hornblende occurs throughout the layered series 

and is readily distinguished by its black colour from the greenish

grey weathered surface of clinopyroxene • However, on freshly bro

ken surfaces a hand lens is usually necessary to distinguish the 

two minerals, particularly in early eucrite dykes in which the cline

pyroxenes are dark grey in colour and vary from granular to prismatic 

in habit. In some of the pegmatitic hornblende eucrite dykes pris

matic hornblendes up to 7 inches in length are found. In the layered 

series, hornblende is usually sub-poikilitic to poikilitic, a habit 

which is widespread in eucrite dykes and throughout the marginal 

gabbro. Hornblende when developed as a fine-grained alteration 

product of clinopyroxene is here termed uralite although it lacks 

the fibrous quality and the pale blue-green pleochroism ascribed to 

uralite by Deer, Howie and Zussman (1963, v.2, p.'308). Winchell 

(1961, p.437) states that uralite 11 .~. is usually actinolite, but 

may be tremolite or hornblende. 11 In this section are presented: 

the results of an optical and single crystal X-ray study of the 

orientation of Greenhills uralite relative to clinopyroxene; a 

chemical analysis of' Greenhills hornblende. 
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Ontical nroperties and orientation of the uralite. Pleochroism 

of Greenhills uralite varies from distinct browns in the more in-

tensely ura.litized clinopyroxenes to colourless in the more finely

disseminated habits. The degree of colour and pleochroism is thus 

largely dependent on the thickness of individual uralitic blebs. 

In rocks of the Greenhills layered series discrete interstitial 

hornblende is almost invariably optically continuous with uralite in 

one adjacent clinopyroxene grain. In thin section;optical properties 

are those of corr~on brown hornblende; the usual pleochroic scheme 

is Z = brown > Y pale green brown > X pale brown. The optic angle 

is in the rang~ 2VX = 0 0 
85 to 95 and Z A c is about 15°. Less than 

5% of the hornblende is twinned on (100) • Universal stage measure-

ments on grains of clinopyroxene show that the Y vibration direction) 

= b-crystallographic axis of uralite,is always coincident with Y 

(and£) of the clinopyroxene. In the case of a partially uralitized 

twinned grain of clinopyroxene, uralite has a distinct optical orienta

tion in each twin half. Invariably,interstitial hornblende is op

tically continuous wi. th urali te in one ·of the twin halves. These 

features suggest that the clinopyroxene served as centers around 

which much of the hornblende nucleated. 

Universal stage measurements of tv:inned clinopyroxene grains 

(O.U. 25785) show the relative optical orientations of uralite and 

the host crystal. The relations shown in Figure 75 are typical. 

The ~-axis in a twinned grain of clinopyroxene is accurately located 

as the pole to the plane which contains the perpendicular to the 

twin plane{lOO}and the £-crystallographic axis (Ruegg, 1964). The 

disposition of the Z vibration direction in uralite in both twin 

halves respectively 14° and 17° either side of crystallographic-~ 

in clinopyroxene suggests that the ~ and therefore also the ~

crystallographic axes of the clinopyroxene and uralite coincide. 
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The approximate coincidence of all three crystallographic axes of 

clinopyroxene and uralite is not unreasonable in view of the similar

ity in lattice dimensions of diopside and common hornblende as given 

by Deer, Howie and Zussman (1963): diopside ~0 9.73- 9.85~, b
0 

8.91 

9.02:i, .Q
0 

5.25- 5.265t, /3 105°50'- 104-
0

20 1
; common hornblende a -o 

9.9~, .1{
0 

18.0~, Q
0 

5.35t, 13 105°. 

Fig. 75. Stereographic plot of optical data on 
partly uralitized clinopyroxene twin. The Y 
vibration direction (= £-crystallographic axis) 
in clinopyroxene, and in uralite.in both twin 
halves appears coincident. 

'l 
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Substantially different orientations of uralite relative to clino

pyroxene may be expected in occurrences of uralitic amphiboles whose 

unit cells are less compatible vd th those of their respective hosts. 

It is therefore generalizing to state that uralite occurs as a re

placement of clinopyroxene in parallel position, along cleavage, or 

along the ~-axis direction as is often casually reported. From a 

detailed study of thin sections of basic plutonic rocks from Nishido

hira, Japan, Sueno (1954) observed that amphibole and clinopyroxene 

are intergrown in approximately parallel position within 5°. He 

also recorded that " ••• when host pyroxene is twinned, amphibole en

closed in patches is also twinned and the twinned halves are united 

by strictly the same composition-plane in both of them " Single 

crystal X-ray rotation photographs about the ~-axis of cleavage 

fragments confirm parallel intergrowth of the two minerals (Sueno, 

1954) in this instance. 

A check is provided on the relative orientation of uralite to 

host in the case of Greenhills by single crystal X-ray work on an 

untwinned grain of partially uralitized clinopyroxene (O.U. 25828). 

An oscillation X-ray photograph using a 57.3 mm radius Weissenberg 

camera proved coincidence of the diad (~) directions in clinopyroxene 

and uralite as shown in Figure 76. A zero-layer photograph of the 

crystal rotated about the ~-axis showed coincidence of the a-axes 

in hornblende and clinopyroxene. Only one set of reflections could 

be distinguished along the £-axis direction in clinopyroxene, pre

sumably due to the nearly identical spacing in both minerals along 

this dimension. Unit cells of the clinopyroxene and uralite were 

calculated with the computer program Monref (Cox and Steward, 1967) 
utilizing the reflections: 
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Rotation photograph taken about Q-axis of clinopyroxene 
CuK« radiation 18 hrs, unfiltered. The apparent 11 su:Rer

is caused by OkO reflections of hornblende (g = 18.00~). 

]?(common) 

X Cpx_ 

Fig. 77. The approximate orientation 
of uralite relative to clinopyroxene 
at Greenhills. 



:;1 

clinopyroxene uralite 

2ft hkl 2-e- hkl 

10.07 010 4.90 010 
18.87 200 9.79 020 
19.81 020 14.92 030 
30.10 030 18.87 200 
35.26 002 19.75 040 
38.39 400 24.18 050 
40.53 040 30.10 060 
44.58 402 35.19 070 
59.10 600 35.26 002 
60.15 602 38.14 400 
63.75 402 40.64 080 
74.81 004 50.57 0.10.0 
82.26 800 57.95 600 

105.35 802 59.35 6o2 
110.90 10,0.0 59.99 402 
132.90 006 74.81 004 

80.80 800 

The following cell dimensions were obtained: clinopyroxene ~ 9.73~, 
0 0 ° ~0 8.84A, g

0 
5.25~, all~ 0.0~; ~ 105 51' ~ 5'; uralite ~0 9.92~, 

~0 18.00~, 9
0 

5.30~, all~ 0.04~; ~ 106°8' ~ 5'. The orientation of 

uralite relative to clinopyroxene in the Greenhills example is shown 

in Figure 77. 

Analysis of Greenhills hornblende. Judging from optical data 

on a large crystal selected from a pegmatitic eucrite dyke (O.U. 25990) 

at Greenhills, the hornblende, despite its size of 5" x 4 11 x 4", is 

not strongly zoned: 

core of crystal o.: = 1.658, o = 1.684; 2VX ~ 90°; Z A c = 15° 

rim of crystal o< = 1.656,lf = 1.682; 2VX~90°; Z"' c = 15° 

This crystal provided material of high purity for the chemical analy

sis shown in Table 14. Included for comparison is the chemical com

position of hornblende from gabbroic pegmatite on Duke Island (Irvine, 

1959, as quoted in Wyllie, 1967, p.l02). Both analyses are high in 

Al for igneous hornblendes. The Greenhills example is slightly richer 
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Si02 
Ti0 2. 

-A1
2
o

3 
Cr

2
o

3 
Fe

2
o

3 
FeO 

MnO 

MgO 

ca:o 
Na

2
0 

K
2
0 

P20~ 
H

2
0 

H
2
0 

TOTAL 

A 
(o.u. 25990) 

45.51 

2.77 

13.00 

0.03 

2.72 

11.19 

0.31 

11.68 

9.02 

2.43 

0.09 

0.03 

0.65 

n.d. 

99.40 

' 

B 

42.5 

1.4 

14.6 

n.d. 

3.9 

9.5 

0.3 

11.6 

12.4 

2.5 

0.4 

n.d. 

0.9 

0.2 

100.2 
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Si 
Al4 

Cr 

Ti 
Fe+3 

Fe+2 

Mn 

Mg 

Ca 

Na 

K 

OH 

F 

0 

100 x Mg/Mg + Fe + Mn = 

A B 
ions on basis of 24(0) 

6.719 

1.281 
8.000 

0.982 0.0 

0.004 

0.308 

0.302 5.586 

1.382 

0.039 

2.570 

1.427 2.140 
0.696 

0.017 

0.640 

o.o 24.00 

23.360 

59.87 

6.279 

l. 721 
8.000 

0.821 o.o 
o.o 
0.156 

0.434 

1.174 

0.038 

2.555 

1.963 

o. 716 

0.075 

1.084 

5.176 

2.755 

o.o 24.00 

22.916 

60.83 

Table 14. Chemical compositions of A) hornblende from a pegmatic 
eucrite dyke, Greenhills; analyst: D. Mossman. B) hornblende 
from gabbroic pegmatite, Duke Island, Alaska (Irvine, 1959, Table 8, 
p.67, No.I-27-1). 

in silica and lower in Ca than the Alaskan example. On plots of [Al] 4 

against (Na + K) atoms, and [A1] 4 against ( [A1] 6
+ Fe++++ Ti) atoms 
' (Deer, Howie and Zussman, 1963, v.2, p.272) the Alaskan specimen lies 

in the field of pargasite whereas the Greenhills specimen is located 

closer to the field of hornblende. From a study of amphibole para

genesis in a calc-alkaline suite of rocks from the composite Gibson 

Peak pluton, Northern California, Lipman (1964) concluded that compositions 
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of the amphiboles" ••• are as dependent on time of crystallization 

within their respective rocks as on bulk rock composition." It 

would be interesting to test this hypothesis in detail at Greenhills. 

However, reconnaissance optical information does not suggest any ob

vious differences in composition between the pegmatitic (dyke) horn

blende and the sub-poikilitic to poikilitic material found in the 

layered series. For this reason the above chemical analysis is con

sidered typical of Greenhills hornblende. 

Plagioclase 

Introduction. Reconnaissance universal stage estimates of 

Greenhills plagioclase (Slemmons, 1962) suggests that some of the 

more common twin laws are albite, Carlsbad-albite, pericline, Manebach

ala, Mane bach, acline, and albite-ala B. Perfect {001} and imperfect 

{010} cleavages and a moderately well developed parting sub-parallel 

to {100} are ubiquitous. Slemmons' method is not sufficiently pre

cise to show the slight range in composition of plagioclase from the 

layered series and for this purpose refractive index measurements 

proved more satisfactory. Plagioclase compositions indicated on the 

graph of Smith (1960) for the refractive index~ agree closely with 

chemical analyses of the Greenhills plagioclase. The recorded r<mge, 

An88 to An
92

, is not incompatible with the composition of the earliest 

plagioclases to separate from basaltic magma (Wager and Brown, 1968). 

Anorthitic plagioclase occurs in ejected blocks of layered plutonic 

rocks in lava from many parts of the world; a review of many of these 

occurrences is included in recent work on sodic anorthites by Lewis 

(1969) who observes that anorthite of igneous origin is mainly con

fined to two major occurrences" ••• (1) phenocrysts and crystal 

ejecta in basalt and rarely andesite from calc-alkaline suites, (2) 

basic and ultrabasic plutonic rocks mainly occurring in calc-alkaline 

suites ••• 11
• He has suggested that water vapour pressure may be an 
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important factor in producing calcic plagioclase or calc-alkaline 

suites.* 

Mineralogically, Greenhills plagioclase is important because 

compositionally it spans a hiatus in optical and structural properties. 

Smith (1960) indicated a hiatus in the optical properties of low

temperature calcic plagioclase at An9023 but cautioned that its closer 

characterization will require precise optical measurements and chemi

cal determinations. ?fure recently, Doman et al., (1965) suggested 

that this hiatus might be demonstrated by plots of reciprocal angle 

o* versus molecular percent anorthite and of o* versus refractive 

index in a manner analogous to their postulated structural discon

tinuities at An
33 

and An50; however, due to insufficient data in the 

transitional region they were uncertain whether the hiatus is a 

flexure or a discontinuity. Work carried out by the writer provides 

substantiating evidence for a discontinuity of the type suggested by 

Doman et al., (1965) at An91 . 5~1 • 
Method. Samples of practically unzoned calcic plagioclase were 

extracted from four samples of eucrite from Greenhills and from one 

sample of anorthosite from the Stillwater Complex. Three of the Green

hills samples are from layered series rocks, and one is from a peg

matitic eucrite dyke. Essential data on the plagioclases are given in 

Table 15. Alkalis were determined by flame photometry, calcium by 

atomic absorption. Absolute amounts of calcium may be 0.5% low due to 

interference of aluminum with calcium in the latter technique (Angino 

and Billings, 1967). In all five specimens partial analyses were 

duplicated and the mean of' each pair used to calcu'late percentage 

anorthite. Reproduceability is approximately one percent anorthite. 

Detailed optical and X-ray measurements were made on the plagio

clases. The ref'ractive index~ was determined directly on six grains 

*A New Zealand occurrence of anorthite in a layered ultrabasic complex, 
in addition to Greenhills, is the Red Hills complex (An96 ), (Walcott, 
1969). 
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Specimen 

CaO 
Na 0 
K

2
6 

An 
Jili 
Or 

Est. % An 
(Slemmons' 
method) 

Overall range 
in a<. 

t* 

B=2e1i1-2B2o1 
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o.u. 14-328 1 24-591 24-592 24-594- 24-593 

14-.67 ll~-o93116.30 15.7517.05 16.80 17.4-8 16.8117.16 17.75 
2.28 2.20 11.11 1.24- 0.77 1.07 0.90 0.83 0.85 0.79 
0.07 0.04- o.oo o.oo 0.02 0.01 o.oo 0.05 0.05 o.oo 

78.3 88.3 91.0. 91.4- 92.0 
21.4- 11.7 8.9 : 8.4- 7.8 
0.3 o.o 0.1 0.2 0.2 

n.d. 

1.5675 
0.0010 

87.43 

n.d. 

91 

1.5705 
0.0015 

87.21 

.74 

92 93 

1.5711 1.5720 
0.0010 0.0010 

87. 22 & I 87.40 
87.25 (repeat) 

.74- 1 .75 

93 

1.5725 
0.0010 

87.35 

·75 

Table 15. Summary of X-ray, optical and chemical data on plagioclase 
from four samples of eucrite from Greenhills and an anorthosite from 
the Stillwater complex. Key: 

0. U. No. 

14-328 
24-591 
24-592 
24-594 
·24593 

Source of plagioclase 

anorthosite,Stillwater complex. 
Eucrite Zone, Greenhills. 
Eucrite Zone, Greenhills. 
pegmatitic eucrite dyke, Greenhills. 
Eucrite Zone, Greenhills. 

in each sample by single variation method on a four-axis universal 

stage. Although the range in« recorded from the grains within each 

sample is slightly larger than the probable error of measurement, a 

high degree of homogeneity is indicated. Thin section observation and 

. inspection of X-ray powder photographs confirm minimal zoning of the 

plagioclase. Determination of percent anorthite according to Slemmons' 

(1962) curves for twinned grains of plutonic plagioclase suggests 

anorthite contents slightly greater than those fou.nd by partial analysis. 
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For each plagioclase a minimum of 23 X-ray reflections, recorded 

by a 114.6 rom diameter Debye-Scherrer camera and corrected for film 

shrinkage, were used.in the deter~~nation of unit cell parameters. 

Reciprocal angle o * was determined using a. computer program for a 

least squares refinement of unit cell parameters (Evans et al., 1963). 

The calculated powder data for bytownite given by Borg and Smith 

( 1968) differ appreciably from the ASTM data on bytownite and because 

the former are probably superior they were used to calculate~* for 

the Stillwater specimen. The standard deviation ofo* is less than 

0°10'.* Diffractometer measurements of the function B = 2t1lll- 2&20l' 

(Smith and Gay, 1958), were carried out on the Greenhills plagioclases; 

results are compatible with a low temperature structural state, that 

is, with slow cooling and/or low temperatures of crystallization. 

Results. A plot of the o( refractive index of the Greenhills 

pla.gioclases against molecular percent anorthite on Smith 1 s (1960) 

graph reveals no unequivocal break in the transition region; how

ever, the variation of o< with 't* can be interpreted as delineating 

a structural break near An
92 

(Fig. 78). On Figure 78 there is a 

small discrepancy between the plot of O.U. 24592 (An
91

) and the 

calibration point of Doman et al., (1965) for An
90

• However, the 

·difference between o( = 1.5711 for 0. U. 24592 and 0( = l. 5720 for M 

(Doman et al., 1965) lies within the probable error of measurement 

as does the difference int*. Doman et al., (1965) give their esti

mated error of measurement of a* as less than 0°10'. The difference 

in o* for their sample M ( 87.13°) and 0. U. 24592 ( 87.235°) is well 
' within that error of measurement and is compatible with the possi?ility 

*After 10 cycles of least squares refinement standard deviation of 
~* is less than l minute. However, replicate measurements of X-ray 
reflections on different samples of the same material (eg. O.U. 24592, 

~.es r.ot"excefc/ 0 · 
Table 15) suggest that the error in measurement~Aabout 0 10'. 
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oo• 

••• 

0 24592 
• 1 24594 

/~-t-2459~ 
14328 ~'

0 

2459/ I I --
MU 

1·54 1·5~ 1·56 1·$1 

0( llt(,.lltA.CTIV£ INO£X 

Fig. 78. Variation of reciprocal angle 'lf * against refractive index 
~measured on the same grain (after Doman et al., 1965). Locations 
marked x refer to the Stillwater plagioclase and the four plagio
clases from Greenhills. 

to• 

. ,. 
···r-----r--~-~ 

8 7",t-------+----+-----t-----+ 

0 20 40 60 a a 100 

110~ PEII CENT ANORTHITE 

Fig. 79. Plot of reciprocal angle t* against individual grain 
composition determined optically (after Doman et al., 1965). 
Locations marked x refer to the Stillwater plagioclase and the four 
plagioclases from Greenhills. 
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that sample M despite its phenocryst origin within a lava flow is a 

low temperature structural form. Possibly the same is true of their 

sample U. Indeed a number of workers have found that volcanic plagio

clases of this composition verge on a low structural state (Wenk et 

al., 1968). 

The suggested discontinuity in unit cell geometry near An
92 

is 

confirmed by locating, the same five specimens on the plot of o * ver

sus mol percent anorthite (determined optically) presented by Doman 

~ al., (1965) (Fig. 79). Allowing for a 1% error in determination 

of mol percent anorthite, present data indicate that this discon

tinuity occurs between An
90

•
5

_
93

•0• In this compositional range the 

difference in o* between the adjacent linear segments appears to be 

less than the angle, about 0.5°, which separates adjacent segments 

at An
33 

and An
50

• 

According to Ribbe and Megaw (1962) sharp, medium 11 ~1 and 11 .Q.11 

reflections are present in primitive anorthite whereas in transitional 

anorthite these reflections are diffuse. Careful comparison of X-ray 

powder photographs of the Greenhills plagioclases O.U. 24591 and 

O.U. 24593 which lie on either side of the proposed structural dis

continuity using Borg ·and Smith's (1968) calculated reflections for 

transitional and primitive anorthite does not demonstrate conclusively 

two str~cturally distinct types. However, a faint reflection at 

about 13.00° 2~, which according to Borg and Smith (ibid., p.l717) 

is lll, the most intense (IINT = 9.0) 11 .£.11 or ''£11 type reflection in 

anorthite, is visible in the powder photograph of the proposed primi

tive plagioclase O.U. 24593 but not in that of the transitional 

plagioclase O.U. 24591. Untwinned grains of each of these two speci

mens were selected for single crystal X-ray study. The grains were 

mounted along the .£.-crystallographic axis and in each instance hkl 

Weissenberg photographs were taken with 48 hour exposures. Table 16 
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hkl IIJ:'i'~"l' Proposed Transitional Proposed Primitive 
o.u. 24-591 o.u. 24-593 

021 0.7 not seen very weak 
lll 9.0 weak moderate 
lll 2.6 weak weak to moderate 
131 5.0 moderately strong moderately strong 
131 4-.4- weak moderate moderately strong 
o2l 1.2 not seen very weak 

Table 16. Strongest 11 .£.11 and 11 .£.11 type reflections in anorth
ite (Borg and Smith, 1968) and their relative intensities 
in the proposed transitional and primitive Greenhills 
plagioclase. 

lists, f'or anorthite, the strongest "c 11 and 11Q.11 reflections and their 

intensities given by Borg and Smith (1968). The relative intensities 

of' these reflections in the photographs of' the two Greenhills speci

mens tend to be more distinct in the suggested primitive plagioclase 

O.U. 24-593 than in the transitional O.U. 24-591, thus substantiating 

the concept of' a structural break between the two. 

Conclusions. Variation of' reciprocal angle 't * with respect to 

~refractive index in f'our specimens of' plagioclase from Greenhills 

suggests a discontinuity rather than a flexure in unit cell geometry 

between An90 •5_93•0 • This break, which probably represents the 

boundary between transitional anorthite and primitive anorthite, is 

also indicated by plotting o * against mol percent anorthite af'ter 

the manner proposed by Doman et al., (1965). The occurrence of' two 

structurally distinct types of' plagioclase on opposite sides of' the 

proposed break is supported by X-ray powder photographs and by single 

crystal X-ray study of' the Greenhills plagioclases. 
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Chromite 

Introduction. In the Greenhills layered series chrome spinel 

occurs mainly as 0.5 to 1.5 mm grains disseminated in amounts of 1 

to 2% throughout dunite,suggesting that its formation was restricted 
( 

by a'peritectic relation to clinopyroxene. This amount is expected 

to coprecipitate with forsterite or 1~-pyroxene according to experi

mental work by Keith (1954). Chrome spinel-silicate ratios approxi

mating 2:98 are widely reported from peridotites (Brown, 1956; 

Smith, 1962; ·worst, 1960) and in the Mount .Albert intrusion (Mac

Gregor and Smith, 1963),spinel exhibits a wide range in composition 

which is useful for indicating major physicochemical trends. Irvine 

(1965 and 1967) has investigated in detail the theory and petrologic 

applications of chrome spinel as a petrogenetic indicator. 

Minerals of the spinel group are usually expressed in terms of 

the end members: 
++ spinel MgA12o4 hercynite Fe Al

2
0
4 ++ magnesiochromite MgCr2oh chromite Fe Cr20~ +++ . ++ +++ magnesioferrite MgFe 2 0 magnet~te Fe Fe

2 
o
4 

The basic formula is R++o.R
2 
++~o3 where R++o :: MgO, FeO, MnO, NiO, 

+++ 
ZnO and R2 02 = Cr2o

3
, Al2o

3
, Fe2o

3 
and v2o

3
• In most natural 

chrome spinels the R++o and R
2

+++o
3 

constituents are balanced, 

according to Thayer (1956); this is reasonable if the peridotite 

host rocks themselves are balanced systems in which free periclase, 

corundum and hematite are absent. Minerals of the spinel group are 

generally described by the physical properties n, a and D (Deer, -, u 
Howie and Zussman, 1963, v.5)s This section reports on the physical 

properties and chemical composition of chrome spinel (hereafter 

referred to as chromite) from Greenhills. 

Summary of data. Six samples of chromite from dunite at 

Greenhills were chosen to provide a cross-section of the various 

types of occurrences in the area. These occurrences are listed 
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in Table 17 together with other available data among which are four 

chemical analyses. One of these analyses (l'Jo .1) was obtained by 

wet chemical methods; the remaining three (No.2,3 and 4) are 

electron microprobe analyses provided by Dr G.A. Challis of the 

New Zealand Geological Survey, Wellington. For comparison with 

Greenhills chromites, an analysis of chromite from the Red Hills 

complex (Challis 1965a) is included in Table 17. In calculating 

end members it is supposed that Ni might substitute for Mg and that 

Mn might replace Fe. Analyzed chromite (No.2) from Greenhills and 

that from Red Hills are plotted chemically on a projection of part 

of the chromite prism of composition (Thayer, 1956) in Figure 80. 

In making this plot, as in the calculation of the ionic formula, 

Fe 2o3
:Fe0 is arbitrarily taken as 1:2 for the Greenhills specimen. 

Due to the difficulty of analyzing chromite by wet chemical methods 

analysis No.2 is doubtlessly superior to No.1. However, the totals 

of analyses No.2, 3 and 4 are low, suggesting the possible presence 

of other constituents such as Ti02 an~or Si02; alternately,the 

major constituents may have been underestimated. 

Twelve or more X-ray reflections recorded by a 114.6 mm diameter 

Debeye-Scherrer camera and corrected for shrinkage were used in a 

computer program Celref (Cox and Steward, 1967) to calculate the 

unit cell edge. The accuracy of this dimension is~ 0.001~. Speci

fic gravities were determined by picnometry, using Clerici solution, 

giving a reproduceability of about ~ 0.05. Refractive indices cal

culated from the formula n = 1.7008d001 - 12.0332 (MacGregor and 

Smith, 1963) appear high compared to the values suggested by ~0 and 

density (D) shown in Figure 81. Measured refractive indices of the 

six samples all exceed 2.0; however, lack of immersion oils of 

higher refractive index prevented more precise determinations. 

Reflectivities in oil of polished specimens were measured using a 
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(o.u. 26022J 

n.d. 

0.21 

26.88 

39.72 

0.63 

21.30 

0.23 

11.03 

n.d. 

n.d. 

n.d. 

n.d. 

100,00 

-
0.98 

0.01 

0.01 

0.96 

0.51 

0.55 

0,01 

1.96 

1.07 

A 

2 3 

(O,U. 26022) (o.u. 17394) 

n .. d. n.d .. 

n.d. n.d. 

12.2 11,8 

49.7 47.1 

~~.0 (Total Fe 
as FeO) 

17.4• 18.0 25.2 

n.d. n.d. 

9.1 8.0 

n.d. n.d. 

n.d. n.d. 

n.d. n.d. 

n.d. n.d. 

~qa.o 92.1 

ions on basis of 4 ox;,;·gens 

-
0.48 

0.22 

1.31 

0,46 

o.49 

2.01 

0.95 

4 

(O.U. 26024) 

n.d. 

n.d. 

11,6 

48.7 
(Total Fe 
as FeO) 

26,2 

n.d. 

9.0 

'-n.d. 

n.d. 

n.d. 

n.d. 

95-5 

5 

(Red Hills) 

o.4? 

0.96 

21.48 

39.51 

8,10 

14,00 

0.25 

13.27 

n.d. 

n.d. 

n.d. 

0.23 

98.27 

0,02 

0.79 

0.02 

0.19 

0.97 

0.62 

0.37 

0.01 

0,01 

1.99 

1.01 

_-) 

B 

I i I 
I o.u. 26022 o.u. 26024 0.0.26023 

I I 0.0.25801 Sample 10.0.17394 o.u. 25959 
I 

' 

Type of 

I 

disseminated chromi te-rich i disseminated at : small pocket I dis:;:;eminated disseminated I 
occurrence I band same lo cat 100 in dunite 

i 1 as 0. U. 26022 I I dyke i 
/ 

Density i 4.58 

n (calculated) i 2.12 

I 
(KacGregor & Smith, 

1963) 

i. ! 
" o.oo1A 8.321 -o 

% 
Reflectivity 12.0 

% Fo 
olivine 88.9 

Magnetism moderate 

TABLE 17: A) Chemical analyses: 

4.55 I 4.55 ' 4.56 4.56 4.56 

2,10 2.09 2,10 i 2,10 2.08 

I ! 

I 8.307 8.301 8.307 8.311 8.299 
I 
i 

12.5 ' 12.5 12.4 12,2 11.5 
I 

90.0 90.0 90.0 88.9 85.3 

moderate moderate pan-magnetic moderate weak 

1. Greenhills chromi te ( 0. U. 26022), Cr 
2

o
3 

calculated by difference; 
analyst: D. Mossman. 

2. Same as 1 but analysed by electron microprobe; 

3. and 4. Greenhills chromite, respectively O.U. 17394 and O.U. 26024, 
analysed by electron microprobe; analyst: Dr G.A. Challis 

5· Red Hills chromite from dunite, 94264, layered sequence (Challis, 
1965a, p.340). 

B) Data on the physical properties of six chromite samples from Greenhills. 

* In order to calculate the ionic formula, Fe2o
3

:Fe0 is arbitrarily taken aa 1:2.original analysis by 
electron microprobe gives total Fe (FeO) ~ 26.1%. 

1 

I 

I 

I 

. I 
'f-l 
I~ 
! I 

(Mg,48F~52)(c.;.8Al~9Feo~; (-.J,Sh ,52)(Cr ,604J. ,22h ,lB); 

(Hg48) (Cr48Al49); (Mg48)(Cr60Al22); 

(Mg.6le .37)(Cr ,49A1 .39Fe .12). ~Formula 

(Mg63) (Cr49Al39) -E"-Thayer' s ( 1946) 
simplified code 
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Fig. 80. Chemical plot of chromite from Greenhills (No.2, GH) and 
Red Hills (RH), (Table 17), in mol percent of total R 0 • Other 
points are pediform chromites; dashed line encloses §93chromites 
from the Stillwater Complex (after 'l'hayer, 1964, p.l499). 

Fig. 81. 
chromite 
Zussman, 

Approximate plots made on the basis of a and D of 6 
samples from ~reenhills {Graph after Dee~ Howie and 
1963, v.5, p.6l). 
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photoelectric cell relative to a carborundum (R = 20.3) standard. 

White light was used and the reflectivity of each sample is the 

average of readings at ten different locations. Standard deviation 

is less than ~ 0.2 Percent forsterite in coexisting olivines was 

determined by X-ray diffraction. 

Discussion. Chemical analyses No.2, 3 and 4 (Table 17A) show 
++ Fe ).Mg; therefore the mineral is chromite, not magnesio-chromite, 

as suggested in Figure 81. The most likely explanation for this 

discrepancy is that D has been underestimated. Limited compositional 

variation of Greenhills chromite is indicated by: the chemical 

analyses; the physical properties Q~ ~ and D; the slight range 

in reflectivities compared with the data of Ponomareva et ~., 

(1964); the limited range in the Mg/Fe++ ratio of coexisting 

olivines. According to Irvine (1967, p.89) the last mentioned 

feature is typical of alpine-type peridotites the spinel compositions 

of which probably approximate the trend of an Mg-Fe++ equipotential 

surface. 

Thayer (1960, p.249) lists cbromite compositions among his 

criteria for distinguishing alpine and stratiform complexes: 

stratiform: FeO:MgO about 1:1 

alpine: 

Cr:Fe about 1.5:1 

Cr2o3 
average range 38-5q% 

FeO:MgO about 1:2 

Cr:Fe about 2:1 to 4:1 

Cr2o3 
range about 15-65% , 

Greenhills chromite has FeO:MgO approximately 2:1; Cr:Fe about 2:1; 

Cr2o3 
about 50%. On this basis it cannot be assigned with any 

certainty to either of the above categories. As shown on Figure 80 

the Greenhills specimen and the one from Red Hills plot within the 

field of chromite from a typical stratiform complex. ~reenhil1s 
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chromi te is, however, significantly richer in Cr ana. total Fe and 

contains less Al than Red Hills chromite. 

As one of the first minerals to crystallize from undersaturated 

mafic magmas chromite is important as an indicator or oxygen 

fugacity at an early stage of crystallization; unfortunately the 

ratio Fe 2o
3

:Fe0 in the Greenhills chromites is not known. Thayer 

(1956, p.22) has suggested that the oxidation state of the irori 

probably determines the magnetic properties of chromite. It would 

be interesting to test this hypothesis at Greenhills; if Thayer 

is correct, Fe 2o
3

:Fe0 in Greerihills chromite probably varies a 

great deal because some specimens are practically non-magnetic 

whereas others are strongly magnetic. 

Iron oxides and sulnhides 

Magnetite-ilmenite. Iron ores occur as accessory minerals 

throughout the eucritic portion of the layered series. Magnetite 

and ilmenite in variable proportions are usually found closely 

associated in sub-poikilitic habit but rarely exceed 1 to 2% by 

volume. Magnetite is· the more abundant mineral and contains slender 

lamellae of ilmenite exsolved along {111} of the cubic phase; it 

is therefore termed titanomagnetite. Widespread incipient replace

ment of magnetite by hematite along {llD, around grain edges, and 

along fractures probably represents oxidation at low temperatures 

and pressures. Scattered thin magnetite lamellae are enclosed in 

the ilmenite lamellae. These types of intergrowths are too well 

known from the studies of Edwards (1954) and Ramdohr (1955) and 

others to require detailed description here. 

A conspicuous feature of Greenhills titanomagnetite is the 

presence of a reticulate pattern of transparent spinel exsolved 

along {100}. Spinel of this habit resembles ilmenite in tending 

to pinch out toward the margins of titanomagnetite grains. However, 

unlike ilmenite, the spinel forms more apparent and regularly 

reiel07p
Rectangle
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spaced segregations at ti tanomagneti te grain boundaries (Fig. 82). 

In thin section these segregations show the deep green colour tYPical 

of pleonaste. Exsolution of the spinel post-dates exsolution of 

ilmenite. 

In the layered series
1
ilmenite occurs as large grains inter

grown with magnetite along mutual boundaries which vary from gently 

curving to straight and angular. Grains of ilmenite,distinct from 

ilmenite-titanomagnetite intergrowths,are also found and these make 

it difficult to account for the ilmenite solely in terms of unmixing 

(cf. Lindqvist, 1965, p.19). The occurrence of isolated ilmenite 

crystals in addition to ilmenite-titanomagneti~e clusters in the 

Lower Zone of the Skaergaard intrusion was explained by Wright (1961) 

as the precipitation of separate (cumulus) phases; however, at 

Greenhills the iron ores form a matrix to euhedral silicates in the 

layered series and clearly represent postcumulus material. 

Sulphides. Pyrite, pyrrhotite and less frequently chalcopyrite, 

occur in accessory amounts in the metamorphic rocks of Greenhills 

but are rarely encountered in the layered series. In the marginal 

gabbro disseminated sulphides generally comprise less than 0.5 per

cent by volume. Pyrrhotite is the most abundant and is characterized 

by a strong basal parting. Pyrrhotite and chalcopyrite occur as 

irregularly-shaped intergrowths (Fig. 83) and are often accompanied 

by magnetite. Pyrite, least abundant of the sulphides, usually 

occurs singly and occasionally forms small segregations several cubic 

inches in volume. Pyrite (O.U. 25970) from a segregation in the 

Barracouta Point 11 gabbro 11 is slightly anisotropic. 

Trace element analyses for platinum and gold. The occurrence 

of platinum in gold alluvium in Southland has been known since 1888, 

the best known concentration being in the vicinity of Round Hill 

near Orepuki (Williams, 1965, p.l55). The possibility that the 
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Fig . 82 . Typical gemi-poikili tic growth of ti t.anoma.gneti te in 
layered series eucri te; note discrete grain of ilmenite. Spine l is 
exsolved along (100) and segregated along grain boundaries of titano
magnetite (O.U. 24593). T = tita.nomagnetite; I= ilmenite; sp = 
spinel; a few ilmenite lamellae are visible lower left of photograph. 
xlOO . Oil immersion, plane polarized reflected l ight . 

~ pyrrhotite 

magneti te 

Fig. 83 . Sketch from photomicrograph showing intergrowth of 
pyrrhotite, chalcopyrite and magnetite typical of the marginal gabbro 
(O .U. 25971) . xlOO . 
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Greenhills Complex contains source rock of platinum is intriguing 

in view of the well known association between ultrabasic rocks and 

the platinum metals. A search by the writer for platinum in the 

Greenhills rocks, using reflected light microscopy, was unsuccessful. 

Trace element data subsequently obtained through the courtesy of 

Dr F.A. Murnpton of Union Carbide Corporation, New York, suggest that 

the main rock types at Greenhills are not enriched in platinum. The 

data given in Table 18 are the results of spectrochemical analyses 

of silver beads produced by fire assay procedures. The technique 

is evidently sensitive to amounts of metal as low as 4 parts-per

billion. 

Platinum content is slightly greater in the dunite samples 

than in the gabbroic specimens and is definitely anomalous in dunites 

O.U. 25999 and O.U. 26000. However, there is no positive association 

of platinum with dunite enriched in chromite. Palladium is more 

closely associated with sulphides than is platinum. None of' the 

samples approach Union Carbide's 11 ore grade 11 (Mumpton, pers. comm.) 

of 3000 parts-per-billion. 

D. Yuneralogy (continued) 

Postmagmatic Minerals and lv'Jineral Associations 

Introduction. Pervasive postmagmatic mineral changes at Green

hills include serpentinization, chloritization and prehnitization~ 

These and several other essentially metasomatic phenomena are accentu~ 

ated in ... and adjacent to,late gabbroic dykes which,have intruded the 

ultramafic portion of the layered series. The large quarry located 

at 818~286842 presently being worked by the Greenhills Dunite 

Company provi~ed many of the rock specimens on which the following 

identifications and descriptions of secondary minerals are based. 

Serpentine and associated minerals. The great diversity of 
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dunite 
dunite 
dunite 
dunite 
dunite 
dunite 
duni te 
dunite 

Sample 

dunite with 5% chromite 
dunite with 2% chromite 
wehrlite 
pegmatitic wehrlite 
feldspathic wehrlite 
eucrite 
oxide pocket in eucrite 
Barracouta Point "gabbro 11 

marginal gabbro 
marginal gabbro with 

11 scattered sulphides 

" 
II 

II 

ox~ae pocket in Bluff norite 
Mossburn serpentinite 
Red Hills serpentinite 

0. U. No. 

25939 
25714 
25715 
25903 
25997 
25998 
25999 
26000 
25959 
25991 
25807 
25852 
25886 
26001 
25972 
25785 
25843 
25808 
25971 
26002 
26003 
26004 
26005 

Parts-per-billion 
Pt Pd .Au 

28.0 4.0 9.0 
38.0 4.0 12.0 
67.0 4.0 5.9 
48.0 4.0 ' 10.0 
21.0 4.0 9.2 
78.0 4.0 9.0 

175.0 4.0 8.2 
105.0 4.0 8.2 

50.0 4.0 38.0 
50.0 4.0 7.0 
45.0 9.5 7.3 
19.0 20.0 9.0 
35.0 9.6 8.7 
11.0 4.0 12.0 
12.0 4.0 7.0 
7.5 4.0 14.0 

21. 0 19. 0 11. 0 
58.0 49.0 7.4 
18.0 26.0 21.0 
18.0 15.0 11.0 
18.0 14.0 9.4 
15.0 13.0 16.0 

3.5 4.0 7.4 
7.8 7.3 7.4 

22.0 5.5 12.0 

Table 18. Spectrochemical analyses for Pt, Pd and Au in 
rocks of the Greenhills Complex. Samples of serpentinite 
from Mossburn and Red Hills and an oxide pocket from Bluff 

\ 

are included. 
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textures exhibited by the serpentine minerals (Faust and Fahey, 1962) 

necessitates their determination by X-ray methods. Use of data given 

by Whittaker and Zussman (1956) allows distinction between the various 

serpentine polymorphs by X-ray diffraction of powdered samples. How

ever, identification of different polymorphs in mixtures is difficult 

when the amount of a polymorph is less than 15%. 

The examples shown in Table 19 indicate that the polymorphs 

clinochrysotile, orthochrysotile and lizardite are present and 

probably widespread in the Greenhills area. The apparent absence 

of antigorite here as at the Mossburn serpentinite quarry (Meder, 

1963) may be due to the iack of shearing stress. 

0. U. No. and 
Location 

26013 
3181/291834 

26014 
Greenhills 
duni te quarry 

26015 
Greenhills 
duni te quarry 

25741 
3181/285837 

Description and Occurrence 

white, 1 mm cross-fibre ser
pentine (shown in Figure 62) 
is of sporadic occurrence 
throughout the Dunite Zone 

dark green, semi-fibrous; 
hardness 4, brittle; is de-. 
veloped on an incipient 
slickenside 

light green, platey, hard
ness 3-4; not found in situ 

translucent waxy substance 
superficially resembling 
Meder's (1963) description of 
stevensite, H2Mg~(Si0~\:H_2o, a member of tne montmorlllonite 
group, t'rom Mossburn serpentinite 
quarry; hardness 3; is de
veloped along the contact of 
dunite and a late gabbroic dyke 

Serpentine and 
Associated Minerals 

clinochrysotile with 
minor orthochrysotile 

orthochrysotile 
and lizardite 

lizardi te and 
clinochrysotile, 
minor talc 

lizardi te and 
clinochrysotile 
intimately mixed 
with chlorite. 

Table 19. Description and occurrence of some serpentine polymorphs 
found at Greenhills. 
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Dr F.A. Mumpton (pers. comm.) reported the presence of' brucite 

and hydrota.lci te, Mg6Al2( OH\6COy4H20 (Winchell, 1961) in several 

massive samples of Greenhills dunite which the writer forwarded to 

Union Carbide Corporation (New York) for Pt trace element analyses. 

Neither mineral is optically apparent in these specimens (O.U. 25939, 

25715, 25991, 25998 serpentine + brucite; O.U. 25999 serpentine + 

brucite + hydrotalcite) and therefore they probably occur intimately 

mixed with serpentine. The occurrence of brucite with.serpentine 

at Greenhills is significant for it suggests that Si0
2 

need not have 

been introduced to effect serpentinization and that the equation 

olivine + water serpentine + brucite 

2Mg2Si0
4 

+ 3H20~H4Mg3si2o9 + Mg(OH)
2 

satisfies the major requirements. If this is the case, about 10 

weight percent brucite should be present in Greenhills dunite. In 

the above reaction Hostetler ~ al., (1966) suggest that the stability 

limit of Mg-rich olivine (eg. Fo
90

) in the presence of 15,000 psi 

water vapour pressure is about 400°C. Hostetler et al., (1966) 

conclude that lizardite-brucite is the initial result of serpentini

zation of olivine. If this is true it would be reasonable to expect 

that lizardite is the dominant serpentine mineral in dunite at Green

hills. Brucite, they suggest, is unstable in zones of weathering 

and along sheared borders. Possibly this explains the apparent 

absence of brucite in the examples shown in Table 19. 

Serpentine-talc-anthophyllite. On the north-west wall of the 

Greenhills dunite quarry a three foot-wide doler~te dyke is bordered 

first by a half-inch thickness of slip-fibre asbestiform anthophyllite 

(O.U. 26010) and then by a more narrow and irregular zone of talc 

which is in contact with host dunite. In this instance the anthophyl

lite probably results from marginal desilication of the dyke. V~re 

puzzling is the occurrence on the south coast of Greenhills (8181/ 

287836) of nodules and bands up to two inches wide comprised of the 
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assemblage serpentine-talc-anthophyllite. The nodules are ellip

soidal, range up to two inches maximum diameter and usually occur 

in clusters along a common plane. Figure 84- illustrates the usual 

zonation. ~~thophyllite occurs mainly at the core of the nodule 

with relic picotite but needles of anthophyllite also penetrate 

dunite beyond the rim of the nodule. The refractive index ~ = 1.639 

and 2VX = 85° indicates that the anthophyllite contains about 85% 

Mg
7

Si8o22(0H) 2 (Deer, Howie and Zussman, 1962, v.2). Optically the 

crystals appear homogeneous. Talc replaces anthophyllite and is in 

turn replaced by serpentine. Unlike serpentine-talc-anthophyllite 

assemblages described by Greenwood (1963) from south-eastern Penn

sylvania, anthophyllite and serpentine at Greenhills are sometimes 

in contact. 

The assemblage serpentine-talc-anthophyllite is not unusual, 

but it does represent special temperature conditions. According 

to Greenwopd (1963, p.325) the reaction 

talc~anthophyllite + quartz + H
2

0 

proceeds to completion at 711°C at a pH 0 of 2 Kb. The upper sta

bility limit of anthophyllite at this p~essure is about 765°C. The 

fact that anthophyllite is replaced by talc at Greenhills, by analogy 

to the anthophyllite-bearing rocks of the Balmat area, New York, 

indicates 11 
••• either that the temperature dropped while the equilib

rium pressure of H20 remained equal to the total pressure, or that 

at constant temperature the activity of H2o increased. Combination 

of these two would have also produced the same effect" (Greenwood, 

196 3, p. 34-5). At Greenhills, the requisite amount· of water was 

probably supplied by country rock prior to serpentinization. 

Chlorite and the assemblage chlori te-cummingtoni te-ta.lc. A 

small amount (~. 0.1%) of chlorite is usually present in the main 

rock types as sporadic peripheral replacements of olivine. Development 
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Fig. 84. Photomacrograph showing typical zonation in serpentine
talc-anthophyllite nodule (O.U. 25739) in dunite. Long blades of 
anthophyllite partly in contact with serpentine penetrate into dunite 
well beyond outer rim of the nodule. Note relic grains of chromite=cr 
in the nodule. s = serpentine; t = talc; an= anthophyllite;. 
x~. Crossed polars. 
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of this chlorite appears to have preceded serpentinization. Optical 

properties are: colourless; length fast; 2VX = 10° .:t 5°;' negli

gible dispersion; skeletal crystals of hematite interleafed with 

this chlorite are common. Chlorite in a specimen (o.u. 17793) of 

the Dawros peridotite (Rothstein, 1958) was found by the writer to 

closely resemble the above description. At Greenhills the same 

variety of chlorite is also common as crystals up to 5 mm diameter 

in and directly adjacent joint planes in dunite at 8181/287836. 

Refractive indices of this material are: o<. = 1.575, 13 = 1.579, 

~= 1.584; a strong l~ basal rerlection is characteristic. These 

data suggest that the chlorite is a magnesian variety, possibly 

penninite in composition. Magnesium-rich chlorite has been found 

by Coleman (1966) to be vlidespread in New Zealand serpentini tes and 

associated metasomatic rocks. The occurrence of magnesian chlorite 

in the assemblage ch~orite-cummingtonite-talc along the borders of 

early eucrite. dykes in contact with ultramafic rocks at Greenhills 

has been described earlier (p.l09). In this environment the zone 

of chlorite is always nearest the dyke,suggesting that chlorite was 

the first formed phase. Experimental work by Fawcett and Yoder (1966), 

which shows that magnesian chlorite is stable up to 780°C at 4 Kb 

PH 0 , supports this idea. 
2 Prehnite and associated minerals. Chief among the various 

modes of occurrence of prehnite at Greenhills are: l) a meta

somatic mineral together with epidote, calcite, albite-oligoclase 

and hydrogrossular in the metamorphic aureole (described in Chapter V A) 

developed in metasediments adjacent the Greenhills Complex; 2) 

occurrence in amounts generally less than 0.1% with thompsonite and 

montmorillonite as an· alteration product of plagioclase throughout 

the eucritic portion of the layered series; 3) as sheaf-like 

aggregates in.veins up to 3 rnm wide in dolerites (O.U. 26009) and 

other late dykes. 
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Zeolites. In addition to its occurrence with prehnite in the 

layered series, about 20% thompsonite is accompanied by abundant 

prehni te' carbonate and chlorite in several highly altered late 

leucocratic dykes in a presently disused quar~J at Sl8~284850. 

Thompsonite is also found at Greenhills as 0.5 mm wide veinlets in 

dolerite dykes (O.U. 25748); positive identification was established 

by X-ray powder camera. 

Laumontite is a common constituent in mono-mineralic veinlets 

in the trondhjemite dykes (eg., O.U. 25784) and to a lesser extent 

in some of the more altered dolerite dykes as a replacement of plagio

clase. The former mode of occurrence resembles the first description 

of the mineral in New Zealand (Mason, 1946) from veins in a dioritic 

rock at Bluff. 

An X-ray diffractogram of zeolitic material obtained by Dr C.A. 

Landis (pers. comm.) from a vein in the Blufr Harbour Board quarry 

shows the presence of scolecite. The writer has not examined this 

material. 

Service (1937, p.210) has recorded stilbite and prehnite in 

veinlets traversing the Bluff norite (o.u. 5195). Examination of 

this specimen in thin section shows a zeolite of sheaf-like habit 

comprising, with prehnite, a veinlet about 0.5 mm wide. The mineral 

has low negative relief, 2VX = 40° ~5°, and extinguishes parallel 

to one good cleavage. 

Actinolite. Specimen O.U. 26016, found as float in a fresh 

excavation in the Greenhills dunite quarFJ, exhibits semi-nephritic 

qualities. It is essentially nodular in shape and'varies in colour 

from light green when fresh to white on a weathered crust. It is 

very compact and tough and is comprised essentially of fibrous 

actinolite thoroughly interwoven, although not as twisted and felted 

in texture as nephrite described by Turner (1935, p.l89)~ Minor 
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amounts of chlorite and talc occur in the Greenhills specimen. To

ward the rim of the "nodule 11
, blades of actinolite up to 1.5 em long 

are common. Optical properties are: colourless; Z A c = 19°; 

o( = 1.628, /.5 = 1.640, o = 1.653; simply twinned on (100). X-ray 

dif'fractograms of the fine and coarse-grained material are virtually 

identical. X-ray powder diffraction data on the coarse-grained 

(pure) actinolite given in Table 20 closely resemble tremolite from 

a lens in the Pounamu Ultramafics, Westland (Coleman, 1966, p.28). 

hkl din~ I hkl din~ I 

020 8.95 45 151 2.93 45 
110 8.30 100 330 2.79 35 

130,001 5.06 20 421 2.73 50 
111 4.85 20 151 2.70 70 
200 4. 74 10 112,061 ' 2.59 30 
040 4.50 30 202,002 2.52 20 
220 4.19 25 ? 2.49 8 

? 4.11 30 350,400 2.38 8 
131 3.85 10 351 2.33 25 

? 3.55 5 171,261 2.17 30 
? 3.41 8 '202 2.02 20 

150,041 3.38 30 ? 1.96 5 
240 3.26 70 510 1.89 10 

? 3.23 70 2101 .. 1.65 40 
310 3.11 100 ? 1.62 20 

311,241 3.03 80 ? 1.58 10 
? 1.51 20 
? 1.40 10 

Table 20. X-ray powder diffraction data on semi-nephritic 
actinolite from the Greenhills dunite quarry. Cu KO( 
radiation I~~~I100 • 

Carbonate. Dolomite is probably one of the latest formed 

minerals at Greenhills. It occurs in small amounts as thin 
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encrustations and as stalactitic growths (O.U. 26011), l to 2 mm 

in diameter, along joints and in minor crush zones in the Greenhills 

dunite quarry. White dolomite flowers l to 2 mm in diameter are not 

uncommon. Magnesite and aragonite were looked for but not found in 

the several X-ray diffractograms and powder photographs of carbonate 

material from the quarry. Selective staining tests for magnesite 

fa.iled to yield positive results. In specimen O.U. 2574-l (Table 19) 

dolomite in tiny veinlets (thin section O.U. 26006) is accompanied 

by a nearly isotropic Fe-Mg chlorite. Meder (1963, p.l4-) has reported 

abundant aragonite but an apparent absence of magnesite (and talc) 

f-rom the Moss burn serpentinite quarry. 

Gypsum. Thin films of gypsum o.ccupy minute fractures in 

dolomitic rock (o.u. 26012) in the contact metamorphic aureole 

8181/293830. 
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CH.APTER V 

THE MARGINAL GABBRO, THE METAMORPHIC 

AUREOLE A.l'fD LATE DYKES 

A. Origin of the Marginal Gabbro and Metamorphic Aureole 

Introduction. Distinction between alpine and stratiform com-

plexes has been made difficult by the discovery of high tempera.ture 

contact metamorphism in alpine-type peridotites such as Tinaquillo, 

Venezuela (MacKenzie, 1960), the Lizard, Cornwall (Green, 1964b) 

and Red Hills, New Zealand (Challis, 1965b). The occurrence at 

Greenhills of a cryptically layered sequence of ultramafic and 

eucritic rocks in an alpine setting underlines the need to accept, 

as Smith (1958) proposed, that transitions·exist between stratiform 

and alpine intrusions. Evolution of an alpine, stratiform or transi

tional complex depends on: a) tectonism, b) time and temperature 

of emplacement, c) condition of the magma at time of intrusion. 

The marginal gabbro which separates the Greenhills Ultramafic Complex 

from country rock metasediments provides critical evidence on each 

of these variables. An inner and an outer border of the marginal 

gabbro are recognized. The inner border is marked by the disap

pearance of plagioclase, the outer border is the contact with coun

try rock. 

Contact south of dividing fault 

:Modes and mineralogy. 

(Map 1) have been investigated. At ~-A2 a zone of variable width 

of brecciation and partial assimilation separates marginal gabbro 
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from discordant hornfelsed metasediments. Table 21 shows the modal 

and mineralogical variation of rocks across section A
1
-A

2
• Figure 

85 records the range in grain size of the main minerals and reveals 

a convergence of maximum and average grain sizes towards the outer 

border of the marginal gabbro. Cross-section B
1
-B

2 
located about a 

mile north of ~-A2 shows essentially the same features. 

Mesosconic structures. There is little evidence of folding 

in the marginal gabbro. At Rhum, although banding in the marginal 

lubricating gabbro is indistinct, Dunham and Emeleus (1967, p.413) 

record little folding and have suggested that the enclosing ring 

fault is nearly vertical. .At Greenhills the marginal gabbro is 

generally outwa.rdly inclined at angles exceeding 70°. In contrast 

to Rhum, where rocks of the layered series abut the lubricating 

gabbro discordantly (Brown, 1956, p .41), banding in the Greenhills· 

marginal gabbro is approximately parallel to s
0 

structure in adjacent 

layered series rocks. Xenoliths of wehrlite are occasionally found 

near the inner border of the marginal gabbro (Fig. 86). At the 

outer border of the marginal gabbro rafts of metasedimentary rock 

occur in various stages of assimilation. 

Magnetic nrofiles. To locate the marginal gabbro in thick 

bush north of B1-B2 a portable Varian M-49Jl.. precession ground mag

netometer was used, providing a direct measurement of the absolute 

value of the total intensity of the earth's magnetic field. This 

instrlli~ent is sensitive to 10 gammas* over the range 18,980-101,020 

*Note. One gamma = 10-5 oersted. One oersted is 'the strength of a 
field which exerts a force of one dyne on a unit magnetic pole. A 
unit magnetic pole is one which repels a similar pole one em away 
with a force of one dyne. If strength of the magnetic f~eld is 
measured in relation to the density of ~ines of force/em the oersted 
is the strength of a field of 1 line/em • In free space, the oersted 
is numerically equivalent to the gauss which is a unit of magnetic 
flux density. 
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25809 25811 

25.5 31.8 

48.4 40,) 

12,1 

7.7 

6,0 

nil 

22.4 

1,2 

25812 

45.3 

~2.6 

5.0 

8.2 

5.9 

5'l.6 

20.9 

nil 

12.7 

5.6 

0.3 4.5 3.0 1.2 
--~~--~----~ 

A2 

outer border 
' "'11 

inner border . 

1

% ~ -----+~~--9-0---,~-8--8---.-8-2_t_o--70-.-77 __ t_o_6_81_6_7--to--5~? 
>-plagioclase 

d I 44 
OlGa: Mg: Fe 

~~clinopyroxene 

t:J Atom ~; Fe 
~orthopyroxene 

41 
39 

20 

33 

42 
40 

18 

37 

41 

33 

66 

41 
04 

25 

2:~l~~ine 80 ' 5 I 
--r---------------i-------i-------,_------+-------+------~ 

distonce from 
inn"r border 5 50 75 140 400 
(ft) 

Table 21. Modal and mineralogical changes 
across section ~-A2 (Map 1) of the marginal 
gabbro. 1lineral compositions estimated 
optically. 

0U2.5801 
0 200 

A 
Outer~ 

border I 

·-·-·-·-·-·-

Fig. 85. Estimates of overall maximum size 
and average long diameter of plagioclase, 
olivine and clinopyroxene grains across 
section ~-A2 • 8181/291832 • 
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Fig. 86. Xenolith of wehrlite, rounded and drawn out as if by flow
age, is typical of those found near the inner border of the marginal 
gabbro. This specimen occurs in a large block, not in situ, at 
cross-section ~-A2 of the marginal gabbro. 8181/291832. . 
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gammas. Detailed information of the Varian magnetometer is given by 

Dobrin (1960). Profiles 1 to 4 (Fig. 87) were checked by back tra-

versing and the results averaged after making a small correction for 

diurnal varie.tion (Burrows, 1967). These may be compared with a 

datum of 61,417 gammas (Burrows, 1967) assuming a crust of uniform 

"greywacke 11 
• 

Rocks range greatly in their magnetic susceptibility a.nd there

fore identifice.tion solely on the basis of magnetic data is not 

feasible. At Greenhills, control is provided by numerous exposures 

of the main rock types along traverse 1; however, outcrop is sparse 

along traverse lines 2, 3 and 4. Control profile 1 distinguishes 

metasediments, marginal gabbro and wehrlite. Abundant disseminated 

titanomagnetite may contribute to the high gamma values obtained 

over the marginal gabbro. Readings obtained over wehrlite and meta

sediments are surprisingly constant. Over dunite a wide range of 

readings were obtained. This is probably due to the patchy develop

ment of zones of serpentinization containing a high concentration 

of evenly dispersed secondary magnetite. Profile 2 closely resembles 

the control profile which shows a positive peak over the margina.l 

gabbro. 'l'he positive peak of profile 2 is there.f'ore believed to 

mark the position of the marginal gabbro north of the dividing 

fault. An extension of the marginal gabbro/wehrlite boundary north-

wards (Map l) does not coincide with the positive peak of' profile 2. 

This is possibly due to faulting. The total range of magnetic 

susceptibility of profiles 3 and 4 is about 500 gammas which contrasts 

with the 2000 gamma range evident in 1 and 2. The western peak in 

profile 3 is tentatively attributed to the presence of marginal 

gabbro; this peak may be slightly suppressed due to the steepening 

slope of land which leads up to the Three Sisters Trig •• At the western 

end of profile 4 are scattered outcrops of eucrite which may belong to the 
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0 
62,700 

62,200 

61,700L-----~------~,------~--------+--------r------~ 

<'-e u c r i t e -----=:;..: 

"~"~-
61,600~, : ·======= 

~marginal gabbro'"i 
( inferred ) 

0 
63,800 

63,300 

62,800 

62,3 

61,800~-;---+----+----l---l---+--+--,+---+---------t
i.:o- marginal gabbro~ 

infer red ) 1 

61,300 
0 

SCALE 
200 400ft ....__ ___ _, 

4 

3 

1 

~ CONTROL 

~.soo, ___ ~*~-,-------~~---~-----~----~-~-+---+---~-------------~----~----+ 
~ 1., ,----~~~~- hI. _.._1_...._ . b I d 

PROFILE 

· we r' e _) >1< we r tie __.,.....-margtnQ -~---»,..:<1c;::;---metase iment -------::,. 
dunite ; gab ro • 

o 200 40° 6(,JOft LENGTH OF TRAVERSE 

Fig. 87. Magnetic profiles 1 to 4 across marginal gabbro at eastern 
border of Greenhills Complex; locations shown on Map 1. Vertical 
scale in gammas is referred to a datum of 61,417 gammas (Burrows, 
1967). 
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marginal gabbro; however, a prominent marine terrace and sand 

deposits at about the 150 ft level obscure the outcrop pattern. 

Textural characters. A similar textural zonation is evident 

in the above two cross-sections. In no instance are chilled features 

recorded. By example 

~, inner border, 1) 
along ~-A2 ,the following zones are recognized: 

coarse-grained hypidiomorphic granular (50 ft) 

2) 

3) 

4) 

pseudoporphyritic 

I"luxion 

poikiloblastic 

( 150 f't) 

(50 ft) 

A2, outer border, (100+ f't) 

Granulation and recrystallization generally increase outward 

from the wehrlite-marginal gabbro contact although in some localities 

the marginal gabbro has apparently been granulated at its inner 

margin (see Fig. 88). The following textural descriptions are based 

on the characters of the main minerals and are typical of samples 

obtained at section ~-A2 • 

Clinopyroxene. This is a pale green diopside characterized 

by strong (100) and (010) partings in addition to normal prismatic 

cleavage. A weak basal parting is also present and like the ortho

pinacoidal partings it is sometimes accompanied by minute (exsolved?) 

opaque inclusions. Twinning parallel to (100) is common. Undulose 

extinction is widespread and is due mainly to derormation. Repeated 

optical checks showed no significant compositional variation among 

grains in the same rock sample. Symplectitic intergrowths of plagio

clase in clinopyroxene are recorded from O.U. 25843 (Fig. 89). These 

are identical in appearance to those recorded from ul tra.mafic in

clusions in Hawaiian basalts by White (1966) who attributes the 

phenomenon to thermal metamorphism. 

Towards the outer border of the marginal gabbro an increasing 

amount of clinopyroxene is replaced by amphibole. The amphibole is 

of two varieties, one a tremolite of dominantly uralitic habit, the 
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Fig. 88 . Pitted surface in marginal gabbro due to weathering out 
of clots of ungranulated mafic minerals. The ridges are comprised 
or fragmented mafic minerals cemented by poikilitic plagioclase. 
Granulation appears to have preceded crystallization of the plagio
clas e and the texture is by definition protoclastic. In cross-sections 
~-A2 , B1-B2 details of this texture have been largely overprinted 
by a pseudoporphyritic texture which possibly developed as a natural 
extension of protoclasis. View north-east, Sl8l/293844t 
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Fig . 89 . a) Electron image of symplectitic intergrowth of plagio
clase and clino~yroxene. O.U. 25843. x2100; b) X-ray line scan 
f or Al; c) X-ray line scan for Ca, each 36..u__wide. 3010T, beam 
current 0.2 ~a. Photographs: Dr G.A. Challis. 

A B 

Fig . 90A. H~~idiomorphic granular texture. Note translation lamellae 
in olivine (center) and the incipient recrystallization of clino
pyroxene (left of center). Plagioclase grains at upper and lower 
right of photo. O.U. 25810. x30. Crossed polars. 

Fig. 90B. Pseudoporphyritic texture. No te exsolution of opaques and 
persistence of (100) twinning in clinopyroxene. O.U. 25811. x25. 
Crossed polars. 
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other a pale brown hornblende of poikiloblastic habit. Other changes 

undergone by clinopyroxene across the marginal gabbro clearly reflect 

the geologic history of the rock and are illustreted in Jigures 90A, B 

and in 91A, B. Epitaxic relations between clinopyroxene and ortho

pyroxene similar to those described by Tarney (1969) are present in ; 

some specimens (eg. O.U. 25812, O.U. 25814). 

Plagioclase. In the marginal gabbro Carlsbad-albite twinning 

is widespread., the twin lamellae being broad and parallel-sided. 

Usually only one set of albite lamellae are dominant on either side 

of the composition plane. Pericline twins are recorded from some of' 

the larger grains. From ·the inner to the outer border of the marginal 

gabbro the most notable change undergone by plagioclase is increased 

zonation (Table 21). The zoning is mainly normal and is often accom

panied by weak clouding in the central portion of the crystals. 'l'he 

clouding is caused by strings of inclusions most of which are parallel 

to the trace of albite twin lamella.e. Most of the inclusions are 

minute acicular crystals of pale green hornblende but others defy 

microscopic resolution and appear only as dark specks. 

Olivine. Oliv~ne becomes progressively less f'orsteritic to

ward the outer border of the marginal gabbro (Table 21). Composi

tional zoning is not optically apparent. Contacts of olivine grains 

with clinopyroxenes are clean in contrast to contacts with plagioclas~ 

which are usually marked by reaction rims. Typically (o.u. 25809~ 

these rims are comprised.pf a narrow zone of colourless amphibole. 

(cummingtonite?) succeed;d outward from the olivine by a thin zone 

of dark green spinel and finally by a zone of' pale green acicular 

amphibole crystals. Symplectitic intergrowths between orthopyroxene 

and magnetite are often conspicuous at plagioclase-olivine contacts; 

these intergrowths are identical to those mentioned by Service 

(1937, p.209) and figured by Lindqvist (1965, p.l8) and appea.r to 

have preceded the reaction rims. 
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Fig . 91A. Fluxion texture shown by tabular plagioclases . Op aques , 
mai nly magne tite, ar e segregated at grain boundaries of granulated 
clinopyroxene (center) . O.U . 25812. x30 . Crossed polars • 

Poikiloblastic texture shown 
Note clouding in pl agioclase (left side of 
Crossed polars. 

.,.,...,... ....... ~ ... 

x50. 
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Orthopyroxene. An important difference between layered series 

eucrite and the marginal gabbro is the relative abundance (uu to 6%) 
of orthopyroxene in the latter. A small range in composition of 

orthopyroxene throughout the marginal gabbro is also evident (Table 21), 

however, this composition is typically hypersthene compared with 

bronzite which is found in layered series eucrite. Compared with 

orthopyroxene of the layered series which dominantly occurs as dis

continuous rims around olivine crystals, orthopyroxene in the mar

ginal gabbro commonly occurs as euhedral crystals up to 2 mm in dia

meter. It also forms coronas around olivine grains. The presence 

in O.U. 25810 of unstrained coronas of orthopyroxene surrounding 

olivine crystals
1
which are characterized by (100) translation 

(deformation?) lamellae,suggests that the lamellae formed at magmatic 

temperatures. 

Metamorphism of country rock. The main metasedimentary rock 

in contact with marginal gabbro is volcanic microbreccia which some

times contains marly laminae and concretions. The following assem

blages are recorded from different laminae in a banded calcareous 

hornfels (o.u. 25910) obtained 150fteast of the metasediment

marginal gabbro contact at cross-section ~~~: 

plagioclase (andesine)-garnet-calcite-epidote (+magnesian chlorite) 

diopside-plagioclase-hornblende-epidote-calcite-sphene 

diopside-garnet-epidote-calcite-sphene. 

In metasediment directly adjacent the marginal gabbro and in meta

sediment rafts the plagioclase is labradorite. A granulite (o.u. 
' 25815) obtained 300 ft east of the marginal gabbro contains the 

following assemblages: 

diopside-plagioclase (andesine )-hornblende ( ~ = green >1.3 = 

brown >O<=pale brown) 

diopside-plagioclase-hornblende-epidote-sphene-calcite. 
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These assemblages may be compared with those or O.U. 17354 from 

the Foreshore Group,Blurr, at 3182/363780. The specimen contains 

calc-silicate pods and is strongly laminated. The following assem

blages characterize different l&~inae: 

plagioclase (labradorite)-diopside-hornblende (+ chlorite) 

plagioclase-diopside-sphene 

plagioclase-diopside-epidote-sphene 

plagioclase-diopside-epidote-garnet-sphene 

pla.giocla.se-diopside-ga.rnet-sphene 

diopside-ga.rnet 

plagioclase-diopside-garnet-epidote-calcite-sphene 

diopside-garnet-ca.lcite-sphene 

plagioclase-diopside-garnet-calcite. 

Figure 92 shows the Bluff and Greenhills assemblages plotted on 

an ACF diagram or the hornblende-hornfels facies modified from Turner 

and Verhoogen (1960, p.513). The appearance of calcite as an extra 

phase in some of the above assemblages probably reflects silica 

deficiency. Presence of accessory magnesian chlorite may be a con

sequence of incomplete reaction. The widespread occurrence of epi

dote is possibly a metasomatic effect. This is substantiated by 

the common occurrence of veinlets or epidote (~ prehnite and calcite) 

in the metasediments. The presence of relic hypersthene in certain 

of the coarser-grained more igneous-looking rocks suggests retro

grade metamorphism from a higher grade than hornblende-hornfels 

facies. One of these rocks (O.U. 17369) is a lit~par-lit injection 

gneiss from the contact zone of the Bluff norite (3182/365779). In 

this rock the main assemblage is plagioclase-hornblende-cummingtonite

magnetite and relic hypersthene which is almost completely replaced 

by cummingtonite. Essentially the same assemblage occurs at the 

outer border of the marginal gabbro. In O.U. 25814 , for example, 
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grouu Ia rite 

Fig. 92~ .M;F diAgram of the hornblende-hornfels facies f'or rocks 
with excess Si02 and K20 (after Turner and Verhoogen, 1960). 
Plotted points represent observed mineral assemblages and their 
approximate proportions in the Greenhills Group (+) south of the 
dividing fault and in the Bluff Foreshore Group (o). 
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orthopyroxene is heavily replaced by cummingtonite whereas clino

pyroxene is replaced by green hornblende. In the hornfels O.U. 25815 

orthopyroxene is absent. Progressing from the inner to the outer 

border of the marginal gabbro,orthopyroxene is gradually superceded 

by clinopyroxene and hornblende. This trend no doubt continues to 

varying distances into country rock until orthopyroxene is finally 

eliminated. The effect is essentially metamorphic zoning which 

involves both igneous and sedimentary rocks. This zoning can be 

explained as a metamorphic convergence resulting from the develop

ment of the assemblage orthopyroxene-amphibole in rocks of both in

trusive and sedimentary derivation. The phenomenon has originated 

partly by autometamorphism of the marginal gabbro and by thermal · 

metamorphism of country rock. The line which marks the disappear

ance of orthopyroxene in country rock can be interpreted as the high 

temperature boundary of the hornblende-hornfels metamorphic zone. 

The presence of narrow veins of green hornblende in the marginal 

gabbro supports this deduction. In some cases (o.u. 25812) ortho

pyroxene accompanies hornblende in these veins, but augite is absent. 

It therefore seems likely that p-t-~H 0 conditions at the outer 

border of the marginal gabbro were intermediate betw~en those of 

the pyroxene-hornfels and the hornblende-hornfels facies of contact 

metamorphism. 

Contact north of dividing fault 

Modes and mineralogy. North of the dividing fault the margin 

of the Greenhills complex is exposed in the north-west (cross-section 

C1-c2, Map 1) opposite Omaui Island and about a mile and a quarter 

to the east on the north shore of Greenhills. At the latter locality 

the marginal gabbro is largely obscured by beach sand. Detailed 

modal and mineralogical variation across c1-c2 is shown in Table 22. 
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0. U. No. 25836 25835 25830 25831 25832 25833 25834 

plagioclase 60.7 63.2 66.4 28.5 10.4 10.7 7.3 

clinopyroxene 21.6 16.4 14.3 57.2 64.7 72.0 65.0 

olivine 1.7 13.4 16.4 9.0 20.7 13.0 20.3 (+ serpentine) 
hornblende 

7.9 3.8 2.8 4.8 4.2 4.2 7.1 (+ uralite) 

orthopyroxene 3.1 0.2 nil 0.4 nil nil nil 

opaques 5.0 3.0 0.1 0.1 nil 0.1 0.3 

c~ ci 
outer border inner border 

%An 88 to 68 92 to 82 92 n.d. 93 91 92 plagioclase 

41 43 40 43 45 44 Ca: Mg: Fe 
clinopyroxene 39 38 40 n.d. 38 38 40 

20 19 20 19 17 16 

atomic % Fe 
35 23 n.d. orthopyroxene 

% Fo I 77 n. d. 69 71 n.d. 69 73 olivine 

distance f'rom 
inner border 250 200 150 130 120 100 5 
(f't) 

Table 22. Modal and mineralogical changes across section C -C
2 

of' 
the marginal gabbro. Mineral compositions estimated opticaily. 
5181/251877! 

Mesoscouic structures. At cross-section c
1
-c

2 
mesoscopic 

structures resemble those at cross-section ~-A2 south of the 

dividing fault. Approximately vertical mineral banding, some of 
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which includes lenses of wehrlite up to six inches wide is well 

developed. Strike is approximately north-south for more than a 

quarter of a mile south of Steep Head, after which it swings to 

north-north-west. This trend, no less remarkable for its close 

control over shore line development, apparently terminates at the 

dividing fault. 

Textural characters. Except for the more extensive develop-

ment of protoclastic texture at cross-section C
1
-o

2 
textural zona

tion in ma.rginal gabbro south and north of the dividing fault is 

similar. At cross-section c1-c2 four textural zones are recognized: 

cl, inner border, 1) hypidiomorphic grahular (so ft) 

2) protoclastic (so ft) 

3) pseudoporphyritic 

4) granulitic 02, outer border, 

( 100 ft) 

(so ft) 

As grain size diminishes across section c1-c2, protoclastic texture 

is succeeded by pseudoporphyritic texture. Near the outer border 

of the marginal gabbro the granulitic texture is perfected. Between 

this zone and the pseudoporphyri tic zone a fluxion texture simila.r 

to that described from south of the dividing fault is developed. 

Metamorphism of country rock 

Omaui Island. Metasediments here strike 140° and dip at 18° 

towards the complex. A prominent high angle fracture cleavage 

suggests that the rocks occupy the east limb of an anticline. 

Numerous late dolerite dykes and sills are present. Several yellow

grey bands of impure marble outcrop on the east coast of Omaui 

Island; the largest of these maintains a five foot thickness over 

a total exposed strike of 200 feet. In a typical specimen (o.u. 
25968) zoned porphyroblasts (0.15 mm) of plagioclase An

40 
contrast 

with clear untwinned oligoclase which occurs as part of the ground-
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mass together with garnet, epidote, chlorite, and carbonate. Two 

generations or clinopyroxene are evident: small clear granules of 

diopside and crystalloblastic diopside (0.15 mm) in which strings of 

magnetite grains are imbedded. Veinlets rich in hornblende, ZAc = 
30°, o = blue-green> /.l = light green )<><::brown-green, traverse _the 

rock irregularly. Specimen O.U. 25965 typifies the grey-green 

banded rock which occurs on the west part of the island. Epidote, 

oligoclase and quartz comprise most of the rock. Actinolite and 

porphyroblastic diopside partly replaced by epidote occur in minor 

amounts. A raft of metasediment (O.U. 25837) in the marginal gabbro 

on the shore opposite Omaui Island contains the following assemblages: 

diopside-plagioclase (labradorite An54)-quartz-epidote-calci te + 

hornblende 

diopside-plagioclase-chlorite-epidote-garnet-calcite. 

Diopside shows poikiloblastic development but is substantially 

replaced by epidote. Occasional needles of hornblende occur in the 

plagioclase. 

North shore. The metasediments here provide a 450 yard cross

section D
1

-D2 (Map 1) of the metamorphic aureole. .Although cut by 

a large number of dykes the metasediments maintain a north-westerly 

strike, dips ranging 30° either side of vertical. Estimated propor

tion of metasediments to dyke rocks is approximately 2:1. The most 

abundant dykes are those of gabbroic or neritic composition. Where 

they are parallel to bedding they may easily be mistaken for meta

sediments. Textura.lly these dykes are fine-grained and granoblastic. 

However, most of them have not undergone complete recrystallization, 

and relic augite crystals similar to those described from the mar

ginal gabbro attest to the igneous derivation of these rocks. 

Four hundred yards east of the marginal gabbro is a quartzo_ 

feldspathic argillite (o.u. 25859) containing an estimated 25% quartz 
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and 3o% plagioclase. The plagioclase is basic oligoclase,peripherally 

recrystallized to a more sodic variety; epidote, calcite, chlorite 

and actinolite are present throughout the sample. Another quartz

rich metasediment is characterized by a millimeter-wide grating 

of alternating light and dark .pands. Grain size (0.12 mm) in the 

light bands is coarser than in the dark bands; O.U. 25884 obtained 

350 yards from the marginal gabbro is typical. The bands consist 

almost entirely of quartz and ragged crystals of colourless clino

pyroxene which have been largely replaced by prehnite, epidote, 

and montmorillonite. The assemblage presumably represents disequi

librium. Granular aggregates of carbonate and occasional tufts of 

actinolite occur throughout the rock. Prehnite is especially 

prominent as a metasome in the dark bands and its undulose extinction 

imitates the habit of laumontite in tuffs or that composition. There 

is, however, no direct evidence to suggest that prehnite is a pseudo

morph after laumontite. 

Granulitic fabric becomes increasingly pronounced as the mar

ginal gabbro is approached. Specimen O.U. 25865 obtained 150 yards 

from the marginal gabbro is a hornblende-pyroxene granulite, con

taining quartz, basic andesine and pale green diopsid7 together with 

groundmass chlorite, epidote, calcite, sphene and rare granules 

or garnet. Porphyroblastic hornblende with 6 :pale brown >..IS:pale 

green> e<=-colourless, occurs in scattered patches. In a similar rock 

type (O.U. 25869) thirty-five yards from the marginal gabbro, biotite 

appears and the plagioclase is a clear, twinned labradorite. 

Rarts of metasediments in the marginal gabbro di~play colourful 

banding which closely resembles the bedding observed in metasediments 

at Mokomoko Inlet; for this reason the banding is considered prima.ry. 

The same reasoning applies to hornfelsic rocks or the Bluff Foreshore 

Group,although Service (1937, p.l90) suggested that the banding is 
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metamorphic. Direct evidence of a primary nature for this banding 

was sought by X-raying 2 mm-thick slabs of rocks cut perpendicula.r 

to the banding according to the procedure described by Hamblin (1962). 

A sawed, wetted surface of O.U. 17409 exhibits only a rough banding 

whereas a radiograph of the same specimen shows distinctly bifur

cating micro-cross-laminae suggestive of primary sedimentary struc

tures (Fig. 93). 

Rafts of metasediments may logically be expected to contain 

the highest grade mineral assemblage. Specimen O.U. 25873 is a 

pyroxene-hornblende granulite from the outer border of the marginal 

gabbro. It is comprised chiefly of diopside, andesine and hornblende 

o ::pale brown)/.3 :: «~pale green. Granules of garnet are scattered 

throughout the rock together with magnetite, calcite and biotite • 

.Actinolite with o == green-blue >A::green >o<=pale green-brown forms 

discontinuous rims about hornblende and diopside. The mineralogy 

of the rock is similar to O.U. 25837 described above from opposite 

Omaui Island. Texturally, however, the rocks are different as there 

is no poikiloblastic development in the north shore example O.U. 

25873. This feature may be due to the amount of stress prevailing 

at the time of recrystallization > relatively stress-free conditions 

favouring poikiloblastic development. 

Rafts of metasediment are not known from the layered series. 

This is not surprising because of appreciable density differences 

between ultrabasic magma and spilitic metasediments. However, it 

is possible that scattered granulitic sheets are of sedimentary 
' 

origin. These constitute an enigma because they lack banding and 

are completely recrystallized. Their mineralogy is simply hornblende

basic andesine-magnetite. Examples are: O.U. 17383 from the 

Barracouta Point 11 gabbro 11
, Sl81/266840t 0 .U. 17381 from duni te, 

3181/280837. The likelihood that these sheets are metasediments is 
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Fig. 93A. Photograph of sawed surface of banded hornfels , O.U. 17409, 
from Bluff Foreshore Group. 8182/327794. xl~. 

Fig . 93B. Positive print of radiograph of O.U. 17409 showing details 
suggestive of primary sedimentary structures. Photograph: E. Force. 
xl~. 
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lessened on two accounts: the sheets occur in rock which has been. 

subjected to shear; dolerite dykes of identical composition are 

of widespread occurrence. 

To sum up, as the marginal gabbro is approached increasing 

metamorphic grade in metasediments is indicated by: 

1) incoming of' brown hornblende and porphyroblastic diopside 150 

yards from the contact. 

2) incoming of' garnet, (150 yards); and biotite, (35 yards). 

3) change in plagioclase from oligoclase (400 yards) through to 

labradorite (35 yards). 

Jaeger (1957) proposed that a xenolith derived from invaded 

rocks and completely immersed in magma approximates the temnerature 

of the magma. Metamorphic assemblages developed in the metasediment 

rafts should, therefore, be diagnostic of that temperature. For 

calcareous rocks the assemblage diopside-grossular-plagioclase-quartz 

is common in hornblende-hornfels facies. However, a Ulo-pyroxene 

hornfels has not been recorded from Greenhills. Experiments by 

Newton (1966, in Turner, 1968) suggest that in the·pyroxene-hornfels 

facies anorthite-wollastonite, not grossular-quartz, is the stable 

assemblage. This suggests that the maximum metamorphic grade may 

not have exceeded the hornblende-hornfels facies. The Greenhills 

contact aureole is narrow and of lower grade than, for example,the 

750 yard wide aureole developed in similar rocks adjacent the Red 

Hills complex (Challis, 1965b). This may be due to the relatively 

late strge emplacement of the Greenhills Complex to its present 

position in the earth's crust and the fact that the lubricating 

marginal gabbro is relatively narrow. 

Metasomatic effects partially camouflage the high temperature 

effects at Greenhills.. In metasediment rafts and rocks nearest the 

contact, the role of Ca-metasomatism is indicated by the development 
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of epidote and prehnite. The metasediment raft, O.U. 25837, provides 

the nearest approach to a true rodingite. The ultramafics also have 

been affected by metasomatic effects as shown by stringers of hydro

grossular and sporadic patches of prehnite and epidote in poikilitic 

peridotite on the north shore, 3181/257886. Serpentinization of 

olivine does not show obvious preference for the borders o~ the 

complex. With the exception of minor serpentinized fracture zones 

and a large south-eastern area of relatively intense serpentinization, 

dunite is about 40% serpentinized. :Mg-metasomatism might therefore 

be anticipated according to the assumed volume-for-volume replacement 

of olivine by serpentine and in fact chloritization in the contact 

rocks is widespread. 

Interpretation 

Origin of the marginal gabbro and conditions of emulacement. 

The Greenhills marginal gabbro is not analogous to Skaergaard's mar

ginal border group in which chilled, tranquil and banded divisions 

have been described (Wager and Brown, 1968, p.l04). Moreover, the 

changes in mineralogy from the outer to the inner border of the 

marginal gabbro (Tables 21 and 22) are the antithesis of Skaergaard 

where the change is from high to low-temperature members of solid 

solution series. The apparent truncation of the ultramafics by the 

marginal gabbro in the vicinity of cross-section A
1
-A

2 
(Map l),and 

the fact that xenoliths of wehrlite occur in the marginal gabbro, 

strongly suggest that the marginal gabbro is a ring dyke. If this 

is correct the lack of chilling in marginal gabbro adjacent to the 

ultramafics indicates that the latter were hot at the time of 

emplacement of the ring dyke. With steeply dipping walls generally 

inclined outward the marginal gabbro resembles tYPical Hebridean 

ring-dykes (Richey et al., 1930, p.204; Wells, 1954, p.294). 
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However, detailed studies on these "classic" ring-dykes at Ardnamurchan 

(Wells and McRae, 1969; Skelhorn and Elwell, 1970) strongly suggest 

that they are not ring-dykes but layered gabbroic intrusions which under

went cauldron subsidence and tilting. The marginal gabbro at Rhum 

is a more plausible analogy to the Greenhills marginal gabbro. At 

Greenhills, textural evidence suggests that intrusion did not occur 

as a liquid, but that flow in a semi-solid state, replacement and 

recrystallization each controlled to a certain degree the development 

of' the marginal gabbro. The marginal gabbro probably acted a.s a 

lubricant during the late stage emplacement of' the layered series. 

Conceivably it served as a feeder dyke to a higher level igneous 

body by solid-liquid flow differentiation in the manner proposed 

for the feeder to the Muskox intrusion (Smith and Kapp, 1963; 

Bhattacharji and Smith, 1963). 

Lovering (1935) calculated that the temper~ture at the contact 

of an intrusion is midway between the temperature of country rock 

and that of the center of the intrusion. The basic assumption is 

that the intrusion is tabular and instantly intruded into a thermally 

isotropic medium whose diff'usivity constant equals that of the in

trusion. Assuming a temperature of intrusion of about ll00°C and 

a country rock temperature of' about 300°C corresponding to prehnite

pumpellyite facies conditions, the maximum temperature developed 

in the contact zone would probably be slightly less than 700°C. 

This is close to the upper stability limit, at pH 0 = 2 kb, for the 

hornblende-hornfels facies (Turner, 1968). If th~ dyke swarm in the 
' country rocks is in part older than the Greenhills Complex,a relatively 

high thermal gradient and correspondingly high temperatures might 

have been established prior to intrusion of the Greenhills Complex. 

Relationshiu to the Bluff norite and age of marginal gabbro. 

Alluding to the diverse metamorphism and varied rock types at Bluff, 

Thompson (1910) suggested that there are many analogies to the Lizard 
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district of Cornwall. Certainly the Greenhills Complex resembles 

the Lizard in: the plug-like form of the folded intrusion; the 

multiplicity of dykes; the order of plutonic intrusions compared 

with the Lizard sequence of serpentine-troctolite-gabbro-'black dykes'

banded gneiss-granite-aplites-quartzose veins, given by Flett (1946, 

p.l2-20). Flett presented convincing evidence that the Lizard gabbro 

is a plutonic intrusion which burst through the peridotite shortly 

after emplacement of the latter (ibid., p.l8); however, this inter

pretation is disputed by Green (1964a,b) who considers that the 

peridotite has no close genetic connection with the Lizard gabbro 

(d:. Thayer, 1967). Although the marginal gabbro post-dates the 

Greenhills layered series its relationship to the dominantly noritic 

rocks at Bluff is not clear. 

On the basis of 2VX measurements of 55~ Lindqvist (1965, p.ll) 

identified olivine from the Bluff norite as Fo10 and described the 

rock as a product of extreme fractionation comparable to the ferro

gabbros of Skaergaard. No olivine was found by the present writer 

in the norite except at the locality described by Service (1937, 

p.210) 11 from a cliff-face 1 mile south-west of Starling Point" (Fig. 

94). Possibly Lindqvist either mistook hypersthene for olivine or 

erred in measurement of 2VX because Service's (1937) original speci

men No. 167 (o.u. 5267) yielded for olivine,/3:::: 1.717; 2VX:::: 85° 
. ) 

indicating about Fo68 • This particular olivine composition is 

matched in both marginal gabbro and the upper part of the Greenhills 

layered series. 

Figure 94 is based on Lindqvist's (1965) map,and reconnaissance 

observations, by the writer, of banding in the norite. The phenome

non of banding, reserved by Wager and Brown (1967, p .5) " ••• for 

any streaky or roughly planar heterogeneity in igneous rocks, what

ever its origin 11
) is widespread at Bluff (Lindqvist, 1965, p. 7). 
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Fig. 94. Geological outline of south-east tip of Bluff Peninsula suggests 
a deformed layered sequence of norite striking approximately north-east. 
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Assuming that this banding is primary, the Bluff norite can be inter

preted as a deformed layered sequence which strikes north-east. How

ever, there seems little basis (cr. Lindqvist, 1965) to suggest that 

the eastern part of the intrusion represents the top of the body. 

Possibly the Bluff norite represents an upper portion of the 

layered series rocks which has been eroded at Greenhills. Alter

nately ; the nori te is a discrete intrusion possibly coeval with the 

marginal gabbro. Radiometric K/Ar dating of hornblende from the 
11 gabbro" at Barracouta Point (Aronson, unpublished) provides a mini

mum age of 246 ~ 10 m.y. for the Greenhills Ultra.maric Complex and 

the marginal gabbro. Rb/Sr dating of biotite from 11 
••• thin veinlets 

of pegmatitic granite intruding norite ••• 11 at Bluff (Aronson, 1968, 

p.677) gives 245 ~ 7 m.y. indicating a close spatial relationship 

between the Greenhills Complex and the Bluff intrusion. An indepen

dent K/ Ar date obtained by Devereux f1 al., (1968) of 24 7 ~ 10 m.y. 

on hornblende from a hornblende gabbro dyke at 3181/282836 agrees 

~~th Aronson's data. The age suggested by Aronson (1968, p.677) 

is 11 early late" Permian. However, recent work by Runnegar (1969, 

p.821) in Queensland, Australia, has shown that the age of the 

middle Lower Triassic 11 
••• is at least as old as 218-220 m.y. and 

may in fact be substantially older ••• 11
• Thus the possibility 

that the Greenhills Complex is Triassic in age should not be ruled · 

out. 

B. The Late Dykes 

Introduction. Late dykes at Greenhills are, those which have 

well defined chilled margins. In contrast to early dykes which, 

with the exception of pegmatitic eucrites, are confined to the 

layered series, late dykes intrude the layered series and the mar

ginal gabbro. In general order of decreasing age the late dykes 

are: eucrite, anorthosite, trondhjemite, hornblende~andesite, 
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dolerite, tremolite-picrite, hornblende-plagioclase pegmatite and 

aplite.* A comprehensive list of early and late dykes is given in 

Table 7 (p.99). 

Eucrite. Late eucrite dykes are uncommon relative to the 

early eucrites. One example, O.U. 25770, occurs about 90 ft west 

of the Natural Arch. Overall the texture is granoblastic with grain 

size averaging less than 0.2 mm suggesting the fabric of certain 

north shore dykes already remarked upon. About 5% titanomagnetite 

is present. The plagioclase (1.3:: 1.578) is calcic bytownite. Re-; 

placement of olivine by amphibole and chlorite, of plagioclase by 

epidote and of clinopyroxene by hornblende is widespread but not 

strictly characteristic of late eucrites. Figure 95 illustrates an 

olivine-rich,late eucrite cutting the type example o.f early eucrite 

at 318~272~853~. Olivine composition in late eucrites is typically 

Fo72 • ..-
Anorthosite. A small number of white anorthosite dykes occur 

in the vicinity of Barracouta Point. Specimen O.U. 25794 (Sl8~ 

260847) is typical. It is about 2 inches wide and has clearly de

fined chilled margins. Texture is saccaroidal. Except for about 

2% hornblende ( O:pale green)/3 == o(-:pale brown-green), accessory 

brown biotite and magnetite, the dyke is comprised of calcic bytown

ite. Similar dykes occur sparingly along the contact between the 

Barracouta Point "gabbro 11 and the layered series. 

Trondhjemite. About a dozen small irregularly-shaped masses 

of trondhjemite outcrop on the south shore of Greenhills (Map 1). 

In several instances trondhjemite forms multiple dykes with early 

eucrites and/or dolerites (Fig. 96). Texture of the trondhjemites 

is granitic. The mode of a chemically analyzed specimen (Table 23) 

gives quartz (47%), oligoclase (46%) and biotite (7%). The biotite 

is partially altered to chlorite. ·Magnetite, apatite and green 

*Allowing for possible overlap among the various groups of dykes, 
particularly the hornblende-andesites and the dolerites, this order 
must be considered approximate. 
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Fig. 95. Stereographic photographs show early eucrite dyke 
intersected by late eucrite dyke; host rock is wehrlite. 
Sl8J./272t85~. 

Fig. 96. Multiple 
trondhjemite (light)
dolerite dyke (dark) 
in dunite. Sl8J./ 
26984-ot. 

' 
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A 

36.42 

6.56 

40.79 

9.68 

2.54 

l. 78 

0.21 

0.07 

1.63 

99.68 

B 

40.83 

1.06 

33.00 

15.52 

0.70 

0.33 

o. 37 

1.29 

1.44 
0.53 

3.36 

0.16 

1.61 

100.20 

Table 23. Chemical analyses and norms (wt. %): A) Chilled 
margin of Greenhills trondhjemite dyke (O.U. 25774, Sl8l/ 
275839); analyst: D. Mossman. B) Hornblende trondhjemite, 
Troodos complex (Wilson and Ingham, 1969, ~Thayer, 1963). 

hornblende are also recorded; locally the hornblende, which may 

be a reaction product, comprises up to 10% of the rock. The dykes 

resemble trondhjemites found at Pahia Point, about 30 miles north

west of Greenhills; however, Wood (1969, p.35) has described 

plagioclase composition of the Pahia Point examples as andesine. 

Dykes from Fiordland described as "trondhjemite" by Turner (1937) 

mainly differ from the Greenhills examples in that they contain 

up to 5% potash-feldspar. According to Johannsen (1938, p.387) 

" ••• potash-feldspar is entirely wanting or is present only in 

subordinate amounts ••• 11 in trondhjemite. The westernmost known 
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outcrop or trondhjemite at Greenhills is a 4- f't wide dyke which cuts 

the Barracouta Point "gabbro" near Harrington and McKellar's (1956) 

figured outcrops, 8181/27084-0. This dyke is cut by numerous thin 

veinlets of' laumontite (O.U. 25784-) which are probably the product of 

hydrothermal alteration or Ca-plagioclase in the host rock. 

Chemical analysis of a Greenhills trondhjemite, O.U. 25774-, 

(Table 23) compares closely with trondhjemite f'rom the Troodos 

complex, the main difference being the negligible Fe 2o3 
content of 

The Greenhills dyke. Thayer (1963) regards the association of 

peridotite, gabbro and soda-rich dioritic rocks in complexes like 

Troodos and Canyon Mountain as belonging to a distinctive line of' 

magmatic descent which he calls the "alpine mafic magma stem11 

(Thayer, 1963, p.C85). The plausibility of this argument applied 

to Greenhills will be considered in Chapter VI. 

Hornblende-andesite. About a dozen hornblende-andesites are 

known from Greenhills, most of them from the north shore. They are 

distinguished by a light mottling caused by feldspar phenocrysts on 

an otherwise dark, fine-grained surfa.ce. Emplacement of the 3 ft 

wide type specimen, O.U. 25890, has produced marginal recrystalliza

tion in the wehrlite host rock at Sl8l/267885. In the dyke, plagio

clase occurs in the groundmass and as phenocrysts; pale brown twinned 

hornblende is usually, confined to the groundmass suggesting that the 

dyke crystallized at higher pH 0 than the groundrnasses of lava flows. 

Rare phenocrysts of' clinopyrox~ne and elongate prisms (length:breadth = 
3:1) of a mineral believed to be orthopyroxene have been heavily 

replaced by fibrous actinolite and pools of brown biotite. Biotite 

is also dispersed throughout the groundrnass. Skeletal ilmenite 

occurs in the clinopyroxene. This fact and the observation of 

pinkish-brown pleochroism and moderate 2V 1 s in less altered clino-
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pyroxene from similar dykes suggest that the mineral is a titaniferous 

augite. Maximum extinction angles shovr that some plagioclase pheno

crysts are calcic labradorite An58; norma.l and oscillatory zoning 

are present but the first is dominant. The cores of many phenocrysts 

are clouded. Lath-shaped sections of plagioclase in the dyke's 

chilled margin (O.U. 25889) are aligned parallel to the enclosing 

wall. Scattered throughout O.U. 25890 are cumulophyric aggregates 

of tabular phenocrysts which sometimes have a stellate arrangement. 

Groundmass plagioclase consists of flow-aligned laths of andesine 

An
40 

containing abundant microlites. of pale green-brown hornblende. 

The mode and chemical composition of the above dyke are given 

in Tables 24A and 24B respectively. Despite alteration undergone 

by the mafic constituents, chemical analysis indicates that the 

dyke is a normal andesite. Percentage of normative quartz is low. 

Comparison with several typical andesites suggests that the Green

hills specimen is low in alkalis and more basaltic than average 

hornblende-andesite. The relatively high Fe/J,fg ratio is, however, 

unexpected for a wet magma which precipitated groundmass hornblende. 

Some of the hornblende-andesites have been intensely altered. 

One example, which intrudes wehrli te at 3181/269864 was first mapped 

as a xenolith because of its banded appearance and the abundance 

within it of numerous thin white veinlets. However, the length 

of the 11 xenolith11
, in excess of 50 feet, and the constant width of 

2~ ft are difficult to reconcile with this interpretation. Thin 

section O.U. 25878 shows that the veinlets are comprised of prehnite, 

epidote, actinolite and accessory chlorite and calcite. Convention

ally this feature might be regarded as material sweated out of a 

xenolith; however,the true nature of the banded "xenolith11 is found 

at the contact. Absent are features of disequilibrium between 
11 xenolith11 and wehrlite. Instead the wehrlite is weathered and 
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MINERAL VOLUME % 

plagioclase (phenocrysts) 12.0 
plagioclase (groundmass) 44.0 
hornblende 38.0 
clinopyroxene trace (+ about 3% pseudomorphed) 
orthopyroxene n.p. (originally 2%) 
actinolite 2o5 
biotite 3.0 
ilmenite 0.5 
apatite trace 
prehnite trace 

100.0 

TABLE 24A: Mode of hornblende andesite dyke (o.u. 25890) 
Greenhills, 8181/267885. 

1 2 3 4 1 2 3 

Si02 54.55 55.83 61.00 61.12 qz 7.85 6.43 13.38 

Ti02 o.87 o.84 o.63 Oo42 or 4.79 7.21 13.59 

Al2o
3 

18.14 18.01 16.90 17.65 ab 28.01 30.80 36.32 

Fe2o
3 2.83 2.63 2.86 2.89 an 32.25 29.20 20.05 

FeO 6.09 4.07 1.59 2.40 (wo 3.94 2.84 2.37 
MnO 0.05 o.o8 o.o8 0.15 di(en 2.02 1.97 2.05 

( fs 1.82 0.63 -
MgO 3.33 5.12 2.66 2.44 

h (en 6.28 10.78 4.58 
GaO 8.52 7.40 5·55 5.80 Y(fs 5.68 3.43 -
Na2o 3.31 3.64 4.31 3.83 il 1.65 1.60 1.20 

K2o 0.81 1.22 2.30 1.72 mt 4.10 3.81 3-56 

P205 0.09 0.11 0.32 0.15 hm - - 0.40 

H20+ 0.94 0.72 1.34) 1.4 3 ap 0.21 0.25 0.74 

H2o- 0.34 0.26 o.4z) other 1.28 0.98 1.79 
C02 n.d. n.d. - n.d. TOTAL 99.87 99.93 100.03 

BaO n.d. n.d. o.o8 n.d. Ind. = o.84 o.88 0.92 
SrO n.d. n.d. 0.05 n.d. Ratio 

s n.d. n.d. 0.025 n.d. Norm. 
=53.52% 48.67% 35-57% Flag. 

Cl n.d. n.d. 0.02 n.d. 
TOTAL 99.87 99.93 100.13 100.00 

4 

16.30 

10.16 

32.41 

25.89 

o.8o 
0.57 
0.15 

5-50 
1.45 

0.80 

4.19 

-
0.35 

1.43 

100.00 

0.98 

58.8776 

TABLE 24B: Chemical analyses and norms (wt.%). 1. Chilled margin 
of hornblende andesite dyke, O.U. 25890, Greenhills; 

analyst: D. Mossman. 2. Basaltic andesite, near summit Crater Peak, 
southern Oregon (Turner & Verhoogen,1961, p.285). 3. Solander 
Island andesite, of "rniogeosynclinal as so cia tion'' (Reed, 1951, 
p.124). 4. Average of 24 hornblende andesites (Daly, 1933, p.16). 
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friable, as if baked, directly adjacent the dyke and. the feldspar

phyric chilled margin of the dyke is recognizable despite widespread 

replacement by low Fe-chlorite, epidote, prehnite, and calcite. 

Dolerite. Most dolerite dykes at Greenhills are narrow, 

hornblende-rich, and range from basaltic veins a few inches wide to 

dykes several feet in width • .An 8ft thick sill of porphyritic 

augite-dolerite is recorded from Oma.ui Island, 3181/246884-!. In 

some textural and mineralogical respects the Greenhills dolerites 

resemble the epidiori te or so-called 'black dykes' in the Lizard 

complex of Cornwall (Flett, 1946, p.91 rt ~.). Possibly the horn

blende-andesite dykes grade into dolerites by increase in the ratio 

of mafic to plagioclase phenocrysts and development of doleritic 

texture; however, only a detailed study would establish whether 

this is true. 

Commonly the dolerites contain small xenoliths of metasediments 

and/or ultrabasic material. At 3181/274884 a 1 ft wide dolerite, 

which intrudes metasediment, contains xenoliths of recrystallized 

wehrli te and gabbroic material. On Omaui Island, 318l/249883t, a 

dyke of hornblende-andesite is intruded in the manner of a multiple 

dyke by an augite-dolerite containing a few small xenoliths of 

wehrlite. The order of emplacement in this instance is the reverse 

of· the classic Hebridean type with acid center and doleritic borders 

(Bowen, 1928, p.l58). The petrology of the dolerites is·exemplified 

by the Omaui Island occurrence. The dolerite contains many crystals 

of clinopyroxene up to 2 mm in diameter often intergrown ophitically 

with plagioclase. Under plane polarized light, sub-ophitic texture 

(o.u. 25966) of the dyke is shown by groundmass hornblende and 

plagioclase. Much of the hornblende ~s twinned and evidently primary, 

but clinopyroxene is much altered to fibrous aggregates of ura.litic 

hornblende. This feature and.the replacement of plagioclase by 
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chlorite, gives to the rock a thoroughly ragged appearance under 

crossed polars. Small rounded xenoliths or wehrlite occur sporadically; 

olivine in these fragments is usually completely altered to talc and 

tremolite. Dykes similar to this example from Omaui Island also 

occur in hornfels on the Bluff Foreshore, Sl82/363780. One of these 

(o.u. 25950)) ultramafic by definition, contains clinopyroxene wr~ch, 

prior to extensive replacement by tremolite, made up about 85% of the 

rock; relic or pseudomorphed olivine is absent. The dyke, which is 

8 inches wide, has a narrow chilled margin, transects bedding in the 

hornfels and is not obviously overprinted by the Bluff metamorphic 

aureole. 

Tremolite-picrite. Following Drever and Johnson (1958, p.459) 

the term 11 picritic 11 denotes 11 
••• in minor intrusions ••• an amount 

of forsteritic olivine considerably beyond that which normally 

crystallizes in basaltic magma. This amount of olivine varies be
tween 25 and 60 per cent. 11 Greenhills resembles the Cullins of 

Skye (Harker, 1904, p.374) in that an early and a late group of 

picritic dykes are present. The early group at Greenhills includes 

the dunites and the allivalites already described. Olivine-enriched 

late dykes are most common in the vicinity or the marginal gabbro. 

The type example of tremolite-picrite (Fig. 97) occurs in wehr

lite on the shore opposite Omaui Island. It strikes 150° and dips 

70° NE intersecting a number of late eucrite dykes and a fine-grained 

dolerite dyke. Contact of the tremolite-picrite with these dykes 

and with the country rock is sharply marked by a fine-grained (avg. 

0.1 mm length) selvedge up to 2 inches wide largely comprised of 

bladed tremolite (2VX = 70°, Z"'c = 20°) set in labradorite. Modal 

analysis of the selvedge yields: plagioclase 8.5%, tremolite 91.3.%, 

opaques 0.2%. This composition is reflected by the chemical analysis 

of the selvedge (Table 25A). In the wehrlite directly adjacent the 
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Fig. 97. Type example of tremolite-picrite dyke which has intruded 
wehrlite at Sl81/25lt87~. Note chilled margins. 
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A B 

qz 0. U. No •. Olivine Pla.gioc1a.se . 

Si0 2 48.66 or 1.42 25857 ;3 = 1.683 1abra.dori te 

Ti02 0.37 a.b 10.83 Fo84 in ground-
mass 

A120
3 

7.55 an 14-.15 25868 ;J = 1.696 phenocrysts 
Fe

2
o

3 
2.97 {wo 

19.72 Fo79 !.3 = 1.578 
di en 14-.80 An87 FeO 6.12 fs 2.94-

MnO 0.20 
h {en 11.86 

MgO 17.25 Y fs 2. 36 

CaO 12.45 o1{~~ 11.4-3 

Na 0 1.28 2.50 
2 i1 0.70 K

2
o 0.24-

P 20~ 0.06 
mt 4-.31 

H 0 1.96 
hm 

2 ap 0.14-H
2
0- 0.07 

other 2.0;2 

Total 99.18 Total 99.18 

Ind. Ratio = 
0.29 

Norm. Plag. = 
56.64-% 

Table 25. A) Chemical analysis and norm ( vrt. %) of olivine-free 
selvedge (O.U. 25853) of tremolite-picrite dyke·shown in Figure 97; 
analyst: D. Mossman. B) Optically determined compositions of co
existing plagioclase and olivine in two tremolite-picrite dykes from 
Greenhills. 
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dyke clinopyroxenes have been recrystallized in exactly the same 

manner as those already described from the marginal gabbro; t'b.is is 

the only indication of thermal metamorphism exhibited by the wehrlite. 

'l'here has been little alteration of the eucri te dykes except for a 

quarter inch wide metasomatized zone in contact with the tremolite

picri te along which plagioclase has been replaced by chlorite and 

epidote and the clinopyroxene partially replaced by uralite. At 

only a few points along the exposed 100 feet of strike of the tremolite

picrite dyke do scattered phenocrysts of olivine occur within the 

selvedge. There is a progressive increase in size from 0.1 mm to 

about 0.2 mm average length of tremolite and a decrease in plagio-

clase content to nil at the center (O.U. 25857) of the dyke. Within 

the selvedge (o.u. 25855) the tremolite is strongly aligned parallel 

to the dyke marginsJbut in the central portion of the dyke preferred 

orientation was not detected. Texture of the selvedge is sub-ophitic. 

Variolitic texture in the form of small radiating growths of bladed 

tremolite suggestive of quenching occur throughout the dyke. Pheno

crysts of plagioclase are not recorded from this dyke although they 

are present in others and in specimen O.U. 25868 are present in the 

chilled margin. Glassy or apparently devitrified selvedges are not 

known from these or any other dyke rocks at Greenhills. 

Phenomena usually associated with "flowage differentiation" 

(Bhattacharji and Smith, 1964; Simkin, 1967) are recorded from 

several tremolite-picrites at Greenhills. In the type example a 

doleritic non-porphyritic border facies is succee~ed inward by an 

increasing amount of mafic phenocrysts, notably olivine and to a 

lesser extent clinopyroxene. The olivines tend to be tabular parallel 

to (010) and have a general planar orientation parallel to the dyke 

margins. Translation lamellae on (100) are weakly developed in some 

individuals. The variation in size and amount of olivines in a 
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cross-section of the Greenhills dyke is comparable with some dykes 

figured by Drever and Johnson (1958, p.479) (Fig. 98). 

The shapes of olivines from the Greenhills tremolite-picrite 

dykes (Fig. 99) suggest a gradation from complete crystals bounded 

by faces to amoebae-like skeletal forms figured by Drever and Johnson 

(1957, p.294). Replacement of olivine has in many cases been severe, 

particularly near dyke margins where skeletal crystallization might 

most logically be expected. The usual habit of replacement is marked 

by a rim of thin needles of cummingtonite which penetrate the olivines 

for short distances. This rim is succeeded outwards by talc an~or 

tremolite. An outermost rim of serpentine is sometimes present. 

All olivines are traversed by chrysotile veinlets b~t generally 

serpentinization has been most intense in the marginal zone or the 

dykes. In one elongate olivine crystal (Fig. 99D), found in the 

chilled margin of a tremolite-picrite dyke, rods of ilmenite perpen

dicular to the length of the crystal were identified in polished 

section. It was, however, not possible to determine the crystallo

graphic-axis of elongation of this olivine due to complete pseudo

morphism or the crystal. (Unfortunately, this specimen was destroyed 

during repolishing.) Intergrowths of skeletal ilmenite perpendicular 

to skeletal olivines,which are elongate in the ~ dire.ctions, have 

been widely reported. A review of some of these occurrences is in

cluded by Drever and Johnson (1957, p.304) who favour the interpre

tation 11 
••• that the iron ore represents a replacement, at a fa.irly 

early stage in the cooling history, of lateral branches of an original, 
' 

two-dimensional olivine dendrite. 11 This interpretation is accepted 

for the Greenhills example and as·the crystal occurs in the chilled 

margin it is assumed to represent growth and replacement in situ. 

However, it is not certain whether the majority of the olivines of 

these dykes represent growth in~· Therefore, the possibility 
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A 

B 

c 

D 

E 

• . , 

F 
Fig. 98A, B, C, D and E. Sketches from large thin sections illustrat
ing variation in size and amount of olivine,phenocrysts in cross
sections of some picritic dykes in the Cullins, Skye (after Drever and 
Johnson, 1958, p.479). All x%. 

Fig. 98F. Sketch from a sawed section illustrating variation in size 
and amount of phenocrysts (mainly olivine) in a cross-section of the 
type tremolite-picrite dyke, Greenhills. x~. 
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C X10 

xso 

A XlO 

Fig. 99. Outlines of the shapes of some olivine crystals from 
tremolite-picrite dykes at Greenhills: A, B and C taken from the 
type example; D from O.U. 25868. 

that magmatic resorption contributed to the shapes of some or these 

olivines is not precluded. It is difficult, however, to account for 

the example shown in Figure 99C by resorption. Almost 1.5 em long, 

this crystal has good faces and yet is more nearly amoeboid than 

most. Within conspicuous embayments in this olivine, tremolite is 

relatively finer-grained than in the surrounding groundmass. Sub

solidus replacement effects are shown by occasional needles of a 

colourless amphibole, probably cummingtoni te, which penetrate the 
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olivine crystal for short distances. A few grains of' ·picotite occur 

at the head of' some of the embayments suggesting relatively late 

crystallization of this phase. 'rhis supports a skeletal growth 

origin for the embayments. Scattered picotite grains also occur in 

the groundmass. Pools of a polysynthetically twinned 1/ig-chlori te 

occur at the head of these embayments although this habit is not 

usual for chlorites which replace glass. 

Harker's belief* reiterated by Bowen (1928, p.l58) " ••• that 

a peridoti tic liquid followed after the basal tic liquid,svreeping 

out the central portion of the partly consolidated doleritic dyke" 

might apply to the Greenhills tremolite-picrite dyke (Fig. 97) pro

vided the olivines could be proven non-derivative. Certainly the 

selvedge (Table 25A) of this dyke is not picritic in composition 

for the proportion of tremolite and plagioclase defines a composition 

no more basic than basalt. That this basalt was tholeiitic rather 

than aL~aline _is suggested by the normative composition and the 

general absence of silica-undersaturated zeolites. However, composi

tion of the olivine (Fo
79

_
84

) in the tremolite-picrites (Table 25B) 

is less forsteritic th~n that_given by Drever and Johnson (in Wyllie, 

1967, p.77-79) for the minor picritic intrusions in Skye (Fo
8
8-

90
) and 

~oekendt Ejland (slightly less than Fo
85

) 7 and appears more akin the 

picritic facies of the Shiant Isles alkaline dolerite sills (average 

Fo8l). 

Anli te. A few small aplites are related-to dolerite dykes. 

For example, at SlSl/276884 a dolerite and a xenolith of metasediment 

are cut by several half-inch wide white veinlets. The veinlets are 

thicker in the xenolith than in the dolerite and pinch out in the 

latter. The fragmented character of the xenolith and the absence 

*Harker meant picritic when he applied the term peridotite to the 
Skye dykes (see Drever a.nd Johnson 1958, p .464). 
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of glass rule against partial fusion of the metasediment. In thin 

section O.U. 25863 the veinlets are comprised of poikilitic crystals 

of microcline up to 3 mm in diameter which enclose scattered small 

plagioclase grains (An
32

) ) quartz, brown hornblende, sphene, magnetite 

and apatite. Minor clinopyroxene appears in part proper to the rock, 

in part derived. from the inclusion. The veinlets are essentially 

granodiori tic and possibly represent a residual fraction ot" the 

dolerite magma. 

Aplite dykes, more nearly granitic in composition,and not 

directly related to dolerites/are widespread but sporadic at Green

hills. They are most common on the south-eastern part of Blur"f 

Peninsula and in some instances, as at 8181/294~808, are associated 

with granitic pegmatites one of which Service (1937, p.213) has 

described as a biotite-muscovite-granite. 

One of the better exposures of aplites at Greenhills is at 

818~254867 where the marginal gabbro is cut by several fine-textured 

dykes ranging up to eight inches wide. Commonly individuals ramify 

only to pinch out within several feet. Thin section O.U. 25825 

taken from a two inch-wide specimen.is comprised mainly of euhedral 

quartz and oligoclase. A few zoned euhedral phenocrysts of basic 

andesine (An44) are present, suggesting a hybrid origin of the dyke. 

Potash feldspar occasionally rims plagioclase, but for the most part 

it occurs as small Carlsbad-albite twins in the groundmass together 

with quartz, oligoclase, sphene and shreds of brown biotite. 
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CH.APTER VI 

PETROGENESIS 

Introduction. In its high proportion of ultramafic rocks the 

Greenhills Complex resembles major intrusions such as Muskox and the 

Great Dyke and layered alpine-type complexes such as Horoman and 

Dun Mountain. The Alaskan intrusions are also in this category but 

their ultramafic rocks post-date and are unconformable with associated 

gabbroic rocks. To explain this phenomenon at Union Bay Alaska, 

Ruckmick and Noble (1959) postulated successive injections of 

"ultramafic"* magma emplaced in reverse order of crystallization of 

the component minerals. Taylor and Noble (1960) concluded that frac

tional melting of ultramafic material in the mantle accounts for the 

Alaskan intrusions and that the parent magmas are intermediate in 

composition between "ultramafic" and basaltic. Smith (1958) has also 

stressed the possibility of the existence of intermediate magmas. 

The possibility of fusion of peridotite to produce picritic magma 

over a small temperature interval was tentatively suggested by Wyllie 

(1960) as a result of experimental study on the system CaO-MgO-FeO-Si0
2

• 

More recently 1 Taylor (1967) postulated a sequence of multiple intru

sions of liquid 11 ultramafic 11 magmas for the Alaskan occurrences. 

On a small scale'the reality of picritic liquids has been convincingly 

demonstrated (Drever and Johnson, 1958), but whether ultrabasic 

magmas are derived from upper mantle material is a matter of con

troversy (Wyllie, 1967). In contrast to complete fusion it is 

generally believed that basaltic magmas are the result of partial 

*Ultrabasic is the more appropriate adjective. 
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fusion of the upper mantle. Of undoubted basal tic parentage are the 

Muskox, Stillwater, Skaergaard and many other stratiform complexes. 

At Greenhills the orderly stratigraphic sequence of ultramafics 

conformably overlain by eucri tic rocks, the accumulative structures 

and textures in these rocks and the criterion of cryptic layering 

strongly suggest gravity-controlled formation of the sequence by 

fractionation of essentially the same magma. Proceeding on the 

assumption that the Greenhills layered series is the product of 

magmatic differentiation, the questions concerning the nature of 

this magma and its origin are now examined. 

The problem of narent magma. At Greenhills fine-grained rocks 

diagnostic of a chilled parental magma a.re lacking; hence the most 

direct method of estimating magma composition cannot be used. Neither 

can the composition of the magma be calculated with certainty from 

rock analyses without volumetric data on the various differentiated 

rock types. Differences in whole rock compositions have been used 

by Hess (1938) and Thayer (1960) to support theories of separate 

origins of stratiform and alpine-type intrusions; however, this 

method has been shown (Challis and Lauder, 1965) to be unsatisfactory. 

For Rhum, Brown (1956) calculated the composition of intercumulus 

liquid in an ultrabasic orthocumulate, but at Greenhills orthocumu

late rocks have not been recognized. This means that only qualitative 

estimates of parent magma composition can be made on the basis of 

mineral types present and on the compositions of those minerals which 

belong to a solid solution series. 

The crystallization model for Greenhills can be divided into 

three parts corresponding to the three main layered rock types and 

the cumulus crystals of which they are comprised: 

dunite olivine ·l- minor chromi te 

wehrlite olivine + clinopyroxene 

eucrite olivine + clinopyroxene + plagioclase. 
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Chromite ceased to form when clinopyroxene began to crystallize. 

The two earliest silicate phases, olivine and clinopyroxene, are 

respectively Fo
90 

and Ca40 •
7

Mg
53

•
7

Fe
5

•6 • Greenhills olivine is 

similar in composition to olivine from basalts such as the tholeiitic 

Oshima volcano (Fo86 ), Japan, (Tsuboi, 1926) and to the early phase 

in crystal accumulates (Fo
94

) from the Stillwater (Jackson, 1961) 

and the Great Dyke (Worst, 1958). As concluded earlier (p.149), 

clinopyroxene composition suggests transitional affinities between 

tholeiitic and alkaline basalt for the parent magma of Greenhills. 

Plagioclase composition, An
92

_88 , is more calcic than that expected 

to precipitate from basaltic magma. However, Wager and Brown (1968, 

p .549) have suggested 11 
••• that subtle differences in magma composi

tions or in the physical conditions of crystallization can produce 

marked effects on the earliest plagioclase to separate from broadly 

basaltic magmas. 11 This statement is supported by the work ofLewis 

(1969) on the occurrence of sadie anorthite in plutonic blocks ejected 

. from the Sourfriere volcano, West Indies, and by Japanese workers 

(Kuno, 1950). In summary, the compositions of the main silicate 

phases of the Greenhills layered series are similar to those a~ the 

same minerals found in rocks of basaltic origin. Furthermore, the 

particular succession of these minerals as outlined above, can be 

simulated by fractional crystallization in the system CaMgSi
2

0 
6

-

Mg2Si04-caAJ.2Si2o8 (Osborn and Tait, 1952). It follows that differ

entiation by fractional crystallization of basaltic magma is an 

adequate explanation for the origin of the Greenhills layered series. 

Differentiation trend. Complete chemical analyses and the 

C.I.P.W. norms of some typical Green~~lls rocks are shown in Table 26; 

modes of these are given in Table 27. The data include dunite, 

·wehrli te, and eucri te of the layered series, the marginal gabbro and 

trondhjemite. A partial analysis of layered series allivalite is 
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No . \.<?- ------'--'-----GHEENIIILL/--------- ---o)> I 10 11· BLUF;2 ~1_3 ___ .~ 
Skaergaard Rhum Duke Island marginal gabbro eucrite ~'~'ehrlite dunite • trondbje!llite allivalite norite hb - norite ol -norite qt z-d iorite granite 

Si0
2 

Ti0
2 

Al
2
o

3 
Fe

2
o

3 
FeO 

MnO 

MgO 

CaO 

Na
2

o 

K
2

0 

P205 
H20+ 

H20 -

0thers 

TOTAL 

NORM 

qz 

or 

ab 

l c 

(wo 

d i ~en 
(fs 

(en 

hy ~fs 
( fo 

o l ~fa 
il 

mt 

a p 

Others 

TOTAL 

Ind . Ratio 

Norm . Pl ag . 

47 . 92 

1.40 

18 . 87 

1.1 8 

8 . 65 

0.11 

7 . 82 

10.46 

2 . 44 

0 .1 9 

0 . 07 

0 .4 1 

0 . 10 

99 . 62 

1.12 

20 . 65 

39 . 97 

4 . 79 

2 . 76 

1. 81 

7- 30 
4 . 80 

6 . 60 

4 . 78 

2 . 66 

1.71 

0 . 16 

0 . 51 

99 . 62 

0.57 

46.8 

o.8 

18 . 6 

1.4 

7 . 7 
0 . 1 

10 . 9 

10 . 6 

2.7 

0.3 

0 . 0 

99 . 9 

1 . 77 

18 . 51 

2 . 35 

37 -75 
6 . 20 

4 .02 

1. 75 

16 . 2 1 

7 -79 

1. 52 

2 . 03 

99 -9 

44.6 

0 . 7 

5 · 4 
4. 1 

7 . 8 

0.1 

20 . 6 

15. 8 

6 . 2 
0 . 4 

( not 

inclu ded) 

99 -7 

0 . 92 

1. 85 

12 . 66 

25 . 14 

18.93 

3.68 

22 . 69 

4 . 86 

1 . 33 

5 -94 

1.71(cs) 

99 .70 

- 0 . 02 

An 100 

48 . 05 

0 . 89 

16-33 

2 . 83 

7 . 42 

0 . 21 

8 . 44 

12 . 12 

2 . 00 

0 . 47 

0 .1 7 

0.42 

o . o6 

99 . 41 

34 .1 9 

10 . 37 

6 . 54 

3 . 18 

7 -79 

3.78 

4.69 

2 . 51 

1. 69 

4 .10 

0 . 39 

0 . 48 

99 .41 

0 . 37 

43 . 62 

0 . 27 

8.66 

2 . 59 

7.47 

0 . 18 

21.1 3 

13-58 
0 .46 

0 .1 1 

0 . 02 

2 .10 

0 .1 5 

0.01 

100 . 35 

0 . 06 

0.05 

2 .1 1 

0 .46 

2 1.24 

19 . 2 1 

14.24 

3. 10 

26 . 90 

6.46 

0.51 

3-76 

0 .05 

2.25 

100 . 34 

AnlOO 

47.65 

0.12 

1. 70 

2 . 05 

4 . 90 

0 . 15 

26 . 00 

15 . 75 

0 . 32 

0 .1 2 

0 . 01 

2.2 1 

0 . 12 

0.01 

101.11 

0 .30 

1.47 

0.32 

2 . 85 

31 . 41 

24 . 98 

2.85 

27 . 87 

3 . 50 

0 . 23 

2 . 97 

0 . 02 

2 . 33 

100 .10 

- 0 .01 

An 100 

41.31 

o.o4 

1.10 

1.88 

8 . 76 

0.32 

45 . 80 

o . 63 

0 .1 3 

nii 

0 .03 

trace Cr 

100 . 00 

1 .1 0 

2.42 

0 . 2 1 

0 . 17 

0 . 02 

5 . 41 

0 . 71 

76 . 03 

11 . 06 

0 . 08 

2.73 

0.07 

100 . 00 

1 . 00 

75.00 

0. 11 

12.68 

nil 

1. 06 

0 . 01 

nil 

3 . 22 

4 . 82 

99 . 69 

0 . 2 1 

99 . 69 

An 19 

n. d . 

n.d. 

n. d. 

n.d . 

7 . 27 

n.d . 

11.62 

n . d . 

0 . 62 

0 . 07 

n.d . 

n. d. 

n.d . 

51. 46 

1. 51 

15 . 43 

3o92 

8. 16 

0 . 24 

4 . 53 

8 . 98 

. 3 . 41 

0 . 93 

1 . 22 

0.67 

0 . 07 

100.53 

3.80 

5 -50 
28 . 85 

24 . 05 

5 -23 

2 . 73 

2.35 

8 .55 

7 -35 

2 . 87 

5 . 68 

2 . 83 

0.74 

100 . 53 

0 . 75 

An 46 

47 . 25 

1. 36 

17 . 49 

4 . 73 

6.88 

0 . 27 

5 . 64 

12.20 

2.30 

0.07 

1.42 

0 . 44 

0 . 09 

100.14 

2 . 92 

o.41 

19 . 46 

37 .1 9 

5 . 87 

3 . 68 

1.83 

10 . 37 

5 -1 5 

2 . 58 

6 . 86 

3. 29 

0 . 53 

100 . 14 

An 66 

44 . 43 

0 . 40 

24 .1 6 

1. 19 

4.91 

0 . 10 

5 -67 

16 .36 

0.91 

0 . 07 

1. 60 

0 . 67 

0 . 06 

100.53 

0 . 41 

7-70 

61.63 

3o 79 

2 . 33 

1.25 

7 . 98 

4 . 27 

2.67 

1.58 

0 . 76 

1. 73 

3o71 

0 . 73 

100. 53 

o . 63 

An 59 

74.02 

0-30 

12 . 39 

0 . 87 

1 . 02 

0 . 04 

0 . 65 

5 -13 

3.23 

0.38 

1.28 

0 . 51 

nil 

99 . 82 

27-33 

17 . 09 

1.62 

0.73 

0 . 57 

1.26 

2.97 

0 . 91~~ -~ ) 

99 . 82 

1.00 

72·55 
0 . 28 

13 . 88 

0 . 23 

1. 57 

0 . 05 

0 . 43 

1 . 35 

3 . 46 

4 o99 

0 . 67 

0 . 69 

0 . 13 

100 . 28 

2 . 32 

1.07 

2 . 32 

0 -53 

0 . 33 

'·55 

2 . 76 ~: ·~j 

100 . 28 

1 .00 

TABLE: ?6 = Chemical analyses and C . I.P.\'1 . (wt .%) of some typical rocks f r om the Greenhills Complex . Analyst: D. Mossman . Chemical analyses a nd C.I.P.YI. 

f r om Bluff (after Service , 19 37 ) and the postul ated magma of Skaergaard (Wager and Deer , 1939) , Rhum (Brown , 1956) and Duke Isl and (I r v ine , 1963). 

1. Average of two ana l yses of chilled marginal o l ivine gabbro , Skaer gaard (Wage r a nd Deer, 
1939) 0 

2 . Hypothetical Rhum m~;tgma (Brown, 1956 , p.44 ). 

3 . Average of two 11 r ough estimates 11 of chemical composit i on of average rock in two main 
areas of ultramafic rock 1 Duke Island complex (Irvine 1 1963, p.45) . 

4 . Greenhills marginal gabbro , 0 . U. 258 12 . 

5· Gr eenhills layered series eucri te , O. U. 24591 . 

6 . Gr eenhills layered series wehrlite, OoU. 2 5707 . 

Steuber and Gale s ( 1967, p . 79 ) give trace element concentrations i n 

~i~r~n~~~~~~u~~;iv~!~o;2~!;;~si~~, f~~;o!4~~id~~~ t~;o~~to ~ 7 Sc ~r6~. 1!1 .2 ; 

Co , 6;!5 . 

7 . Gre enhills layered series duni te 1 0 o U. 25716 , recalculated a nhydrous to eliminate 
8 . 55% H20 . 

8 . Greenhills trondhjemite dyke , 0 o U. 25774 , chilled ma r gin . 

9. Gr eenhills l ayered series allivalite, O.U . 25691. 

10, Typical ·norite, Bluff Hill (Service , 1937 , p.215, No . 108) . 

11. Hornblende norite, Bluff Hill (Service , 1937 , p . 215 , r\o , 10}) . 

12. Olivine norite, Bluff Hill {Service , 1937 , p . 2 15 , No.70) . 

13 . Quartz diorite , Bluff Hill (Se r vice, 1937 , p.215 , No .1 6 1 ) , 

14 . Biotite- muscovite-granite, Tewaewae (Tiwa i ) Poin t (Service, 1937 , p . 2 15 , No . 181) . 
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4 6 8 
olivine ( + serpentine) 12.1 31.2 28.9 96.8 22.5 
clinopyroxene 48.4 39.3 70.9 2.0 3.1 
orthopyroxene 6.0 0.2 0.1 
hornblende ( + uralite) 7.7 3.0 0.2 0.1 4.0 
plagioclase 25.5 24.7 46.0 62.3 
quartz 47.0 
biotite 7.0 
opaques 0.3 1.6 1.0 8.1-

Total 100.0 100.0 100.0 100.0 100.0 100.0 

Table 27. Modes of' some typical Greenhills rocks; chemical analyses 
and C.I.P.W. norms given in Table 26. Key: 4) marginal gabbro 
O.U. 25812; 5) layered series eucrite O.U. 24591; 6) layered 
series wehrlite O.U. 25707; 7) layered series dunite O.U. 25916; 
8) trondhjemite dyke O.U. 25774; 9) layered series allivalite 
o.u. 25691. 

also listed. The problem of sampling cumulate rocks is obvious, and 

a similar problem is encountered in sampling the marginal gabbro 

because of its inhomogeneity. Only the trondhjemite specimen is 

definitely representative of a liquid. In contrast to the marginal 

gabbro which contains abundant modal and normative hyPersthene, the 

layered series rocks, excepting the dunite specimen, contain nepheline 

in their norms as do the constituent clinopyroxenes (see Table 12). 

This evidence suggests that the layered series originated from a 

magma type different from the marginal gabbro. One apparent dif

ficulty is the fact that the analyzed clinopyroxene (Table 12) from 

a specimen of the marginal gabbro is also nepheli~e normative; 

whole rock analysis of this particular specimen is not available. 

~he analyzed specimen of the marginal gabbro (O.U. 25812) resembles 

tholeiitic basalts which plot on the silica-rich side of the 11 critical 

plane" of silica undersaturation; this plane, according to Yoder and 

Tilley (1962), is a thermal barrier that basaltic liquids cannot cross 
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at shallow crustal depths. Ideally the "critical plane" applies to 

liquids and not to the composition of products of crystallization. 

For Rhum, Wager and Brown (1968, p.262) suggested that although the 

hypothetical parent magma contains normative nepheline, the amount 
11

• ~. is not believed to be so significant as to warrent calling it 

an alkali basalt magma ••• because further fractionation in the 

trapped liquid of the orthocumulates has resulted in orthopyroxene 

crystallizing with clinopyroxene ••• 11
• A similar explanation may 

apply at Greenhills where locally, in layered series eucrite, inter

cumulus orthopyroxene is occasionally found. Interestingly, the Rhum 

clinopyroxene (see Table 12) is similar to the Greenhills examples 

in that it contains normative nepheline. 

Chemical analyses and C.I.P.W. norms of some igneous rocks 

from Bluff are included in Table 26. These reveal a substantial 

range in composition of Bluff norite. Normative corundum in the 

less basic rocks (13 and 14) is probably due to the minor occurrence 

of muscovite. 

A possible differentiation trend of the Greenhills suite is 

shown in Figure 100. This trend, enhanced by inclusion of the 

suite of rocks from Bluff, apparently resembles the alpine differ

entiation trend which according to Thayer (1967, p.232) crosses 

" ••• the A-F-M triangle much nearer to the typical calc-alkaline 

plutonic trend ••• than to the Skaergaard rock trend ••• ". However, 

Coombs and Wilkinson (1969) have shown that although the AFM diagram 

may distinguish tholeiitic from calc-alkaline trends land rrtugeari tic 

from trachyandesite), it does not distinguish alkalic .from calc

alkaline or intermediate trends. 

The role of pH 0 • According to Osborn (1959), .fractionation 

or basaltic magma will produce various results depending on whether: 

a) there is a constant total amount of oxygen in the system or 

i 
i 
! 
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F (as FeO) 

Fig. 100. AFM diagram shows possible differentiation trend 
of some rocks from Greenhills (o) and Bluff (o) relative to 
S = Skaergaard rocks (Wager and Deer, 1939) and the C = calc
alkaline plutonic trend (Hess, 1960). Plotted for comparison 
with the Greenhills marginal gabbro are numbers 1, 2 and 3 
as given below. 

Key: (as for Table 26) 

1) + = chilled marginal olivine gabbro Skaergaard (Wager and 
Deer, 1939) 
2) x = hypothetical parent magma, Rhum (Brown, 1956) 
3) a = postulated parent magma, Duke Island complex (Irvine, 
1963) •. 

Greenhills rocks 

4) margina.l gabbro 5) ·layered series eucri te 
6) layered series wehrlite 7) .layered series dunite 
8) trondhjemite 9) layered series allivalite. 

Bluff rocks 

10) noJr,tt~ .,.~.9eec~~~-~.7q',·i937) ll) hornblende-nori te (Service, 
1937)!1.)13) quartz-diorite (Service, 1937) 14) granite 
(Service, 1937). 
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b) partial pressure of oxygen (derived from reaction with water) is 

maintained or slightly increased during fractionation. An example 

of the first limiting case is Skaergaard where a low state of oxida

tion is believed to have resulted in late stage iron enrichment. 

The contrasting case is the basalt-andesite-rhyolite association 

of orogenic regions in connection with which Osborn (1969, p.322) 

has elegantly urged acceptance of a "simplifying solution" to the 

problem of calc-alkaline andesites and alpine peridotites. He has 

suggested that they" ••• are complementary bodies developing by 

fractional crystallization of olivine basaltic magma intruded into 

geosynclinal rocks. 11 

Due to the generally undersaturated compositions of the rocks 

(and clinopyroxenes) of the layered series it is doubtful whether 

the above 11 simplifying solution" applies to Greenhills, although an 

analogy may exist. Nevertheless, the occurrence of primary amphibole 

at ~reenhills, particularly in the eucritic upper portion of the 

layered series indicates that water was definitely a component of 

the system during crystallization of the rocks. This is significant 

in view of experimental work by Yoder and Tilley (1962) which demon

strates that crystallization of natural basalts under hydrous con

ditions up to lOkb (pH 0 = pLoad) results in a progressive lowering 

of liquidi of the vari8us compositions and a large increase in the 

size of the field of crystallization of amphibole (~ also Green 

and Ringwood 1967). The presence of calcic plagioclase at Greenhills 

is probably also due in part to the relative effects of water vapour 

pressure and total pressure. For example, Green and Ringwood (1968) 

have found that under wet conditions a more calcic plagioclase 

crystallizes from high alumina tholeiite and basaltic andesite than 

under dry conditions. The effect of adding albite, or water under 

pressure to the system Di-Fo-An has also been found to extend the 
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field of diopside relative to plagioclase and to reduce the tempera

ture interval separating the appearance of diopside from olivine and 

plagioclase, the other principal phases of basalt; this phenomenon 

further illustrates the plausibility of the crystallization sequence 

at Greenhills~ 

Conclusions. The association of ultramafic and eucritic rocks 

at Greenhills can be adequately explained by a common origin. This 

origin involves crystal settling during fractional crystallization 

of' a magma. The mineralogy of primary minerals in the layered series 

and the normative compositions of clinopyroxenes and whole rocks 

suggest that the parent magma of the Greenhills. Ultramafic Complex 

was basal tic with transitional affinities between alkaline a.nd 

tholeiitic magma types. Differentiation of this magma probably took 

place in an open system connected with the surface of the earth, 

thus enabling a great volume of ultramafic rocks to accumulate at 

the expense of less basic differentiate which was removed as lava 

and ash. 

In the Longwood complex, about 30 miles north-west of Greenhills, 

Challis and Lauder have mapped a 7000 ft succession oP. ultrabasic 

rocks which, according to.Challis (pers. comm.), contains minor 

ultramafic layers and is cryptically layered as shown by olivine 

(continuous range from Fo80 to Fo60 ), clinopyroxene, coexisting 

orthopyroxene (bronzite to iron rich hypersthene), and plagioclase. 

Unlike Greenhills, where pigeonite is not known, this mineral is 

reported to accompany clinopyroxene over a certain stratigraphic 

interval in the Longwood sequence. The possibility of correlating 

the layered rocks of Greenhills and the neighbouring Longwoods com

plex (accepting a similar age) thus appears unlikely because of 

important dif''ferences in mineralogy. These differences may indicate 

distinct parent magma compositions for the two complexes. 
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