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ABSTRACT 

The Dunedin Volcano, of Mid - Late Miocene age, is a 

complex alkalic volcano which was active over a period of 

about 3 m.y. (13-10 m.y.). Activity commenced with the 

eruption of.basaltic flows and tuffs in the central Otago 

Harbour depression. The earliest tuffs are interbedded with 

marine sands and calcareous sands indicating that the 

initial activity was submarine. P~llow str~ctures and 

'bomb sags' in the lov.;er units of the volcanic massif are 
r 

additional evidence that the initial activity was submarine. 

The initial basaltic activity was followed by extensive 

emplac:ement of quartz normative trachyte flows and tuffs in 

the central area, and a small emergent cone of trachytic 

composition was built. 'rhe formation of the early trachyte 

cone was followed by extensive, subaerial, shield-building 

eruptions of flows ranging in composition from basalt through 

intermediate rock types to phonolite and feldspathoidal 

trachyte. These were erupted from vents within the central 

depression, and the last significant activity in the central 

area resulted in the emplacement of coarse breccias which 

occupy vents on an axis through Port Chalmers, Portobello 

and Sandymount. 

The central activity was followed by a period of eruption 

controlled largely by .activity from non-central fissures 

probably related to basement fractures. The conspicuous 

topographic highs of the Otago Peninsula and the Flagstaff

Mihiwaka ridges were built. Activity in the Dunedin Volcano 

was terminated about 10 m.y. ago with the emplacement of 

nepheline benmoreite lava domes at Mt.Cargill. 

The volcano has a complicated history. Activity from 

various vent.s (of the order of 40 have been recognized) 

over a period of 3 million years, during which the volcanics 

were being actively eroded, has resulted in stratigraphic 

complexities which are irresolvable on-a regional scale. 

Correlation of units over distances in excess of a few km 

are invalid, and the regional stratigraphy established by 
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Benson (MS, 1968) is rejected. 

Although syn- and post-volcanic faults can be recognized 

in the Dunedin Volcano, structural complexities are very 

rarely observed. Relationships between the various volcanic 

units result from ·the interaction of flows, coulees, and 

intrusions erupted onto an actively eroding volcanic topo-

graphy. in the volcano occurs 

the overburden during intrusion and 

the underlying sediments in the central depression. 

Volcanism in East Otago is intimately associated with 

extensive block faulting. Although the latest movements 

appear reverse there is strong evidence that faults in East 

Otago were normal during Cretaceous and, possibly, Early 

Tertiary time. 

A number of endogenous lava domes have been identified 

in the Dunedin Volcano, especially amongst the products of 

the later phases of the volcano's history. Most are com-

posed of phonolite, but other examples consist of mugearite, 

hawaiite, benmoreite, trachyandesite, and nepheline benmore

ite. Commonly the domes have been emplaced in cinder 

cones developed on the flanks of the volcano. 
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The isotopic composition of strontium has been determined 

for samples from the Dunedin Volcano covering the range basalt, 

basanite, intermediate compositions, phonolite and quartz 

normative trachyte. The basaltic, intermediate and phono

litic rocks appear to be comagmatic and have similar low 

initial 87srj 8 6sr ratios around 0.7030, comparable with those 

of other alkalic provinces. The quartz normative trachytes 

have initial ratios significantly higher than those of the 

other rocks (0.7040) although their age is comparable. 

Rb-Sr ages obtained are comparable with published K-Ar dates. 

The Rb-Sr age for the trachytes is 14.4±7 m.y. and the other 

alkali-enriched rocks give ages ranging within the limits of 

14.4 to 12.0 m.y. 

An electron microprobe study of the mineralogy of 

representative samples from the Dunedin Volcano has established 



fractionation trends for clinopyroxenes, olivines, and feld

spars. The mineral fr~ctionation trends indicate that the 

host rocks are representative of magmas related by a 

crystal fractionation process. The clinopyroxene 

fractionation trend, from diopsidic to intermediate acmitic . 

clinopyroxene is similar to the Nandewar trend (Abbott, 1968) 

and indicates low oxygen fugacity throughout crystallization 

of the host magmas. Low oxygen fugacity conditions are 

indicated for all the lavas of the Dunedin Volcano examined 

during this study by: 
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(i) Homogeneous titanomagnetites (Oxidation Index I - II, 

of Watkins & Haggerty, 1967). 

(ii) Aenigmatite and riebeckite in evolved lavas. 

(iii) Indirect calculations using mineral chemistry 

and thermodynamic relationships. 

Oxygen fugacities calculated for basanite and trachyandesite 
-10 -12 were 10 , 10 atm. respectively. 

The electron microprobe study indicated the presence of 

xenocrysts or megacrysts of olivine, aluminous clinopyroxene, 

and calcic plagioclase in basanite and nepheline benmoreite 

lavas. 

Using a combination of mineral geothermometers and the 

results of direct melting experiments such as those 

summarized by Thompson (1972) it was possible to establish 

·some crystallization temperature limits for alkalic lavas. 

The results are consistent with a crystal fractionation model 

for the evolution of the Dunedin lavas. Temperature 

estimates for the commencement of crystallization range from 

1170°C for basanite to 975°C for phonolite. 

New major and trace element analyses are presented for 

9 kaersutites from basic alkal~rocks. K/Rb ratios lie 

between 1209 and 4276. Rb is low, averaging 6 ppm. Sr 

ranges from 532 to 1060 ppm and Ba from 181 to 701 ppm. 

Zr averages 109 ppm, Nb 44 ppm and V 390 ppm. There is a 

moderate enrichment in light and intermediate REE. Zn 

correlates with FeO + Fe 2o3 but the concentrations of Ni, Co, 
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Cr, Cu and Pb are variable. Large variations in trace element 

concentration in kaersutites reflect only sntall variations in 
( 

the melt when the distribution coefficient for a given 

element strongly favours the amphibole. 

Xaersutite is significant in the petrogenesis of alkalic 

rocks as a possible accessory phase in the upper mantle source 

regions, and as an important phase in the fractionation of 

basic alkalic liquids over a wide range of pressures. 

Sixty-six new major and trace element whole rock analyses 

are presented along with additional published and unpublished 

major element analyses from the Dunedin Volcano. , Trace 

elements analyzed include Cs, Ba, Rb, Sr, Pb, Th, U, Zr, Hf, 

Nb 1 Sn 1 Y 1 V, Cr, Ni, Cu, Zn, Ga. 

The following is a summary of the geochemical trends 

observed: 

(a) Basalt-hawaiite-mugearite-benmo~eit~ 

(i) There is a continuous depletion through the series 

in Ti, Mg, total iron, Ca, Ni, V, Cr Cu. 

(ii) ~-~he following elements are continuously enriched 

from basalt to benmoreite Si, Al, Na, K, Cs, Rb, 

Ba 1 Pb, Th, U, Zr, Hf, Sn, Nb, Ga. 

(iii) Sr and .p show maximum concentration in the 

mugearites and are depleted in benmoreites. 

(iv) Zn and Mn show erratic behaviour but abundances 

are rather low. 

(b) Phonolites 

(i} Phonolites are strongly enriched in Na, K, Cs, 

Rb 1 Pb 1 Th, U 1 Zr, Hf, Sn, Nb, Ga, Zn, Y, Cl. 

(ii) Phonolites show strong depletion in Ti, Mg 1 

total iron, Ca 1 Ba, Sr, Ni, V1 Cr, Cu, P. 

(c) Basanite-nepheline hawaiite-nepheline trachyandesite
nepheline benmoreite 

These rocks show behaviour similar to the basalt

hawaiite-mugearite group, but there are differences 

between the benmoreites and nepheline benmoreites: 

(i) Both Ba and Sr are strongly enriched in the 

nepheline benmoreites. 
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(ii) P is higher in the nepheline benmoreites than in 

the benmoreites. 

(iii) The nepheline benmoreites are more mafic than 

the benmoreites. 

(d) Quartz-normative trachy_!:.e~ 

The quartz normative trachytes show features which 

set them apart as a distinct geochemical group: 

(i) Although high in Si content the quartz normative 

trachyte is surprisingly depleted in Rb, Th, U, 

Zr, Hf, Sn, Nb, Ga, Zn, Y. 

(ii) K and Ba are enriched in the quartz normative 

trachyte while Cs is slightly depleted, compared 

with the other rocks. 

(iii) 'I'i, Mg, total iron, Ca, P, the ferromagnesium 

trace elements are all very strongly depleted. 

Twelve alkalic.lavas from the Dunedin Volcano have been 

analyzed for the rare earth elements (REE) La-Yb. The 

compositions analyzed were: basalt-hawaiite-mugearite

benmoreite; basanite, nepheline hawaiite, nepheline trachy

andesite and nepheline benmoreite; trachyte; phonolite. 

The series from basalt to mugearite shows continuous enrich

ment in the REE, consistent with a crystal fractionation 

model involving removal of olivine and clinopyroxene. From 

mugearite to benmoreite there is a depletion in the REE which 

is explained by the appearance of apatite as a liquidus 
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phase. The chondrite normalized REE patterns for the 

phonolites are characterized by strong enrichment and fraction

ation coupled with a sharp depletion in Eu. Removal of 

feldspar from a more basic magma is suggested for the deri

vation of the phonolites. The series basanite-nepheline 

hawaiite, and basanite-nepheline hawaiite-nepheline benmore

ite appear to be high PH 0 analogues of the series basalt

benmoreite, with enrichm~nt of the REE being achieved by 

removal of clinopyroxene, kaersutite and olivine. Compared 

with other lavas the trachyte has low REE abundances· and is 

characterized by a striking positive Eu anomaly. 



New major and trace element data are presented for 

examples in alkalic provinces of differentiated lavas con

taining evidence of high pressure origin, along with published 

data on similar localities. The examples analyzed are: 

(i) 'Mafic phonolite' - Pigroot, East Otago. 

(ii) Phonolite from Bokkos, Jos Plateau, Nigeria. 

Both bodies contain lherzolite inclusions which ~re evidence 

for rapid rise from lower crustal or upper mantle regions. 

Additional published data for hawaiites, nepheline mugearites, 

and a phonolite from Heldberg in East Germany, all showing 

evidence of a high pressure origin are included. 

'I'he function MgXlO 0/Mg+Fe 2+ is used to distinguish 

'derivative' from 'primary' magmas, and it is shown that 

all the differentiated magmas of high pressure origin are in 

fact 'derivative' and have evolved by crystal fractionation 

processes from basalt or basanite 'primary' magmas. A high 

pressure (>25 km) crystal fractionation series from basanite 

through nepheline hawaiite, nepheline mugearite, and 

nepheline benmoreite to phonolite is proposed. The follow

ing features can be used to distinguish magmas of high 

pressure (sub-crustal) origin from those of low pressure 

(crustal) derivation: 

· (i) The occurrence of high pressure inclusions such as 

lherzolite xenoliths or high pressure megacrysts 

(e.g. aluminous clinopyroxene). 

· (ii) The involvement of feldspar implies fractionation 

at relatively low pressures. In this respect Ba, 

Sr, Pb, REE (in particular Eu) are important trace 

elements. 

The Dunedin lavas are the result of crystal fractionation 

processes acting upon mantle derived basaltic magmas at 

various levels in the ·crust. The broad processes and lines 

of descent established by this study are in essential agree

ment with the suggestions made by Coombs & Wilkinson (1969). 

A diversity among parental materials and operation of the 

fractionation process at varying levels in the CfUSt and 
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mantle, under varying conditions of PH 
0 

have resulted in a 

diverse series of overlapping fraction~tion trends. 'End 

member' series are as follows: 

(i) Basalt-hawaiite-mugearite-benmoreite; controlled 

largely by removal of olivine, clinopyroxene, 

titanomagnetite and, in the step from intermediate 

compositions to benmoreite, apatite. 

(ii) A high PH 0 analogue of this series probably 
2 . 

developing at higher Ptotal: basanite-nepheline 

hawaiite-nepheline mugearite-nepheline benmoreite; 

controlled by removal of olivine, clinopyroxene, 

kaersutite, and titanomagnetite. 

(iii) Moderately potassic variations on both these trends, 

including the rock types trachyandesite (in the 

mildly alkalic trend) , ne~heline trachyandesite 

(in the ultra-alkalic trend) and K-benmoreite 

(tristanite) and K-nepheline benmoreite (nepheline 

tristani te) . 

All phonolites appear to have ~risen by a similar 

process operating on a variety of parental magmas. T}1ey 

are low pressure (crustal) differentiates derived by fraction

al crystallization processes involving feldspar. Phonolites 

are probably derived principally as end products in the 

crystal fractionation series outlined above, but small 

quantities of phonolitic liquid may derive directly from 

quite basiq parents. 

The strontium isotopic chemistry and in particular the 

REE chemistry of the quartz normative trachytes require that 

special circumstances be invoked for the origin of these 

oversaturated melts. Two suggestions are made here. Either 

the trachytes derive :at the lower crust by partial melting of 

a quartz free parent, or they represent the end product in a 

long process of crystal fractionation in an isolated crustal 

·magma chamber. The former model raises problems regarding 

the nature of the parental material, and the latter requires 

some form of preferential feldspar contamination to account 

for the REE pattern and other peculiarities of the chemistry. 
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CHAPTER 1 

INTRODUCTION 

In this thesis, a detailed geochemical investigation of 

a single alkalic volcano has been undertaken. The study is 

primarily concerned with the petrogenesis of the rocks which 

make up the Dunedin Volcano, although other centres through

out East Otago have been investigated where they have features 

relevan£ to the main problem. 

The aims of the study are two-fold: 

(i) To examine in detail the chemistry of the rocks which 

constitute the Dunedin Volcano with a view to establish

ing general relationships between the magma types 

represented. 

(ii) To examine specifically the origin of the phonolites and 

trachytes of the volcano. A possible mantle origin for 

trachytes and phonolites has been considered by some 

workers (e.g. Wright, 1966, 1969, 1971; Bailey, 1964) 

to explai~ the comparatively low frequency of occurrence 

of intermediate rock types in some alkalic province~ 

(Chayes, 1963). Did the phonolites and trachytes of the 

Dunedin Volcano originate within the mantle or within the 

crust, and by what process did they evolve? 

The Dunedin Volcano provides a unique opportunity to study 

alkalic petrogenesis. Within the volcano there is a wide 

variation in rock compositions from basic to felsic types, so 

that it is possible to obtain an understanding of relationships 

between rock compositions which constitute commonly observed 

alkalic rock series. Extensive field and petrographic in

~estigations in the Dunedin district by earlier workers provide 

a _solid basis for geochemical investigations. Earlier work 

has also provided a quantity of analytical data, in particular 

major element rock analyses, which give a framework for 

further, more spec~alized investigations. Also of assistance 

to the geochemist is the accessibility of the area to 

sampling. Good exposure in sea-cliffs, extensive road 

cuttings, drilling and excavations associated with urban 



development, and a large number of quarries provide access .to 

reasonably fresh samples from most of the volcano. 

Approach 

This investigation begins with a discussion of field re

lationships between the rock types which constitute the 

volcano and a reconsideration of its history and structural 

development in the light of recent detailed and reconnaissance 

mapping. An attempt is made to establish a generalized 

model for the "working" volcano. Consideration of field 

relationships between rock types leads naturally into a dis

cussion of petrography and mineral chemistry. 

Field and petrographic investigations provided the basis 
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for the geochemical programme. A number of whole rock samples 

were analysed for major and trace elements, and this study is 

principally concerned with the interpretation of these data. 

A study of the isotopic composition of strontium in selected 

samples was made in order to assess parental homogeneity and 

crustal contamination within the suite. 

Consideration of phonolite and trachyte petrogenesis has 

been supported by geochemical investigations of relevant rock 

samples from alkalic provinces in other parts of the world, 

namely Germany, Nigeria, and Aus-tralia. 

Previous investigations of the East Otago alkalic volcanics 

Hutton (1875) and Ulrich (1891) provided the first petro

graphic information on the rocks of the Dunedin district, the 

last named author emphasising their alkalic character by citing 

numerous examples of nepheline-bearing rocks. 

Early in this century work by Professor Marshall and his 

students led to a series of publications concerning the 

volcanics of the Dunedin district, e.g. Marshall (1904, 1906, 

1912, 1914, 1929, 1947), Boult (1906), Cotton (1908), and 

Bartrum (1912). Marshall's (1906) paper represented the first 

attempt at a systematic study of the Dunedin Volcano. He 

prepared a generalized map, provided systematic petrographic 

descriptions and tabulated chemical analyses. Marshall 
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identified the Dunedin Volcano as a deeply eroded, complex 

volcarto, explaining the present morphology in terms of fluvial 

erosion and activity from a number of vents. The variety of 

rock types was supposed to have arisen through the combined 

effects of differentiation and magma mixing. The petro

chemical ideas suggested in this early publication were 

elaborated further by Marshall in a later paper (1914) which 

was a detailed account of the geology and petrography of a 

sequence of lavas exposed at North Head. Compositions ranging 

from basalt through intermediate varieties to phonolite and 

trachyte were identified in this extensive sea cliff section. 

The conclusion was drawn that the different magma types 

represented had been erupted from a zoned magma chamber whence 

they arose by a differentiation process apparently controlled 

by gravity. "Essexite" magma, represented in the sequence of 

lavas by the "kaiwekite", was considered to be the parental 

material giving rise to the basalts and phonolites by gravity 

controlled differentiation. 

During his years as Professor of Geology at Otago, W.N. 

Benson carried out a very detailed petrographic and field 

study of the Dunedin Volcano and the outlying alkalic centres 

of East Otago, and published a series of papers on this work 

(Benson, 1939, 1940, 194la, 194lb, 1942a, 1942b, 1959; Benson 

& Turner, 1939, 1940). Benson's uncompleted and unpublished 

manuscript, which was intended as a detailed report on the 

Dunedin work, is available for examination at the Department 

of Geology in Dunedin and the various papers, the manuscript, 

·and Benson's map of the Dunedin District (published in 1968 

by the D.S.I.R.) provide plenty of material for an examination 

of Benson's ideas regarding morphology and petrogenesis of the 

Dunedin Volcano. Benson established a detailed stratigraphy 

for the volcanics, based on: 

(i) distinctive bouldery sediments which occur sporadically 

throughout the sequence; two such units were identified. 

(ii) a number of petrographically distinct igneous rock units, 

for example a coarse basalt which he termed the "Roslyn 

Dolerite". 

The bouldery sediments and associated oil shales, diatomite, 
I 



etc. (termed "flood plain conglomerates") were interpreted as 

flood plain sediments laid down during widespread explosive 

eruptions and, since Benson considered that there were only 

two such units, they enabled a three-fold subdivision of the 

volcanic activity into First, Second and Third "Main Eruptive" 

phases. ~urther subdivision into subphases of activity 

were made on the basis of petrographic marker horizons. 

Each eruptive phase was regarded as a separate injection of 

magma into a crustal chamber beneath the central area of the 

volcano. In this chamber differentiation occurred and a 

build up of volatiles resulted in the explosive activity 

which terminated the first two phases of activity. Benson 

emphasised only a few vents; one for each phase of the 

activity. He regarded the volcanism as being intimately 

associated with a regional deformation which preceded, aqcom

panied and post-dated volcanism. The Dunedin Volcano was 

thought to lie in a ''strongly deformed" region where extensive 

faulting and folding were operative throughout Tertiary time. 

The present morphology of the Dunedin district was considered 

by Benson to have resulted from large scale folding and fault

ing, with the valleys being topographic expressions of 

synclinal downwarps and the ridges anticlinal features. 

In the 1950's following Professor Benson's retirement 

little further work was carried out on the Ea&f Otago alkalic 

volcanics and Dunedin district. A paper by Brown (1955), 

describing field relationships and petrography at Mt.Dasher 

in North Otago is worth noting. 
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Continuing the tradition of University of Otago interest 

in the Dunedin Volcanics, Coombs et.al. (1960a, 1960b) published 

two papers which examined the age relations of the volcano, 

using plant-fossil and microfossil material from the "flood 

plain conglomerates" and sediments underlying the volcanics, 

and paleomagnetic data from the volcanics (Coombs & Eatherton, 

1959). The volcanism was shown to have been initiated during 

mid - late Miocene time. It was stressed that the present 

relief on .the basal surface of the volcanics did not constitute 

adequate evidence for post-volcanic deformation: The writers 

also suggested that at least some of the late stage phonolite 
I 
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bodies could be steep-sided flow-tongues extruded from local 

vents. 

Coombs (1965) gave a more general account of the geology 

of the Dunedin Volcanb, stressing that the volcano was not a 

single cone of rapid growth. Erosion and dissection of the 

volc.anics must have progressed along with eruption and 

construction of the volcano. Block faulting was suggested 

as a possible alternative to the folding which Benson 

considered as controlling the erosional land forms. 

During the 1960's a number of very useful field mapping 

projects were undertaken by students at Otago on the Dunedin 

Volcanics and other East Otago alkalic centres. The results 

of these investigations are generally unpublished. 

Exceptions are work by Brown (1962, 1964) at Mt.Stoker in 

Central Otago, mapping and petrography by Sang Lyen, published 

in part by Wright (1966), and work by Allen (1973). Unpub

lished work which is of interest is that of Travis (19t5), 

Cavaney (1966), Dodds (1963) and McPherson (1969) in Central 

and North Otago.l 

Co-operation between Professors Coombs and Wilkinson 

(University of New England) led to the most recent and 

definitive work on the petrology and origin of the East Otago 

volcanics, which was published in 1969. These writers also 

examined the mineral "ameletite" (Coombs & Wilkinson, 1967) 

first described by Marshall (1929) and showed that it was in 

5 

fact a mixture of zeolites and feldspathoids. Wilkinson (1968) 

described analcime-bearing phonolites from the Dunedin Volcano, 

in a general study of the mineral analcime in the groundmass 

of igneous rocks. Coombs & Wilkinson (1969) attempted to 

relate the various alkalic rocks of East Otago and establish 

a petrogenetic scheme for their evolution. A number of rock 

series or lineages arising by crystal fractionation from a 

spectrum of basaltic parents generated by partial melting in 

the mantle, were recognized:; 

(i) basalt-hawaiite-mugearite-benmoreite-trachyte 

(ii) basanite-nepheline hawaiite-nepheline mugearite-

1 Numerous other projects by undergraduate students at Otago 
are not described here, they may be referred to later in 
the. text. 
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nepheline benmoreite-phonolite. 

(iii) moderately potassic variations on these trends. 

Additional low Fe variants of these magma series were believed 

to arise by fractional crystallization under conditions of 

high Po2 . The conclusions drawn were based on a large number 

of chemical analyses and much detailed petrography of rocks 

from the Dunedin district and from adjacent areas. Aspects 

of this study will be considered further in later chapters. 

McDougall & Coombs (1973) present K/Ar geochronology 

for the Dunedin Volcano wh~ch will be discussed further in 

a later chapter . 

6 
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CHAPTER 2 

FIELD RELA'l'IONSHIPS AND VOLCANOLOGY 

REGIONAL SETTING 

The East Otago alkalic volcanics are underlain by a 

basement of quartzo-feldspathic schists of the "Haast Schist 

Group" (Suggate, 1961). The Haast Schists are principally 

coarse-grained, quartzo-feldspathic, greywackes metamorphosed 

to greenschist facies during the late Mesozoic Rangitata 

orogeny (Mason, 1961, 1962; Aronson, 1965; Hattori, 1965; 

Harper & Landis, 1967; Landis & Coombs, 1967). Although 

struct:urally very complex (Turner, 1940; Wood, 1963) the 

quartzo-feldspathic schists are chemically and mineralogically 

relatively homogeneous and are, in general, composed of albite

quartz-muscovite-chlorite-epidote assemblages (Turner, 1940; 

Hutton, 1940) with accessory apatite, tourmaline and zircon. 

Stilpnomelane is a common constituent in some schists (Hutton, 

1940) and biotite and garnet occur sporadically (Brown, 1963). 

Schist blocks are common xenoliths in volcanics of the East 

Otago province and they are also co~non in the Port Chalmers 

breccia of the Dunedin Volcano (Allen, 1968). 

From late Cretaceous to late Tertiary times, preceding 

the volcanism, a transgressive marginal-marine and marine 

sequence of sediments was deposited on the basement schists. 

Transgression occurred from the east so that the sequence is 

thickest along the East Otago coast and thins towards the west 

(Service, 1934; Paterson, 1941; Williamson, 1939). The 

sediments range from scarp derived terrestrial breccias and 

coal measures of upper Cretaceous age through marine mudstones 

and sands to limestones which were deposited in Lower Miocene 

time. They outcrop over most of East Otago from Kaitangata in 

the south (Ongley, 1939) to Naseby in the north-west (Williamson, 

1939). The Cretaceous-Tertiary sediments are described in 

detail in a number of publications (see Fleming, 1959). Many 

of the volcanic outliers of East Otago were deposited on 

remnants of the Cretaceous-Tertiary sequence and in many 

instances the sediments have been protected from erosion by 
/ 



cappings of volcanics. The Cretaceous-Tertiary sequence 

underlies the volcanics in the Dunedin district ari.d some of 

the sedimentary units are exposed within the volcano, where 

structural complexities have brought them to the surface. 

Blocks of sedimentary material also occur in the Port Chalmers 

Breccia. 

Volcanism in East Otago appears to be intimately associ

ated with large scale block faulting (Benson, 1941~ 1942a; 

Coombs & Wilkinson, 1969). The distribution of volcanics 

and major faults is shown in Fig. 2.1. The major fau,lt set 

in the Dunedin area trends roughly north east-south west, and 

to the north of the Shag Valley there is developed a set 

trending north west-south east. 

trends are thus evident: 

Two areas of different fault 

(i) A southerly area, limited to the north by the Waihemo 

fault, where NE-SW fault trends predominate. 

(ii) A northerly area, north of the Waihemo fault, where 

NW-SE trends are dominant. 

Alkalic volcanism is most prominent in two areas: 

(a) In the southern area along the east coast, south through 

Dunedin and the Taieri graben to Kaitangata. 

(b) In the northern area along the Waihemo fault, where the 

areas of NE-SW and NW-SE dominant fault trends, adjoin. 

The last fault movements appear to have been reverse and 
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in general fault planes are steeply dipping (Benson, 194lb). 

There is however evidence suggesting an earlier normal movement 

on some of the faults. For example Mutch & Wilson (1952) 

have shown, by studying breccias deposited in fault-angle 

depressions associated with the Titri fault, that early move

ment on this fault was normal, and of considerable extent (1 km) ~ 

Benson (1942~ subdivided East Otago geology into three 

structural regimes which he termed: "Relatively stable region" 

(to the west) , "Moderately deformed region" (along the east 

coast), and "Strongly deformed region" (Dunedin district). A 

deformation was postulated which increased in intensity from 

west to east and was expressed as block faulting and associated 

folding. Broad, open folds are evident in some areas of 
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Cretaceous-Terti~ry outcrop in East Otago (e.g. Shag Point, see 

Paterson, 1941), but Benson's suggestion that strong deforma

tion has occurred in the Dunedin district is not supported by 

field work undertaken ·during this st:udy (see below) . 

The Dunedin Volcanics form a prominent massif about 30 km 

in diameter centred on Port Chalmers, in the middle reaches 

of Otago Harbour, across the north-eastern end of the Taieri 

graben. 'l'he harbour is landlocked by the Peninsula to the 

south and the Flagstaff-Mt.Cargill-Mihiwaka ridges to the 

north. The seaward facing slopes are bounded by precipitous 

cliffs which are only broken where the larger streams have 

eroded broad valleys to the ocean. The distribution of the 

volcanics in the Dunedin area is shown on the map. 

Age of the Dunedin Volcano 

Inliers of limestone and sandstone which outcrop beneath 

the volcanics at Dowling Bay, Waipuna Bay and Blanket Bay along 

the northern shore of Otago Harbour contain interbeds of mixed 

basaltic and trachytic ash indicating the volcanism was 

initially submarine and the volcanics conformable with the 

underlying limestones and sandstones (Coombs et.al., 1960). 

The sediments are of mid - late Miocene age (Waiauan or 

Tongaporutuan) . 

In a recently published paper McDougall & Coombs (1973) 

presented potassium-argon geochronological data for several 

rocks from the Dunedin Volcano and these results are reproduced 

in Table 2.1. The dates indicate that the full span of 

activity was within the Miocene and the K/Ar ages range from 

13.1±0.1 m.y. to ~0.1±0.2 m.y. Older dates are obtained for 

samples from the Waipiata Volcanic formation·of North Otago 

which give ages of 15 - 16 m.y. and 12.8±0.2 m.y. Rb/Sr geo

chronology, carried out during this study produced ages 

compar9.ble with the K/Ar ages (Chapter 6). 
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TABLE 2.1: Potassium-argon ages on rocks from the Dunedin 
Volcano: Data taken from McDougall & Coombs 
(1973). 

GA o.u. ROCK TYPE CALCULATED LOCALITY No. No. AGE (m. y. ) 

3139 22636 Nepheline 10.0 ± 0.2 
benmoreite 10.2 ± 0.1 

Mt.Cargill 
3140 22638 Phonolite 11.0 ± 0.2 

11.3 ± 0.2 
/'>. 

1470 22621 Alkalic basalt 11.0 ± 0.2 Leith Valley 

1467 20554 Alkalic olivine 11.2 ± 0.2 
basalt 

1466 20552 Picritic alkalic 11.3 ± 0.2 Swampy Summit 
olivine basalt Section 

f 

1465 20546 Alkalic olivine 12.1 ± 0.2 
basalt 12.1 ± 0.2 

-,.. 1464 22483 Phonolite 11.6 ± 0.2 
11.9 ± 0.2 North Head 

2185 22646 Trachyte 13.1 ± 0.1 Harbour Board 
(anorthoclase) Quarry 

1471 22629 Trachyte 13.0 ± 0.2 Omihi 

"GA 11 refers to samples held at the School of Earth Sciences, 
Australian National University. 

"o.u. II refers to samples held in the Department of Geology, 
University of Otago. 
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VOLCANOLOGY 

Volcanic Stratigraphy 

The volcanologic map presented with this thesis is an 

alternative to Benson's (1968) stratigraphic map. Benson 

based his mapping on an intricate stratigraphy which is repre

sented diagrammatically in Fig. 2. 2. Distinctive sub-· 

volcanic and inter-volcanic sedimentary horizons occur within 

the Dunedin district. These units are composed of coarse, 

poorly-sorted conglomerates; finely laminated tuffaceous 

sandstones; and, occasionally, diatomite and oil shale 

horizons. The conglomerates are very poorly sorted with 

boulders up to a meter,in diameter occurring in a fine mudstone 

matrix. The tuffaceous sandstones are finely laminated and 

plant fossils have been obtained from some localities (see 

Coombs et.al., 1960; Coombs, 1965). Fish remains occur in 

diatomite horizons (Benson, 1959). A feature of some of the 

finely laminated tuffaceous horizons is the occurrence of 

'bomb sags' indicating igneous activity contemporaneous· with 

the deposition of the sediments (Plate 2.1). Benson 

recognized two inter-volcanic sedimentary units ("flood plain 

conglomerates") which he regarded as semi-continuous and their 

presence enabled the three fold subdivision of the igneous acti

vity discussed in Chapter 1. Benson apparently considered that 

the flood plain conglomerates were deposited by chaotic mud flows 

developed during catastrophic explosions in a central vent 

system (Benson, 1959). 

·• Benson further subdivided the volcanics on the basis of 

distinct petrographic markers. The quartz-normative trachytes 

were regarded as a separate eruptive phase termed "Initial 

ahorthoclase trachyte". The "kaiwekite" (a distinctive 

porphyritic trachyandesite) constituted an important map unit 

in the First Main Eruptive phase. Two phonolite variations 

("Logan Point", and "Waitati") were used as stratigraphic 

markers within two subphases of the Second Main Eruptive phase 

and a distinctive couplet - the "Leith Valley andesite" and 

"Roslyn dolerite" served as markers in a third subphase of 

the Second Main Eruptive phase. 
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Examination of the flood plain conglomerates indicates 

that they are probably discontinuous and of variable thick

ness and that there is probably a number of noncontemporaneous 

units. An extensive area of "Older flood plain conglomerate" 

occurs along the western margin of the volcano, but it is 

suggested that in general the flood plain conglomerates have 

no regional stratigraphic significance and that they 

represent localized areas of deposition and not contemporane

ous regional events in the active history of the volcano. 

They could be expected to develop in erosional valleys and 

hence are topographically restricted and lensoid rather than 

sheet-like. The extensive area of ''flood plain conglomerate" 

along the western margin of the volcano may be explained by 

the interference of the developing volcano, in a near-shore 

situation, with the regional drainage pattern (Professor 

D.S. Coombs pers.comm.). The volcanic cone could provide 

a barrier to drainage from the land and lagoonal conditions 

would prevail between the volcano and landmass. Sediment 

would derive from both the volcano and the landmass. True 

flood plain sediments include water sorted conglomerates, 

lacustrine sediment, ashes, and probable lahars. 

The petrographic stratigraphic markers used by Benson 

are not significant in anything but a local sense. Similar 

rock types could be erupted at different times from different 

vents. For example, although the couplet: "Roslyn Dolerite" 

and "Leith Valley Andesite" appears to constitute a valid 

map unit in the Leith Valley and northern City areas it is 

probably invalid to correlate all dolerite basalts over the 

whole Dunedin area. Certainly, as will be shown below, 

ntrachydolerites" and .ncossyrite phonolites" of the Third Main 

E.ruptive phase have been erupted from various vents probably 

at various times and there is no basis for attributing them 

t6 a single eruption of regional stratigraphic significance. 

Benson's petrographic markers are only of local significance 

and their correlation as sheet-like units over the Dunedin 

area is not valid. 

Benson apparently assigned each eruptive phase to eruption 

- from one vent or vent system. As will be shown below, the 



volcanics have erupted f.rom a large number of vent.s which 

implies that stratigraphic correlations are only valid in 

a local sense. 

Endogenous lava domes in the Dunedin Volcano 
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Work by Williams (1932), Allen (1936), Lacroix (1904, 

1908) and others on active and recently extinct calc-alkaline 

volcanoes draws attention to the common development of 

endogenous domes of viscous a6id lava during calc-alkaline 

volcanism. Comparable domes developing during alkalic 

volcanism are probably common but have received less a·ttention 

in the literature. Occurrences of volcanic domes developing 

in alkalic and calc-alkaline volcanoes are tabulated in Table 

2.2. During the course of detailed mapping of phonolitic 

bodies within the Dunedin Volcano, a number of endogenous 

domes and coulees were identified. The internal structure 

of the phonolitic bodies has been resolved by mapping flow 

surfaces which can be identified using the following features: 

(a) Colour banding produced by flow-layering of different 

rock compositions or by differential weathering of 

compositionally different flow controlled layers. 

(b) Flaggy jointing parallel to flow surfaces. 

(c) Parallel alignment of the long axes of elongate 

or tabular phenocrysts - in particular alkali 

feldspar. 

(d) Flow "schistosity" (Plate 2.2). 

The last named feature is well developed only at Mt.Kettle 

where a closely spaced parting gives the rock a schistose 

appearance. "Schistosity" is produced by parallel alignment 

of platy feldspar crystals, and, as many of the crystals are 

bent or broken, it is suggested that "schistosity" has arisen 

during flow in a semi-solid state. 

Intrusions, endogenous domes, and coulees which have 

been identified in the Dunedin Volcano are tabulated in 

Table 2.3. For convenience the bodies have been divided 

geographically into 3 groups. 

(i) Those occurring along the Peninsula and in the 



TABLE 2.2: Some documented examples of lava domes from calc
alkaline ahd alkalic volcanoes. 

Alkalic Volcanoes 

Tristan da Cunha 

Ascension Mid Atlantic Ridge 

St.Helena Mid Atlantic Ridge 

Tutuila (Samoa) 

Auvergne District (France) 

Socorro I (Mexico) 

Nigerian alkalic province 

Nyamaji (Western Kenya) 

Nandewar Volcano (New South Wales) 

Baker et.al. (1964) 

Daly (1925) 

Daly (1927) 

Williams (1932) 

Williams (1932) 

Bryan (1966) 

Wright & McCurry (1970) 

Le Bas (1970) 

Abbott (19 6 8) 

Calc-Alkaline Volcanoes 

Novarupta (Alaska) 

Bogoslof I (Alaska) 

Crater Lake (Oregon) 

Lassen Peak (California) 

Marysville Buttes {California) 

Santa. Maria (Guatamala) 

Saniaguito (Guatamala) 

Mt.Pelee (Martinique) 

Turamai } 
Usu-San 

Izu Island 

·(Japan) 

Gunung Merapi} 
Sangi Islands (Indonesia) 

Tarawera (New Zealand) 

Fenner (1920) 

Jaggar (1908) 

Allen (1936) 

Williams ( 192 8) 

Williams (1929) 

Williams (1932) 

Rose (1972) 

Lacroix (1904, 1908) 

Williams (1932) 

Williams (1932) 

Cole ( 197 0) 
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TABLE 2.3: Endogenous domes and coulees of the Dunedin 
Volcano. 

Locality Rock Type 

A. Peninsula and Otago Harbour depression: 

Musselburgh Rise phonolite 

Highcliff Hill benmoreite 

Dicks Hill 

Varleys Hill 

Taylors Point 

Quail Hill 

Palmers•- Quarry, North East Valley 

Logan Point - Signal Hill 

Bell Hill 

B. Flagstaff-Mihiwaka-North Head: 

Mt.Flagstaff 

Mt.Cargill 

Butters Peaks 

Mt.Zion 

Wetherston Hill 

Mt.Cutten 

Mt. t·1artin 

Mt.Kettle 

Mihiwaka (four domes) 

Mopanui (two domes) 

Hare Hill 

Stone Hill 

phonolite 

nepheline syenite 

benmoreite 

phonolite 

phonolite 

phonolite 

trachyandesite 

nepheline benmoreite 

nepheline benmoreite 

nepheline benmoreite 

phonolite 

phonolite 

phonolite 

phonolite 

phonolite 

phonolite 

phonolite 

benmoreite 

trachyandesite 

C. Intrusions and flows south of the Taieri graben: 

Jeffreys Hill mugearite 

Hill 850 mugearite 

Scroggs Hill mugearite 
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'central Otago harbour depression. 

(ii) Phonolitic bodies forming the Flagstaff-Mihiwaka

North Head topographic high. 

(iii) Intrusions and flows of basaltic to intermediate 

composition south of the Taieri graben. 

16 

Benson (194lb) described two domes of phonolite which have 

intruded Tertiary sediments and early eruptives at Dicks Hill 

and Varleys Hill. The Dicks Hill "laccolite" has roughly 

circular boundaries and is about 1 km in diameter. It has 

forcefully intruded the overburden, doming the trachytes 

upwards so that Tertiary sediments which underly the volcanics, 

are exposed along the margins of the intrusion (Plate 2.3). 

Varleys Hill is a body of coarse porphyritic phonolite which 

has also been forcefully intruded and a mantle of domed Tertiary 

sediment is exposed along the margins of the body. 

Further west, recent mapping at Highcliff has established 

the presence of an extrusive dome above Highcliff radio-station. 

The body is of benmoreite composition and becomes flow-like 

in form to the south and west where it extends over about 3-4 
' 

kilometers (Fig. 2.3). 

A coulee of phonolite occurs at Musselburgh Rise. The 

body is an endogenous dome at the Musselburgh Rise quarry 

where flow planes are steeply dipping but it extends for about 

1 km towards Andersons Bay where it has a flow-like form. 

Both Marshall and Benson identified an intrusive body of 

trachyandesite at Bell Hill in the heart of the city of Dunedin. 

Benson (194lb) described this body as a "laccolite". 

Development of the city has concealed the contact relationships 

of the Bell Hill "laccolite". 

On the north side of Otago Harbour, Coombs et.al. (1960) 

identified a dome-like intrusion at Taylors Point. The body 

which is composed of benmoreite is about 100 metres in 

diameter and has forcefully intruded and domed Tertiary 

sediments in a manner similar to the intrusions at Dicks 

and Varleys Hills. 
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At Calders quarry in north-eq.st valley an irregular mass 

of phonolite about ~ km in diameter has partially intrusive 

and partially flow-like form. Benson (1968) mapped this body 

as an intrusion. 

Phonolitic bodies forming the Flagstaff-North Head topographic 
high 

An extensive zone of domes, plugs and flows ranging. in 

composition from basalt and trachyandesite to phonolite, 

outcrops along the north western flank of the Dunedin Volcano 

(Plates 2.4 and 2.5; Fig. 2.4). The centres from which 

these units were erupted are roughly aligned along a north 

east-south west lineament (see map and Fig·. 2.4) coinciding 

roughly with the trend of the major fault set in East and 

Central Otago. 

The Mt.Flagstaff complex is composed of nepheline benmore

ite lavas. Marshall (1906) identified Mt.Flagstaff as an 

eruptive centre which had been pltigged by partially crystalline, 

viscous phonolite. Apparently.grain size was the only 

criterion used by Marshall to distinguish intrusive from ex

trusive rocks. Along the summit of Mt.Flagstaff a narrow 

dyke-like intrusion of nepheline benmoreite is exposed and 

probably represents feeders from which extrusive flows of 

nepheline benmoreite, which outcrop over about 4 km from 

Mt.Flagstaff to the Taieri graben, were erupted (Fig. 2.5). 

East from Mt.Flagstaff lie the Mt.Cargill nepheline 

benmoreite flows and domes (Fig. 2.6). On Mt.Cargill a dome 

of nepheline benmoreite (mafic phonolite) has forcefully 

intruded a series of earlier phonolite flows, lifting blocks 

of the latter as buckled roof pendants (Fig. 2.7). Deforma

tion of the roof pendants has caused complex folding of flow 

planes. There is a K/Ar age difference of 1 m.y. between 

the roof pendant and the underlying dome (McDougall & Coombs 1 

1973). The wall of the nepheline benmoreite dome has been 

breached to the west and flows of nepheline benmoreite have 

been extruded over older phonolite flows and pyroclastics. 

Butters Peak, immediately east of Mt.Cargill is a small dome 

of nepheline benmoreite which has risen through older phonolite 
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flows and pyroclastics. Blocks of phonolite are supported 

on the roof of the Butters Peak dome. To the west the 

Butters Peak nepheline benmoreite overlies pyroclastics 

and the body has a flow like form along its western margin. 

The presence of pyroclastics below the phonolites suggests 

that the Mt.Cargill centre may have developed initially as 

a pyroclastic cone. The extrusion of phonolite followed 

and the flows extended over 4-5 km to the Leith Saddle and 

the line of the present Leith Valley. Finally, possibly 

after eruption of further pyroclastics, the nepheline benmore

ite domes and flows were emplaced and the Mt.Cargill vents 

plugged. 

Mt. Zion, 1 km west of Mt. Cargill is c-omposed of phonoli t.e. 

A section of the body is well exposed in a quarry on the 

eastern side where steep dips on flow surfaces suggest that 

the body has a partially dome-like form. Across the Old 

North Road the body appears to be flow-like. 

Zion a plug of basalt outcrops at Mt.Holmes. 

North of Mt. 

Near Mt.Mihiwaka several phonolite domes, associated with 

coulees and flows, have been mapped in detail (Fig. 2.8). 

The phonolite bodies intrude and in places overlie basaltic 

agglomerate and older phonolite flows. The walls of some 

of the domes were breached in places and small steep-sided 

flow tongues extruded (Fig. 2.7). The phonolites rest upon 

coarse basaltic agglomerates (fragments up to 10 em in 

diameter) which, wh~re exposed, dip away from the sites where 

the domes are emplaced. For example, along the Purakanui

Port Chalmers road east of Mihiwaka the basaltic agglomerates 

dip at about 20° towards the harbour. It is suggested that 

the phonolites rose into and overlapped established basaltic 

cinder cones. An extensive apron of phonolitic "float" 

overlies the basaltic agglomerate, east and south of Mt. 

Mihiwaka (Fig. 2.8), and west of Mt.Kettle (Fig. 2.7). By 

analogy with modern examples of calc-alkaline lava domes (e.g. 

Mt. Pelee; Lacroix, 1904, 1908) these aprons may be in part 

debris fans produced by material shed from the rising 

phonolite domes (Fig. 2.7). Unfortunately late slope de

posits cannot always be distinguished from debris deposited 
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during growth of the domes. Fans from a number of lava domes 

have been described in recently active volcanoes (Lacroix, 

1904, 1908; Cole, 1970; Williams, 1932). The zone of 

steeply dipping flow schistosity observed on Mt.Kettle may 

warrant some morphological speculation. If the schistosity 

has arisen by deformation caused during flow in a semi-solid 

state then one can envisage a slab of semi-solid lava, now 

represented by the zone of steeply dipping schistosity, being 

forced upwards from below through the Mt.Kettle lava dome. 

This is exactly the sort of situation which gives rise to lava ,. 
spines on lava domes in recently active volcanoes (Mt. Pelee, 

Lacroix, 1904, 1908; Santiaguito, Rose, 1972). It seems 

probable that alkalic lava domes may build lava spines in a 

manner analogous to calc-alkaline lava domes. It is 

tentatively suggested that Mt.Kettle dome may have developed 

a lava spine during growth. 

An isolated phonolite dome occurs at Wetherston Hill. 

The body is elliptical in outline and appears to be surrounded 

by an apron of phonolitic float. 

North east of Mihiwaka at Mt.Mopanui a semi-circular plug 

of phonolite intrudes earlier phonolites which appear to have 

erupted and flowed from the site now occupied by the plug. 

South of Mopanui an older plug of phonolite, which possibly 

occupies the site where earlier ("Waitati'') phonolite was 

erupted, is exposed. 

East of Mihiwaka at least two dome-like bodies of trachy

andesite and benmoreite are exposed. An unpublished map 

(by K. Palmer) of one of these, at Hare Hill is presented as 

Fig. 2.9. The Hare Hill body is partially a plug and 

partially a flow of benmoreite composition. 

Ridley (1970a) noticed that although phonolite domes are 

present on Tenerife (Canary Islands), extensive flows (up to 

12 km in lateral extent) are also developed. The morphology 

of salic extrusive bodies seems to be controlled by: 

(i) The topography of the surface on which the lava 

is extruded. 

(ii) The composition of the lava, which controls the 
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viscosity. 

Viscosity is probably more important than the slope over which 

t:he lava moves, since low viscosity flows can cover extEmsi ve 

distances on relatively gentle slopes while viscous flows 

will come to rest with steep sides even on relatively steep 

slopes. Extensive flows of phonolite have developed in 

places within the Dunedin Volcano. Along North Head two 

phonolite flows can be traced laterally in the cliff section 

for in one case ~ and in the other 2 km, and these flows 

probably extend inland away from the cliff for at least 1-2 km. 

From Mopanui a thick flow of phonolite extends north for at 

least 4 km 'dhere it is terminated by cliffs at Blueskin Bay. 

Phonolite flows may have extended from the Mihiwaka centres 

northward for up to 5 km. The Flagstaff nepheline benmoreite 

flows have already been described. 

Intrusions and flows of the Saddle Hill area 

Benson & Turner (1940) described at Jeffreys Hill, Scroggs 

Hill and Hill 850, 14 km south west of Dunedin, bodies of 

mugearite or hawaiitic-mugearite which "possess a peculiar 

mode of occurrence, partly intrusive, partly extrusive". 

The mugearites apparently rose as "irregularly domed" masses 

of viscous lava, into small open vents. In places "inward 

directed radial columnar structure is clearly displayed" 

giving good evidence of the mode of growth of these bodies. 

At Scroggs Hill and Hill 850 cinder cone material is preserved 

around the bodies, and the Scroggs Hill, Jeffreys Hill, and 

Hill 850 masses are undoubtedly extrusive lava domes. A plug 

of basanite outcrops nearby at Saddle Hill. 

Structural Considerations 

Professor Benson mapped the igneous flow units as continu

ous sheet like bodies which were deposited on an originally 

smooth, peneplaned, surface. He invoked extensive deformation 

in the Dunedin district to explain the relationships of the 

various mapped units. Evidence for post-volcanic, and probably 

syn-volcanic, faulting can be readily seen along the north 

western side of the volcano where slivers of the pre-volcanic 



sedimentary basement outcrop in the middle courses of streams 

draining eastward into the Leith Valley from Flags·taff and 

Swampy summits (Benson, 1968). At least one and possibly 

two major faults occur in this area and faulting has dragged 

contacts between flows and sediments into near vertical 

attitudes. The system of faults running from the Waitati 

valley, south west across Morrison and Nicholls Creeks to 

the southern flank of Flagstaff is here termed th~ Waitati 

Fault Zone. Scarps along the south flank of Flagstaff are 

probably expressions of this fault system, concealed below 
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the Flagstaff flows. Faults parallel to the Waitati Fault 

Zone occur on either side of the Logan Point - Signal Hill 

ridge. The Dunedin Volcano lies across the eastern end of 

the Taieri graben which is fault bounded and trends roughly 

north-east south-west. Faulting within the volcanic sequence 

may be related to the faults which bound the graben and thus 

to the major fault set of this part of East Otago. Other 

faults in the Dunedin volcanic sequence can be related to 

either concealed faults in the volcanic basement or to dis-

turbances associated with the volcanism. In some areas 

Benson mapped complicated systems of faults to explain strati

graphic complications. North of Mt.Cargill, he mapped a 

complicated system of arcuat.e faults, but the stratigraphic 

complexities in this particular area are best explained in 

terms of topographic control on the distribution of lava flows. 

Lava flows are not generally extensive flat lying sheets. 

Flows seldom extend for more than a few km and they generally 

flow in a single direction, controlled by the prevailing 

topography, away from their source. During recent eruptions 

of presently active volcanoes (see Bullard, 1962) flows have 

been observed to move down topographic lows and come to rest 

as tongue-like bodies which in places may be topographically 

below material which is older. A sharp, steeply dipping 

contact between two lava flows does not necessarily represent 

a fault. Usually such situations arise where one flow meets 

a barrier formed by another. Some of the minor fauits shown 

on Benson's ( 19 6 8) map have been reinterpreted d.uring this 

study as simple flow-against-flow contacts e.g. the area north 

of Mt.Cargill in Wetherston Creek. The Dunedin Volcano was 
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active over a period of approximately 3 million years (McDougall 

& Coombs, 1973) and it is realistic to envisage: 

(i) erosion and volcanic activity operating contemporane

ously 

(ii) localized rather than general volcanic activity. 

Evidence for relief on the pre-volcanic erosion surfaces 

has been cited by Coombs et.a_-1_. (1960) who emphasize that the 

pre-volcanic surface had some relief, "possibly up to a few 

hundred feet''; a fact also recognized by ~enson (1942, p.87). 

If the pre-volcanic erosion surface was characterized by 

moderate relief then the variations in the relief of "the 

present basal surface of the volcanics does not in itself 

constitute adequate evidence of post-volcanic deformation ''in 

the Dunedin district (Coombs et.al. 1960). It seems likely 

that the Dunedin district is no more strongly deformed than 

any other part of East Otago, and, except in cases where 

intrusive igneous rocks have caused localized doming, inliers 

of Tertiary sediment are probably original topographic highs 

on the basement surface. 

Volcanic History 

The presence of basaltic and trachyte tuffs interbedded 

with Dowling Bay Limestone at Dowling Bay, and with sandstones 

at Waipuna Bay and Blanket Bay suggests that initial volcanism 

in the Port Chalmers area was submarine (Coombs et.al. 1960). 

Benson (MS) considered that the initial volcanism was 

trachytic, but recent mapping by Allen (1973) has shown that 

the trachytes are underlain in the Port Chalmers area by 

extensive basaltic lavas. Evidence for initiation of the 

volcanism in a submarine situation is the presence of pillow

like structures in basaltic lavas interbedded with sediments 

at Maori Pa Point and on the coast below Sandymount (Plate 

2.6) and tuffaceous interbeds in the marine sediments at 

Waipuna Bay. Further west along the St.Clair cliffs the 

volcanics have clearly abutted against and overtopped an 

erosion surface developed on Caversham sandstone, so although 

volcanism in the Port Chalmers area was initially marine, 

the volcano must have developed in a near shore situation and 
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probably became emergent very early in its history. 

After the initial eruptions which produced the Careys 

Bay basalts 1 a small trachytic cone was built with a centre 

in the Port Chalmers area. That this cone was emergent and 

suffering erosion is supported by the configuration of trachyte 

flows in the Port Chalmers area, where the flows appear to have 

moved down valleys in the side of the cone (Allen, 1968; see 

map with this thesis) . The formation of the initial trachytic 

cone was followed by extensive shield-building eruptions of 

flows ranging in composition from basalt through intermediate 

compositions to phonolii:e and feldspathoidal trachyte. These 

flows appear to have originated from vents along a central 

axis roughly coincident with the Otago Harbour depression. 

Apparently the last activity in this central area was the 

emplacement of the various coarse breccias which occur as 

pipes on an axis from Port Chalmers through Portobello to 

Sandymount. These breccias were grouped under the general 

name of "Port Chalmers Breccia" by Benson. Work by Allen 

(1973) indicates that the breccias occupy eruptive vents and 

were formed by gas-charged, explosive eruptions which 

thoroughly mixed material torn from the vent walls, and material 

from earlier eruptions which slumped into the vents. The 

distribution of the breccia filled vents based on Allen's 

(1968) work is shown on the map. The age of the breccia 

filled vents is difficult to ascertain and in fact the detailed 

relative ages of the various volcanics can only be inferred 

in localized situations, although relative ages can be resolved 

using K/Ar ages published by McDougall & Coombs (1973). 

After the initial central activity, eruptions in the 

volcano shifted to flanking centres and the bulk of the volcan

ics were erupted from subsidiary vents controlled by sub

volcanic fractures. Activity became fissure controlled 

rather than central and the conspicuous topographic highs of 

the western Otago Peninsular and the Flagstaff-Mihiwaka ridges 

were built. To the south vents were situated at Musselburgh 

Rise and Highcliff, where activity was terminated by the 

emplacement of phonolitic coulees or lava domes. Other 

vents were probably developed at other localities on the 



southern side of Otago Harbour. 

phonolitic domes were emplaced. 

At Dicks and Varleys Hills 
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On the northern side of Otago Harbour, centres of eruption 

existed at various points along the Flagstaff-Mihiwaka ridge. 

Notably at Flagstaff, where extensive nepheline benmoreite 

lava flows were erupted; Mt.Cargill; and Mihiwaka. The 

volcanics erupted along this northern lineament are among 

the youngest in the volcano (McDougall & Coombs, 1973). 

Activity in many of the Flagstaff-Mihiwaka vents was terminated 

with the emplacement of viscous lava·domes. 

The pattern of events suggested here for the development 

of the Dunedin volcano has been described for other alkalic 

volcanoes. On Anjouan, in the Comores Archipelago (Flower, 

1972) volcanic development occurred in three stages: 

(1) A shield building stage dominated by basaltic lavas, 

with minor.development of differentiated lavas. 1 

(2) A fissure-erupted stage which formed the peninsulas 

away from the central shield. 

(3) A rejuvenescent stage when lavas were erupted onto 

the eroded surface of the shield. 

· Le Bas (1971) recognises a similar sequence of events for 

Nyamaji Volcano in Western Kenya, and on Tenerife (Ridley, 

1972) volcanic development followed a similar pattern with an 

initial shield building stage followed by a phase of activity 

controlled by fissure eruptions. 

In the Dunedin district other eruptive centres occur at 

Swampy Summit, Signal Hill (Cotton, 1908) and west at Saddle 

Hill and Black Head. The distribution of volcanic centres 

is outlined on the map. 

It should be emphasised once again that the volcanism is 

intimately associated with block faulting in East Otago, and 

although the final movements on the faults seem to be reverse, 

earlier movements were normal and an extensional tectonic 

regime at the time of volcanism seems very likely. Faults ln 

1 Phonolites and trachytes occur in the early eruptives of the 
Dunedin Volcano 



the sub-volcanic basement would appear to have controlled the 

eruption of lat:er volcanics. It. is also tempting to regard 

the Otago Harbour depression as an extension of the Taieri 

graben. 
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PLATE 2.1: 1 Bomb Sag 1 in finely lamina t ed micaceous quartz-siltstone. 
Small cove east of Sandymount. 

(Scale = 1 metre) 

PLATE 2.2: Flow •schistosity• in phonolite. 

(Scale = 1 metre) 

Mt.Kettle phonolite dome. 



PLATE 2.3: Dicks Hi 11 phonolite drnne viewed from the north. Outcrops 
of resistant ca lcareous sa nd stone (s) are vi s ible on the ex
treme right behind the old lime kiln; sandstones dip to th e 
west (right). Soft mudstones (m) have been preferentially 
eroded between the calcareous sands and the phonolite (p). 



anoramic view of Dunedin phonolit i c dom~s from t he north. (1) Phonolite f l ow exten d ing from 
Mopanui to Blueskin Bay; (2) Mopanui phonolite dome; (3) Mihiwaka domes and fiows; (4) t-1t. 
Kettle phonolite dome; (5) Basalt plug .at Mt . Holmes; (6) Wetherston Hill phonolite dome; 
(7) Butters Peaks nepheline benmoreitedome; (8) Mt.Cargill nepheline benmoreite dome; 
(9) nepheline benmoreite and phonolite flows extending from Mt.Cargil 1 to Leith Sadd l e. 



" 

PLATE 2.5: Dunedin phonolitic domes from the south east. (1) Mt.Cargill; (2) Butters Peaks; (3) Mt. 
Zion quarry; (4) Mt.Holmes basalt plug; (5) Mt.Cutten; (6) Mt.Martin; (7) Mt.Kettle; 
(8) Mihiwaka - South Peak; (9) Mihiwaka domes. 
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PLATE 2.6: Pillow lavas of trachyandesite composition. Small cove east 
r of Sandymount. The pillow unit (P) has been intruded by a 

sill of trachyandesite (s) which consequently shows gla ssy 
margins. The pillows are set in a matrix of fine micaceous 
quartz-siltstone, and are overlain by siltstones (Ss). 

(Scale = 1 metre) 
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CHAPTER 3 

PETROGIU\PHY 

THE CLASSIFICATION OF ALKALIC ROCKS 

The theory of classification and the problems associated 

with classification in any natural system have been discussed 

in the writings of various biological taxonomists (Sokal & 

Sneath, 1963; Simpson, 1961). Simpson's (1961) definition 

of 'classification' can be modified to suit the petrological 

situation under consideration here. Classification is the 

ordering of objects into groups on the basis of their relati~E~ 

ship_§, that is, of their associ~tion by contiguity, similarity 

or both. In other words classification is based (a) on -----
resemblance or the possession of similar features and (b) on 

relationship or the possession of a common line of descent. 

The nature of the classification used depends on its 

purpose. A petrological classification should fulfill the 

following functions: 

(a) RocJ<.:s are grouped into classes 

(b) Rocks are named 

(c) Relationships by lines of descent are demonstrated 

(d) It is also useful if some indication of the degree 

of resemblance between classes and members of 

classes is given. 

Rocks are natural objects and a petrological classifica

tion should attempt to show natural relationships. Unfor

tunately, all systems lead to the arbitrary selection of 

boundaries within a natural continuum of rock compositions. 

The resemblance between rocks is indicated by their 

compositions; either mineralogical, chemical, or textural. 

Classification was initially based on texture and mineralogy 

(for example: Rosenbusch; Johannsen, 1920; Iddings, 1913). 

It is often difficult to determine the nature and abundance 

of fine-grained phases in igneous rocks; the occurrence of 

glass and metastable phases is an obvious problem. With 

the development of rapid methods of chemical analysis, and 

.. 



the resulting increase in available chemical data, the 

classification of volcanic rocks has become more chemical 

in its approach. Classification may be purely chemical 

in approach or an indirect chemical classification can be 

used such as a system based on normative mineralogy. The 
., 
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classification used here is based on the normative mineralogi-

cal compositions of the rocks, primarily because original 

definitions were made in terms of normative mineralogy. use 

of the norm and parameters calculat_ed from it has proved 

quite satisfactory in establishing a simple scheme of 

classification. 

In this thesis rocks are classified using the following 

parameters: 

(a) Differentiation Index (Thornton & Tuttle, 1960). 

DI = Or + Ab + Ne + (Q) 

(b) The composition of the norma·tive plagioclase 

(c) Normative nepheline content 

(d) Normative orthoclase content 

(see Fig. 3.1). 

The rocks are divided primarily into sodic and potassic 

classes (Coombs & Wilkinson, 1969; Irvine and Baragar, 1971). 

The sadie alkalic rocks are subdivided into basalt-hawaiite

mugearite on the basis of the normative plagioclase composition 

(Macdonald, 1960; Muir & Tilley, 1961). The boundaries 

between mugearite and benmoreite, and benmoreite and trachyte 

are drawn on the basis of differentiation index (Tilley & 

Muir, 1964). The definition of benmoreite has been modified 

from Tilley & Muir (1964) with the upper limit for benmoreite 

set at DI = 80 rather than 75 as this provides a more useful 

class. The prefix "nepheline" is added when normative 

nepheline in the rock exceeds an arbitrary limit. 

The distinction between sadie and potassic classes is 

made on normative orthoclase content rather than K/Na ratio 

(Macdonald & Katsura, 1964). The boundary is arbitrarily 

selected and has been established in terms of present day 

usage of the rock names (Tilley & Muir, 1964; Baker et.al., 

1964; LeMaitre, 1962; LeMaitre & Gass, 1963). None of the 

Dunedin rocks are sufficiently potassic to be placed in the 
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"potassic series" and the term "moderately potassic" is applied 

here, as suggested by Coombs & Wilkinson (1969). The 

potassic series may be divided into K-basalt (with normative 

labradorite), trachyandesite (with normative andesine), 

tristanite (with DI 65-80) and trachyte or K-trachyte (with 

DI> 8 0) . The term "t.rachybasal t" has been discarded because 

of apparent confusion relating to the term; in particular 

its application to rocks which are not basaltic in composition 

(Baker, et.al., 1964; Smith & Carmichael, 1969). 

A purely chemical classification has been avoided because 

of certain problems involved. Primarily there is the problem 

of trying to consider 10 or 11 variables simultaneously. 

Alternatively one can "weight" certain parameters. For 

example LeMaitre (1962) used a system of classification 

based ori Sio2 and total alkali element content (Na
2
o + K

2
0) 

when considering alkalic rocks from Gough Island. Weighting 

of this nature is purely subjective and arbitrary. 

Professor A.J.R. White (pers.comm.) has suggested that 

"type" rocks for each rock class be established and other 

rocks be compared and named by reference to the type specimen. 

The immediate problem is to select type specimens. Manson's 

(1967) statistical examination of the term "basalt" shows the 

difficulties involved in defining rock names on the basis of 

their present day usage. It is probably more desirable to 

select a 'typical' natural example as the type example, 

rather than use a calculated average composition. The "type 

specimens" scheme of classification does not eliminate the 

problem of considering 10 or 11 variables simultaneously. 

Comparison between type specimens and unknowns can be 

statistically based (LeMaitre, 1968). One could set up an 

hBirarchy of type rocks and by the methods of cluster analysis 

(Rhodes, 1969b; Sokal & Rohlf, 1969, Ch.l2) establish a 

distance function between unknown and type rocks in n-dimension

al space. The unknown would then be classified according 

to which type rock it most closely resembles. The distance 

function obtained from the cluster analysis would give an 

absolute measurement of the closeness of resemblence between 

type sample and unknown. The problem of non-weighting is 



29 

difficult to assess. Certain variables will naturally affect 

the class into which a sample falls more than others, because 

they will vary more (e.g. Si0
2 

and alkalis will vary more than 

say P 2o5 which is in low concentration). The internal 

consistency of rock names applied in this study has been 

checked by cluster analysis (see Appendix A) and it is 

suggested that a statistical assessment of rock nomenclature 

should be routine for petrological problems when suitable 

data are available. The scheme here is intended for appli-

cation to alkalic rocks from the East Otago province and may 

not have ubiquitous application. It is designed to follow· 

current usage and established definitions as much as possible, 

and l• c• 
.:> essentially that proposed by Coombs & Wilkinson (1969). 

A final note should be made here regarding use of the term 

"intermediate''. Throughout this thesis it is used in appli

cation to all rocks with Sio
2 

in the range 52-66%, excluding 

the pho~olites, nepheline-benmoreites, benmoreites, and 

trachytes. It is felt that this usage of the term in the 

present context enables simplified discussion of the various 

rock types. 

RELATIVE ABUNDANCES OF ROCK TYPES 

Professor Benson's estimates of relative volumes of magma 

types were published by Coombs (1965) . 

estimates were made in two ways: 

For this study, 

(i) An estimate of volumes based on area of outcrop by 

point counting using a grid drawn on a large scale 

geological map (Benson's 1968 map). 

(ii) An estimate based on examination of seacliff and 

other sections within the volcano. Marshall's 

(1914) published data, and unpublished data from 

Johnstone (1972), Badger (1972), Reynolds (1972), 

Thomlinson (1962), and Craw (1973) were useful in 

providing documented sections. 

At least three factors are likely to bias the estimates 

of relative volumes: 

(i) Pyroclastic material within the volcano has very 



poor outcrop and has probably been preferentially 

eroded. Most pyroclastic material examined in 

outcrop appears t:o be basal tic in composition, so 

the estimates of volume for basalt are probably 

too low. 
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(ii) The younger rocks have been erupted over the earlier 

rocks so that a large area of older material is not 

(iii) 

available for examination. The total volume 

estimates are weighted by the estima·tes of volumes 

making up the final phases of activity. 

Many in termedia ·te rock ·types (hawaiites and mugear-

ites) are indistinguishable in hand specimen from 

basalt and the. estimate of their relative abundance 

may be low. 

Estimates of relative volumes of rock types by Benson 

(Coombs, 1965) and estimates made during this study are 

presented in Table 3.1. Relative volumes are depicted 

diagrammatically in Fig. 3.2. 

Some general observations can be made regarding relative 

volumes of rock types: 

(i) Basaltic rocks predominate in all phases of the 

volcano's history. 

(ii) 

(iii) 

(iv) 

(v) 

Quartz-normative trachyte is restricted to the 

initial activity. 

"Kaiwekite" is restricted to the early activity. 

Intermediate rock compositions reach a maximum 

relative abundance in the middle phase of the 

activity, as do the benmoreites. 

Phonolite and nepheline benmoreite increase in 

abundance relative to other rock types as activity 

continues, reaching a maximum importance during the 

concluding activity. 

Although there is a "Daly Gap" in the frequency distribu

tion of rock types, with intermediate rocks being relatively 

rare compared with basaltic and phonolitic rocks, it is not 

as marked as in some other alkalic provinces, for example 

the African Rift System (Wright,l965; McCall & Hornung, 1972). 
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The significance of the "Daly Gap" will be considered in more 

detail in Chapter 5. 

TABLE 3.1: Estimated relative volumes of rock types making up 
the Dunedin Volcano. Relative volumes are ex
pressed as percentages of the total volume, and 
the Port Chalmers Breccia and quartz normative 
trachytes are excluded. 

ROCK TYPE PHASE I PI-lASE 

A. BENSON'S ESTIMATES (Coombs, 1965) 1 

Basal-t 95.1 81.3 

Intermediate 1.3 7.5 

·Phonolite 1.2 10.0 

Nepheline Benmoreite 

Kaiwekite 2.3 

Other alkalic rocks 0.1 0.2 

B. ESTIMATES BASED ON AREA OF OUTCROP 

Basalt 

Intermediate 

Phonolite 

Nepheline Benmoreite 

Kaiwekite 

C. ESTIMATES BASED ON CROSS SECTIONS 

Basalt 

Intermediate 

Phonolite 

Nepheline Benmoreite 

·Kaiwekite 

II PHASE III 

62.2 

19.0 

18.4 

0.4 

TO'l'AL 

84.6 

3.2 

7.5 

3.3 

1.0 

0.4 

54 

9 

29 

6 

2 

58 

13 

21 

2 

6 

1 An attempt has been made to group rock types according to 
nomenclature used in this study. 

PETROGRAPHIC SUMMARY 

Basanite 

Titaniferous-augite and olivine (Fo 7o-so) occur as pheno
crysts in a groundmass of plagioclase (An 60 _ 65), titaniferous
augite, minor olivine (Fo7o), titaniferous magnetite (Mt3sUspss), 
and interstitial nepheline. In some cases (30430) minor orange 
biotite (a = pale yellow, S = y = orange) occurs in the ground
mass. 
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In the outlying basanitic volcanic centres of East Otago 
lherzolite nodules commonly occur, but apart from the Saddle 
Hill, Black Head and East Taieri basanites which contain small 
lherzolite nodules, no occurrences are known in basanites 
within the Dunedin area. In a basanite outcropping along the 
southern shore of Purakanui Inlet there is contained an 
extensive suite of syenitic and hornblende-pyroxene-feldspar 
xenoliths. Olivine and clinopyroxene 'megacrysts' occur 
within basanites at Saddle Hill, Black Head, and at other 
basanitic centres throughout East Otago. 

Basalt 

Phenocrysts of olivine (Fo 80 ) and titaniferous-augite in 
some cases compose up to 50% of the rock. Plagioclase 
(An so- 60 ) may be abundant as a phenocryst phase. The ground

mass is composed of plagioclase (An 5o-60 ) , ti taniferous
augite, titanomagnetite (Mt25 Usp75 ), minor alkali feldspar 
and nepheline with, occasionally, interstitial brown glass. 
Zeolites (analcime, natrolite, phillipsite, and chabazite) 
occur as vesicle fillings and as patches in the groundmass. 

In the Dunedin area, basalts at Swampy Summit: contain 
lherzolite nodules as do many basaltic centres in the peri
pheral East Otago alkalic province. 

Hawaiite and Hawaiitic-mugearite 

These are often moderately coarse grained and may contain 
phenocrysts of olivine, titaniferous augite and calcic 
plagioclase (An 40 _ 50 ) in a groundmass of plagioclase (An 15 _4 0), 

titaniferous-augite, olivine (Fo4 o), titaniferous-magnetite 
(M~ 5 Usp75 ), and interstitial alkali feldspar. Apatite is 
common and aegirine-augite occurs as an occasional reaction 
rim on titaniferous augite. Aenigmatite was noted in the 
groundmass of the Scroggs Hill hawaiitic-mugearite (30426). 

Nepheline Hawaiite 

Phenocrysts of titaniferous-augite, usually rimmed with 
pale-green aegirine-augite; kaersutite, which occurs as 
seive-textured .grains rimmed with opaque oxide; plagioclase 
(An 40-so), and alkali feldspar, set in a groundmass of pale
green clinopyroxene, plagioclase (An 40 _ 45), alkali feldspar 
and nepheline. Titaniferous magnetite and apatite are common, 
and minor aenigmatite and orange biotite may be present. 

At Pulling Point, within a nepheline hawaiite, there is 
an abundance of small (1-2 em in diameter), coarse-grained, 
basic xenoliths which are composed of titaniferous-augite, 
plagioclase, altered olivine, apatite, and kaersutite. 
Kaersutite shows strong reaction to aenigmatite and opaque 
oxide. 



A typical tra.chyandesite is composed of phenocrysts of 
plagioclase (lm 25 ) titaniferous-·augite, olivine, .and apat.ite 
in a groundmass of pale-green clinopyroxene, alkali feld
spar (Or lf 5) and ti taniferous-magneti te. Kaersuti te is a 
common phenocryst phase in trachyandesites and occurs as 
ragged resorbed crystals wi i.:h embayed margins and thick 
reaction rims of opaque oxide and clinopyroxene. 

r.rhe "kaiwek.i te", which out.crops along the coast from 
North Head to Long Beach, and along the eastern side of the 
northern end of the Peninsula, is classified chemically as 
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a trachyandesite although the chemistry is remarkably 
variable; some analyzed samples are benmoreite in composi
tion. The variation between analyzed samples probably 
results from the difficulties involved in obtaining a 
representative sample. The kaiwekite is a strongly-porphyri
tic, medium-grained rock rich in large phenocrysts of 
kaersutite (up to Scm), anorthoclase (up to 3cm), plagioclase, 
and titani.ferous augite. Coarse grained xenoliths are common 
and these are generally composed of anorthoclase, plagioclase 
(An 40), kaersutite, and titaniferous-augite in varying 
proportions. Also present within the xenoliths are apatite, 
and titaniferous-magnetite. The groundmass of the kaiwekite 
is composed of alkali feldspar, green to colourless clino
pyroxene, titaniferous-magnetite, and minor aegirine-augite 
and brown biotite (a = colourless to pale yellow, B = y ~ 

dark brown). 

Nepheline trachyandesite 

Phenocrysts of kaersutite, plagioclase (An ) and • • , 45-55 I 

t1tan1f~rous aug1te are abundal!-t and the groundmass is composed 
of plagloclase (An30 _ 40 ), alkall feldspar, pale-green clino
pyro~ene~ nepheline and titaniferous magnetite (Mt 45 usp 55 ). 
Apat1te lS commonly associated with the phenocrysts. 

· Some of the nepheline trachyandesites (e.g. 30429 from 
North.Head) .contain small (l-2cm in diameter) coarse grained 
xenol1ths w1th are composed of kaersutite, titaniferous
augite,,plagio~lase, apatite and titaniferous-magnetite in 
proport1ons wh1ch vary between xenoliths. 

Benmoreite 

The.benmoreites are even textured aphyric rocks composed 
of.alkall feldspar, pale-green aegirine-augite, and opaque 
ox1des. Porphrrit~c varietie~ are characterized by the 
occurrence of t1tan1ferous-aug1te phenocrysts which are 
usually rimmed with pale green aegirine augite. Olivine 
and plagioclase (An 10 _ 50 ) phenocrysts are also present. 
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~epheline benmoreite 

This term is used for strongly feldspathoidal rocks with 
differentiation index in the range 65-80 and includes rocks 
termed "mafic phonolite" and "trachydolerite" by earlier 
workers. The nepheline benmoreites are strongly porphyritic, 
with abundant phenocrysts of clinopyroxene, olivine (Fo 70 _80 ), 
kaersuti t.e, plagioclase (An 3s-4o) and apatite. Kaersuti te 
phenocrysts are commonly corroded with thick reaction rims of 
aegirine, titaniferous-magnetite and nepheline and many are 
pseudomorphed by aggregates of these minerals. Titaniferous
augi te phenocrysts are commonly rimmed wi·th aegirine. 
Nepheline and sodalite phenocrysts are rare. The groundmass 
of a typical nepheline benmoreite is composed of alkali feld
spar (Or 40 ), pale-green aegirine-augite, titaniferous
magnetite (M~ 5 Usp 55), nepheline, and aenigmatite. 

Cognate xenoliths composed of alkali feldspar, plagio-
clase (An l.j 0_50 ), kaersuti te, clinopyroxene, apatite, opaque 
oxides, and rare olivine, occur in the nepheline benmoreites. 
Such inclusions range in size from less than 2mm up to 3cm 
in maximum dimension. 

Quartz normative trachyte and trachyandesite 

Included in this group are the "initial phase trachytes" 
of Benson and the Bell Hill trachyandesite. These are 
light coloured rocks composed of alkali feldspar (An2_6 , Ab 55 _75 , 
Or43 _20 ), aegirine, aenigmatite, arfvedsonite, fayalite, quartz 
and titaniferous~magnetite. 

The quartz normative trachyte contains phenocrysts of 
alkali feldspar (An 6Ab7 5 Or19), aegirine augite, and fayalitic 
olivine (Fo 8). 

The Bell Hill trachyandesite has a lower differentiation 
index than the trachyte and consequently is more mafic. 
The feldspar is more calcic, and the rock contains phenocrysts 
of plagioclase (An 45 ) and titaniferous-augite. A feature 
of the Bell Hill trachyandesite is feldspathic segregation 
veins containing alkali feldspar, aegirine, aenigmatite, 
arfvedsonite and titaniferous magnetite. Marshall's thin 
section collection 1 contains samples of the Bell Hill trachy
andesite containing (?)perovskite (Reay et.al., in prep.). 

Feldspathoidal trachyte 

Rocks which are intermediate between benmoreite, phono
lite and trachyte have been termed "feldspathoidal trachyte''. 
They have differentiation index greater than 80, and contain 
normative nepheline which does not exceed 10%. The feld
spathoidal trachytes are composed of alkali feldspar, aegirine, 

1 Housed in the Geology Department, University of Otago. 



titaniferous magnetite, and nepheline. 

Phonolite 

These are essentially alkali feldspar (Or 40), nepheline, 
aegirine, ti. taniferous-rnagnet:i te rocks. Important phases 
which may be present are aenigrnatite, fayalite (Fo 2 ), soda
lite, and analcime. The common phenocryst phase is alkali 
feldspar (Or3o). Other phenocryst phases which may be 
present include titaniferous-augite, kaersutite (showing 
strong reaction with the host), olivine (Fo 35), apatite, 
sodalite, nepheline, and rare intermediate plagioclase 
(An 1 o-4o). Ti taniferous-augi te phenocrysts and olivine 
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phenocrysts usually have reaction rims of pale-green aegirine-
augite, and plagioclase is rimmed with alkali feldspar. In 
one altered aenigrnatite-phonolite (30660) phenocrysts of 
kaersutite have reacted to form blue arfvedsonite-ecker
rnanni t.e amphibole. 

Coarse-grained xenoliths composed of kaersutite, alkali 
feldspar, sadie-plagioclase, clinopyroxene, opaque oxides 
and apatite are common in phonolites. Varieties range 
between kaersutite dominant and feldspar dominant end 
members. 

The Port Chalmers Breccia 

The various breccias included under this name are hetero
geneous in both composition and size of the fragments they 
contain. Fragments range in size from a few mrn up to several 
metres in maximum dimension. In general the fragments are 
angular but blocks may be moderately rounded; rounding 
seemingly is a function of induration of the fragment or block, 
for example sandstone fragments are often rounded while hard 
phonolitic blocks are usually angular. The breccias are 
poorly sorted with large blocks embedded in a fine to moderate
ly coarse fragmentary matrix cemented with carbonate. The 
carbonate cement can constitute up to 20% of ~orne of the fine 
breccias. Carbonate veins are ubiquitous transecting out
crops of the breccias. The breccias are composed of fragments 
which can be grouped into three classes: 

(i) Volcanic material 

(ii) Coarse-grained rock fragments 

(iii) Schist and sediment fragments 

(i) Volcanic material: The most abundant rock types found 
in the breccias are phonolite and feldspathoidal trachyte 
(Allen, 1968). Other volcanic fragments include basalt 
(both normal olivine basalts and picritic varieties), 
nepheline benmoreite, and intermediate rock types. 

A block of phonolite (30448) collected near the Port 
Chalmers Export Wharf by Dr A. Reay was found associated with 



the only peridotitic nodule (30448A) found in the Port 
Chalmers Breccias. The occurrence is discussed further 
in the next sub-section. 

(ii) The petrology of various coarse grained rock fragments 
from the Port Chalmers Breccias has been discussed in detail 
by Allen (1968). 

Coarse grained rock types found in the Port Chalmers 
Breccias can be divided into the following classes: 

(a) Lamprophyres: (i) camptonite (kaersutite-alkali 
feldspar-clinopyroxene with 
sadie-plagioclase, aegirine, 
analcime and nepheline) 
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(ii) kersantite (biotite, green am
phibole, colourless clinopyroxene, 
pale-yellow fayalitic olivine, 
oligoclase, alkali feldspar, and 
rare analcime) 

(b) Feldspar-hornblende-clinopyroxene inclusions: 

Xenoliths 

(i) Nepheline syenite (perthitic 
feldspar, green hornblende, 
brown biotite, colourless 
clinopyroxene, nepheline, soda
lite, fine interstitial aegirine, 
opaque oxides, and analcime; 
also rare eudialyte) 

(ii) Kaersutite dominated rock types 
(kaersutite, with varying pro
portions of clinopyroxene, 
alkali feldspar, plagioclase, 
opaque oxide) 

(1) Accidental xenoliths: Inclusions grouped under this 
heading are those which have derived from the basement rocks 
and have become accidentally included in the host lava. 
Xenoliths of Haast Schist material are the most common 
accidental inclusions. They are common in both the Dunedin 
volcanics and in the peripheral volcanics of East Otago. 
Schist xenoliths are usually small in size and rarely 
exceed Scm in maximum dimension, although exceptionally large 
schist blocks (up to 20cm in maximum dimension) occur in the 
Port Chalmers breccia-filled vents. Inclusions of schist 
are often rimmed and penetrated by green glass formed by 
partial fusion. Sedimentary xenoliths derived from the 
Cretaceous-Tertiary material underlying the volcano are rare. 

(2) Cognate xenoliths: Grouped under this heading are all 
igneous xenoliths which have apparently become included in 
the host rock in the sub-volcanic system. Cognate xenoliths 



are ubiquitous in the Dunedin Volcanics. Mineralogically 
they are composed of feldspar, clinopyroxene and amphibole, 
in varying proportions, with varying amounts of nepheline, 
olivine, opaque oxides and apatite. All mineralogical 
variations between near pure feldspar, clinopyroxene and 
amphibole end members occur. Typical examples are given 
here. 
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(a) Syenite (29990): Syenite xenoliths occur in host 
rocks varying from basalt to trachyte. A typical syenite 
xenolith is composed of granular alkali feldspar, nepheline, 
green clinopyroxene, and opaque oxide. Texturally the 
syenites are medium-grained, (l-2nun) even-textured rocks. 
Compositionally they are dominated by alkali feldspar (micro
cline) and nepheline. Green clinopyroxene is common and 
apatite, opaque oxide and zircon are typical accessory phases. 

(b) Clinopyroxenites: Clinopyroxene dominated xeno
liths occur in basalt or basanite hosts. Typically the 
dominant phase is purple titaniferous augite. Apatite and 
opaque oxides are commonly present and olivine may be present. 
The minor phases often occur as granules poikilitically 
enclosed in clinopyroxene grains. Texturally the rocks 
appear to be cwnulates modified by adcumulus growth. One 
rather unusual clinopyroxene-apatite-opaque oxide xenolith 
with 20-30% apatite in the mode was noted in a basanite at 
Purakanui (OU29989). 

(c) Amphibole-feldspar xenoliths in the "kaiwekite": 

(d) Kaersutite-plagioclase-clinopyroxene olivine 
xenoliths: These are common in the feldspathoidal intermedi
ate rocks e.g. nepheline hawaiite and nepheline benmoreite. 
The Pulling Point nepheline hawaiite contains xenoliths of 
this type. 

(e) 
lites: 

Kaersutite-alkali feldspar xenoliths in the phono-

(f) Feldspar xenoliths in trachyte and phonolite: 
Xenoliths composed of alkali feldspar plates are very common 
in trachytes and phonolites. In general they consist of 
loose aggregates of large (up to 2cm) alkali feldspar 
phenocrysts often with spectacular stellate configurations. 

(g) Microcrystalline cognate xenoliths: A common feature 
of many of the volcanics is the presence of fine grained 
fragments which appear to be similar in mineralogy to the 
host. These are probably chilled portions of the magma 
from which the host rock has formed. 

(3) Microxenoliths: Glomeroporphyritic aggregates of pheno
cryst phases are very common in the Dunedin Volcanics. 
They are generally composed of combinations of the phases 
plagioclase, alkali feldspar, clinopyroxene, olivine, and 
kaersutite. Examples are illustrated in Plates 3.1, 3.2, 
3.3. These glomeroporphyritic aggregates may be regarded 
as micro-xenoliths similar to the xenoliths described above. 



(4) High pressure xenoliths (Plate 3.4): Lherzolite 
nodules occur in volcanics from many centres in East Otago 
(see Table 3.2). The nodules vary in size from a few mm 
up to 20-30cm and the dominant mineral assemblage is 
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magnesi urn ali vine--aluminous clinopyroxene-orthopyroxene
chrome spinel, indicating an origin at high pressure (Green & 
Hibberson, 1970). Lherzolite nodules are relatively rare 
in the Dunedin district. They occur at Saddle Hill, East 
Taieri, Black Head and below Swampy Summit, in basaltic and 
basanitic hosts. One small, highly-weathered olivine 
nodule was collected from the Port Chalmers breccia pipe. 
The nodule was associated with a phonolite block, and is 
composed of olivine-clinopyroxene--orthopyroxene-chrome spinel. 
In general lherzolite nodules occur in basaltic or basanitic 
hosts. An exception is a lherzolite-nodule bearing 'mafic 
phonolite' intrusion which occurs in the Waihemo Valley, 
North Otago (Wright, 1966; Price & Green, 1972). 
Attention will be given to this occurrence in a later 
chapter. 

(5) Megacrysts: Large rounded phenocrysts, showing a reac
tion relationship with their host, and generally referred to 
as xenocrysts, mega-phenocrysts, or megacrysts occur in 
alkalic lavas throughout East Otago. Megacrysts are usually 
large, single crystals, lacking well developed cleavage, 
with rounded and corroded margins, and a reaction rim along 
the contact with the host (Plate 3.4). Megacrysts may be 
derived by two possible processes: 

(i) They may be accidental inclusions derived at 
depth and included in the host during emplacement 
or movement towards the surface. 

(ii) They may be cognate crystals grown from the host 
under conditions differing from those prevailing 
during extrusion. 

Megacrysts of olivine and clinopyroxene occur in many 
East Otago basalts and basanites, and small (up to 2mm) 
examples occur within lavas of the Dunedin Volcano. Mega
crysts of kaersutite and anorthoclase occur in many of the 
alkalic rocks of the Dunedin Volcano and the peripheral 
centres; for example: the kaiwekite, and smaller examples 
in phonolites, nepheline-benmoreites, nepheline-hawaiites, 
and nepheline-trachyandesites. Orthopyroxene megacrysts 
are very rare and can usually be attributed to the break up 
of lherzolite nodules (e.g. in the mafic nepheline benmoreite 
from Trig L., Pigroot). 

Megacrysts occur in many alkalic centres throughout the 
world (e.g. Victorian 'Newer Volcanics', Irving, 1971; New 
South Wales, Binns et.al., 1970; Nigeria, Wright, 1970). 
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TABLE 3.2: Lherzolite nodule occurrences in East Otago 
alkalic rocks 

LOCALITY ROCK TYPE COGNATE 
XENOLITHS 

---------·------
MEGACH.YS'rS GENERAL 

LOCALITY 
---------------------·----------

Black Cap 

Scout Hill 

.Mt.Dasher 

Siberia Hill 

Kattothryst 

'l'rig L. (Pig
root) 

Awareo Complex 

Basanite 

Basanite 

Basanite 

Basanite 

Basanite 

Mafic 
phonolite 

Basanite 

Wilkinsons Hill Basanite 

The Crater Basanite 

Slip Hill Basanite 

Foulden Hill 

The Hummock 

Yellow Hill 

Ram Rock 

Stoney Hill 

Mt.Pleasant 

Swampy 

East Taieri 

Saddle Hill 

Black Head 

Otakaia Hill 

Waihola Hill 

Basanite 

Basanite 

Basanite 

Basanite 

Basalt 

Basalt 

Basalt 

Basanite 

Basanite 

Basanite 

Basanite 

Basanite 

X X 

X 

x ··x 

X 

X 

X 

X 

X 

X 

X X X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X X X 

X X X X 

X X 

X X X X 

X 

X 

X 

X 

X 

X 

X X X 

North of 
Wa.ihemo 
Fault 

Strath
Taieri 
Depres
sion and 
adjacent 
areas 

Mt.Stoker 
and 
Scratch-
back 
Hill 

East Otago 
coastal 
area N. of 
Dunedin 

Dunedin 
and Taieri 
Graben 



PLATE 3.1: Microxenolithic aggregate of titaniferous augite (Cp), olivine 
(0), apatite (Ap) and titanomagnetite in nepheline benmoreite 
(30449). Note reaction rim of fine aegirine -augite needles 
on augite and olivine. 

Scm= 0.78mm. 

PLATE 3.2: Microxenolithic aggregate of apatite (Ap) and titanomagnetite 
in trachyandesite (30421). 

Scm = 0.27mm. 



PLATE 3.3: Small xenolithic aggregate of plagioclase (P), alkali feldspar 
(A), clinopyroxene (Cp), titanomagnetite (Mt), and kaersutite 
(K) in nepheline benmoreite (30lf37). Polarizers crossed. 

Scm= 0.78mm. 



PLATE 3.4: Olivine nodules and megacryst from East Otago. A. Lherzolite 
nodule from basalt (larger nodule). Mt.Dasher, North Otago 
0Ull366.Smaller nodule is lherzolite from basalt at Scout Hill, 
North Otago OU24219. (Larger nodule is 12cm in length) 
B. Lherzolite nodule in b~salt from Kattothrys t, North Otago 
0Ull352. C. Small lherzolite nodule in •mafic phonolite• from 
Trig. L, Pigroot. D. Clinopyroxene megacrys t in basanite from 
Foulden Hills Station, near Middlemarch 0Ul8557. E. Small 
olivine nodule in basalt from Swampy Summit section. F. 01 ivine 
nodules in basanite from base of Waihola Sill . 



CHAPTER 4 

CHEMISTRY OF THE MINERALS 

The work described in this chapter is an att.empt to 

determine generalized mineral fractionation trends for the 

Dunedin Volcanics. Samples covering a range of composi-

tion from basalt and basanite to phonolite were selected 
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and mineral phases were analyzed using the electron micro

probe. Feldspars and pyroxenes were analyzed to determine 

fractionation trends in those two mineral groups and 

titaniferous magnetites were examined for homogeneity and 

analyzed as they provide an indication of oxygen fugacity 

conditions during crystallization. The feldspar and 

nepheline compositions provide a means of estimating 

crystallization temperatures. Since this st.udy is particu

larly concerned with the origin of the phonolites the 

mineralogy of phonolites and nepheline benmoreites was 

examined in greater depth than that of the less evolved rocks. 

Also incorporated in this chapter is a study of the major 

and trace element geochemistry of kaersutitic amphibole. 

ANALYTICAL METHODS 

Analyses were made with a JEOL JXA-5A electron probe 

X-ray ~icroanalyzer using an accelerating voltage of 15 kv, 

a specimen current of about 0.03 ~A, and an electron beam 

diameter of 1 - 2 ~m. Between five and ten countings of 

10 second integration time were averaged for a single complete 

or partial analysis. The correction procedure is that of 

Bence & Albee (1968) with correction factors given by Kushiro & 

Nakamura (1970). The procedure has been briefly described 

by Nakamura & Kushiro (1970). Standard materials used are 

listed in Table 4.1. 



TABLE 4.1: Standard Materials. 

ELEMEN'l' 

Na 

K 

Fe 

Mn 

Mg 

Al 
s. 1 l 

Ca 

Ti 

STANDARD MATERIAL 

albite 

adularia 

hema'tite 

Manganosite 

Periclase 

corundum 

quartz 

wollastonite~ 
rutile ) 

SOURCE 

Amelia 

Gotthard 

Sennin Mine 

Nodatamagawa 
Mine 

synthetic 

1 For some samples wollastonite was used as the Si standard. 

With the exception of kaersutite from the "kaiwekite" 

all phases were analyzed using the method described above. 

Kaersutite was separated and purified using isodynamic 

separation and heavy liquids. Analyses were carried out 

using the procedure described in Chapter 5. 

OLIVINE 

Olivine occurs as a phenocryst phase in Dunedin lavas 

ranging in composition from basalt and basanite to trachyte 

and phonolite. In the more evolved rocks (trachyandesite, 

benmoreite, phonolite) olivine phenocrysts are rimmed with 

reaction coronas of aegirine or aegirine-augite (Plate 4.1). 

Olivine phenocrysts are invariably zoned with more fayalitic 

rims and in the quartz normative trachyte occasional homo-

geneous fayalitic phenocrysts occur. Partial analyses of 
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olivine from Dunedin lavas are presented in Table 4.2 and an 

analysis of a fayalite phenocryst in quartz normative trachyte 

is given in Table 4.3. 

The most magnesium rich phenocrysts occur in the basalts 

and basanites (Fo 80 in core, Fo 70 in rims), and there is an 

increase in the amount of iron in olivine phenocrysts through 

to the phonolites (Fo
35

). Analyzed olivine phenocrysts in 

nepheline benmoreites from Mt.Cargill and Mt.Mopanui (30449, 
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'l'ABLE 4 • 2 : Partial analyses of olivines. 

1 1A 2 2A 2B 3 3A 
-----

FeO 19.20 20.44 18.34 23.86 27.01 18.25 25.94 

MgO 44.04 42.28 42.64 38.00 34.48 42.34 35.56 

Fo 80.35 78.66 80.56 73.95 69.47 80.53 70.96 

Fa 19.65 21.34 19.44 26.05 30.53 19.47 29.04 

3B 4 5 6 6A 6B 7 

FeO 26.02 50.47 39.98 8.91 30.05 35.90 18.45 

MgO 35.51 13.39 23.51 50.64 32.21 26.62 44.11 

Fo 70.87 32.12 51.18 91.02 65.64 56.93 80.99 

Fa 29.13 67.88 48.82 8.98 34.36 43.07 19.01 

7A 8 8A 9 10 

FeO 28.53 21.70 32.10 49.84 61.22 

MgO 37.81 39.39 30.04 15.10 0.60 

Fo 70.26 76.39 62.52 35.06 1.70 

Fa 29.74 23.61 37.48 64.94 98.30 



!'J.:!'CJ2..lanation of Table· 4. 2: Partial analyses of olivine. 

1 Phenocryst core 
li\ Phenocryst rim 

2 Phenocryst core 
2A Phenocryst rim 
2B Groundmass 

3 Phenocryst.core 
3A Phenocryst rim 
3B Groundmass 

olivine from basalt (30433), Swampy Summit 
section. 

olivine from basanite (30430), Saddle Hill. 

olivine from basanite (30442) 1 Black Head. 

4 Groundmass olivine from nepheline trachyandesite (30429), North 
Head. 

5 Groundmass olivine from hawaii tic-mugearite ( 30426) 1 Scroggs Hill. 

6 Phenocryst core 
6A Phenocryst rim olivine from 'mafic phonolite' (30424) 1 Trig. 

6B Groundmass 
Pigroot, North Otago. 

7 Phenocryst core olivine from nepheline benmoreite (30449), 
7A Phenocryst rim Mt.Cargill. 

8 Phenocryst core olivine from nepheline benmoreite (30437)' 
SA Phenocryst rim Mt.Mopanui. 

9 Olivine phenocryst from phonolite (30438) ' Mihiwaka South. 

10. Groundmass olivine from phonolite (30428) , Mt.Cutten quarry. 
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30437 - columns 7 and 8 respectively in Table 4.2) are 

exceptionally forsteritic which may imply that they are 

xenocrystic. 

'l,ABLE 4. 3: Analysis of fay ali te phenocryst in quart.z 
normative trachyte (22464). 

Si02 30.43 

Ti0
2 0.02 

Al 2o
3 

F'eO 62.56 

MnO 3.15 

MgO 3.40 

CaO 0.65 

Na2o 0.02 

K20 

100.23 

Structural formula on basis of 4 oxygens 

Si 

Al 

Ti 

Fe 

Mn 

Mg 

Ca 

Na 

K 

Fe
2
sio

4 
Mg

2
sio

4 
Mn2Sio 4 
Ca 2sio 4 

l. 000 

1.720 

0.088 

0.167 

0.023 

0.001 

86.0% 

8.4% 

4.4% 

1.2% 

Olivine occurs as a groundmass phase in compositions 

from basalt to hawaiitic mugearite, and basanite through 

nepheline trachyandesite to some of the more mafic nepheline 

benmoreites. From the basaltic compositions to the more 

evolved intermediate rock types there is an increase in the 
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iron content of the groundmass olivine relative to magnesium 

(Fo 70 in a basanite to Fo 30 in a nepheline trachyandesite). 

Fayalitic olivine is a groundmass phase in the more 

highly evolved phonolites, and in the quartz normative 

trachytes. The most fayalitic groundmass olivine observed 

elsewhere in the Duriedin lavas is contained in a nepheline 

trachyandesite (column 4, Table 4.2) and has about 68% 

fayalite in the molecule. In contrast the groundmass 

fayalites of one of the phonolites has a composition of Fa
98 

(Column 10, Table 4.2). The development of fayalitic 

olivine in highly evolved rocks is a feature of tholeiitic 

intrusive complexes, members of which are undoubtedly related 

by crystal fractionation (e.g. Skaergaard, Wager & Brown, 

1968; Red Hills, Tasmania, McDougall, 1962; Bushveld, 

Atkins, 1969). Fayalite in Dunedin lavas is associated with 

aegirine and aenigmatite. 

CLINOPYROXENE 
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Clinopyroxene is ubiquitous in the Dunedin lavas, occur

ring in rock compositions ranging from basalt and basanite to 

trachyte and phonolite. Muir & Tilley (1961) analyzed 

clinopyroxenes frorn the Jeffreys Hill and Scroggs Hill 

mugearites and their analyses have been included in the 

Tables, along with the microprobe analyses. Figs. 4.1 and 

4.2 illustrate the variation in clinopyroxene composition, 

within single rocks, in terms of diopside-hedenbergite-acmite. 

Analyses are presented in Tables 4.4 A & B. 

From the core to the rim of clinopyroxene phenocrysts 

there is an increase in hedenbergite component relative to 

diopside, although this generalized trend is invariably 

complicated by sector and oscillatory zoning within individual 

phenocrysts. Among the more eyolved rocks the clinopyroxenes 

have rims enriched in acmite component (Plate 4.1). 

From the basaltic through to the intermediate rocks there 

is a tendency for the clinopyroxenes to become more enriched 

in hedenbergite and acmite components i.e. they become more 

iron rich and more sodic while showing complimentary depletions 
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TABLE 4.4A: ·t1inopyroxene analyses (electron microprobe) 

Si02 
Ti02 
A1 2o3 
FeD 

MnO 
MgO 

CaO 

Na2o 
~0 

1A 18 

46.33 45.10 50.81 
3.09 3.19 1. 73 

.8.91 9.61 5.72 

7.90 Jl.OO 6.68 

O.Hl 0.12 D.ll 
12.34 12.22 13.98 

22 0 53 22.51 21.97 

0.58 0.62 U.65 

0.03 O.U2 

2A 3 3A 

46.54 50.10 47.91 47.60 
2.56 0.43 2.51 3.16 

6.74 1.93 7.39 7.31 

7.a5 15.48 6.26 7.03 

0.13 0.59 0.04 0.13 
12.71 Jl.22 13.06 12.08 

22.51 21.39 22.73 22;50 

0.48 1."32 0.46 0.70 

0.01 0.01 
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47.34 
3.06 

8.69 

7.19 

0.18 
11.63 

22.42 

0.67 

0.03 

4 4A 48 

47.31 45.31 46.67 
1.99 3.80 3.34 

7.20 8.08 6.48 

7.38 7.61 8.18 

0.12 0.12 0.18 
12.25 11.43 12.10 

22.08 22.81 22.43 

0.70 0.55 0.60 

0.00 0.01 0.00 

45.40 
2.49 

8.13 

8.17 

0.15 
12.08 

21.08 

0.70 
0 .. 00 

SA 

50.39 
0.62 

1.01 

15.26 

0.57 
9.07 

21.02 

o. 75 

0.01 

58 

50.84 
0.58 

1.86 

13.19 

0.54 
10.83 

20.94 

0.67 

0.01 

6 

48.59 
1.31 

4.67 

8.90 

0.18 
12.07 

22.30 

0 .. 67 

0.01 

6A 

49.29 
1.55 

4.64 

8.00 

0.28 
12.41 

22.69 

0.63 

0.01 

44.93 
3.88 

2.50 

19.23 

0.46 
5.22 

20.45 

1.49 

0.01 

8 

50.44 
1.81 

1.1l5 

13.17 

0.46 
"9:52 

21.69 

0.83 

0.02 

52.52 
.0.20 

5.22 

2.37 

0.05 
15.84 

21.68 

1.11 

0.00 

TOTAL 101.81 101.39 101.65 99.52 99.46 100.37 100.52 101.21 99.03 99.72 99.98 98.20 98.70 99.46 98.70 99.50 98.17 99.79 98.99 

Si 
Al 

Ti 

Fe 

Mn 
~1g 

Ca 

Na 

K 

Si02 
Ti02 
A1 2o3 
FeO 

MnO 
·MgO 

CaO 

Na2o 
K2n 

TOTAL 

Si 

A1 

Ti 

Fe 

Mn 

-Mg 
Ca 

.Na 

K 

1. 706 
0.387 

0.086 

0.244 

0.003 

0.678 

0.889 

0.042 

0.001 

1.673 
0.420 

0.089 

0.248 

0.004 
0.676 

0.895 

0.044 

0.001 

9A 

54.14 

0.16 

4.44 

2.52 
'0.11 

16:57 

21.58 

1.07 
0.00 

1.847 
0.245 

0.047 

0.203 

0.003 

0. 757 

0.856 

0.046 

0.000 

98 

53.52 

0.63 

1.21 

.7 .82 
0.23 

13.16 

22.00 

1.01 
0.05 

1. 756 1 0 950 1. 772 
0.299 0.089 0.322 

0.073 0.012 0.070 

0.24B 0.504 0.194 

0.004 0.019 0.001 
0. 715 0.477 o. 720 

0.910 0.892 0.901 

0.035 0.099 0.033 

0.000 0.000 0.000 

w lOA 11 

49.76 45.13 45.50 

1.86 3.04 2.07 

5.48 8.04 7.61 

7.25 8.62 6.08 
0.16 0.15 0.08 

12.61 11.18 l3.14 

22.78 22.64 22.16 

0. 57 0. 74 0. 69 
0.01 0.01 0.00 

1.767 
il.320 

0.088 

0.218 

0.004 

0.668 

1.895 

0.051 

0.000 

11A 

48.04 

0.76 

2. 74 

11.74 
0.46 

10.62 

22.09 

0.75 
0.01 

1. 744 
0.377 

0.085 

0.222 

0.006 
0.639 

0.885 

0.048 

0.001 

118 

49.85 

0.55 

2.37 

13.36 
0.57 

9.78 

22.13 

0.90 
0.02 

1. 783 1 0 690 1. 756 
0.320 0.374 0.287 

0.056 0.114 0.095 

0.233 0.234 0.258 

0.004 0.005 0.006 
0.688 0.646 0.679 

0.892 0.919 0.904 

0.051 0.050 0.044 

0.000 0.002 0.000 

12 12A 128 

47.41 47.73 47.06 

1.24 0.56 0.60 

4.01 2.04 2.73 

14.69 19.18 18.39 
0.39 0.92 0.85 

7.89 5.23 5 .. 66 

21.81 20.82 20.63 

0.89 1.52 1.49 
0.00 0.01 0.04 

1.7.33 
0.366 

0.072 

0.261 

0.005 

0.688 

0.862 

0.052 

0.000 

13 

1.970 
0.047 

0.018 

0.499 

o.ow 
0.529 

0.880 

0.057 

.0.001 

13A 

44.26 47.56 

2.15 0.40 

6.71 1.6.9 

14.46 25.21 
0.34 1.17 

7.54 1.50 

21.62 18.9] 

1.08 2.44 
0.01 0.01 

1.949 
0.084 

0.017 

0.423 

0.018 

0.619 

0.860 

0.050 

0.001 

138 

1.851 
0 .. 210 

0.037 

0.282 

0.006 

0.685 

0.910 

0.050 

0.001 

14 

47.42 51.46 

0.22 0.45 

1.04 1. 72 

26.01 13.90 
1.24 0.51 

1.00 10.34 

17.24 21.64 

3.38 0.71 
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Explanation of Table 4.4A: .S::_!.inop_yroxene analyses. ·-----
1 Phenocryst core 
lA Phenocryst rim Clinopyroxene from basalt ( 30433) ' 

lB Groundmass Swampy Summit section. 

2 Phenocryst Clinopyroxene from basalt ( 30450) ' 
2A Phenoc~-yst core Mt.Holmes. 

3 Phenocryst core 
Clinopyroxene 3A Phenocryst rim from basanite (30430)' 

3B Groundmass Saddle Hill. 

4 Phenocryst core 
Clinopyroxene 4A Phenocryst rim from basanite (30442)' 

4B Groundmass Black Head. 

5 Phenocryst core 
Clinopyroxene SA Phenocryst rim from trachyandesite ( 30421) ' 

5B Groundmass Careys Bay. 

6 Phenocryst Clinopyroxene from nepheline trachyandesite 
6A Groundmass (30429) ' North Head. 

7 Groundmass clinopyroxene from hawaiitic-mugearite (30426), Scroggs 
Hill. 

8 Groundmass clinopyroxene from benmoreite (30412), Highcliff, near 
Cadzow monument. 

9 Phenocryst core 
9A Phenocryst rim 
9B Groundmass 

10 
lOA 

11 
llA 
llB 

Phenocryst core 
Phenocryst rim 

Phenocryst core 
Phenocryst rim 
Groundmass 

Clinopyroxene from 'mafic phonolite' (30424), 
Trig. L, Pigroot, North Otago. 

Clinopyroxene from nepheline benmoreite 
(30449), Mt.Cargill. 

Clinopyroxene from nepheline benmoreite 
(30437), Mt.Mopanui. 
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12 
12A 
12B 

Phenocryst core 
Phenocryst rim 
Groundmass 

Clinopyroxene from phonolite (30403), boulders 
near Cargill's Castle, Sea View. 

13. 
l3A 
13B 

14 
14A 

15 
15A 
15B 

Phenocryst core 
Phenocryst rim 
Groundmass 

Phenocryst 
Groundmass 

Phenocryst core 
Phenocryst rim 
Groundmass 

Clinopyroxene from phonolite (30413), 
Dicks Hill. 

Clinopyroxene from phonolite (30438), 
Mihiwaka South. 

Clinopyroxene from phonolite (30428), 
Mt.Cutten quarry. 



TABLE 4. 4B: 

I' 

Analyses of pyroxenes from East Otago 
analyzed by Muir & Tilley (1961). 

1 2 

Si02 50.53 47.45 

Al 2o3 2.57 3.86 

Ti0
2 1.06 2.36 

Fe2o3 2.27 3.19 

FeO 9.14 16.19 

MnO 0.39 0.45 

MgO 12.03 5.46 

CaO 21.47 19.58 

Na 2o 0.94 1.81 

K20 0.05 0.09 
H 0+ n.d. n.d. 

2 
H20 nil nil 

100.45 100.44 

Atomic ratios on basis of six oxygens 

Si 1.897 1.854 
A ltV 0.103 0.146 

Al'" 0.012 0.030 

Ti 0.030 0.069 

Fe+ 3 0.063 0.093 

Fe+ 2 0.286 0.528 

Mn 0.013 0.014 

Mg 0.678 0.319 

Ca 0.865 0.820 

Na 0.070 0.136 

K 0.002 0.005 

1. Pyroxene from mugearite, Jeffreys 
Hill, Otago. 

2. Pyroxene from mugearite, Scroggs 
Hill, Otago. 
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in magne~ium and calcium. The groundmass clinopyroxenes are 

usually more iron rich and more sodic than the phenocrysts 

within an individual rock. Compositions range from diopside 

phenocr.-ysts in some of the basaltic rocks to groundmass 

aegirine, with approximately 40% acmite, in one of the 

phonolites. 

Occasionally titaniferous augite phenocrysts have green 

cores. One of these cores (in a clinopyroxene from a 

basalt - 30450) has been analysed (column 2A, Table 4.4) and 

is found to be more sodic than the surrounding clinopyroxene, 

tending towards an aegirine-augite composition (Fig. 4.1). 

The analyzed core is bright green in colour and occurs as 

mottled patches in the host (Plate 4.2). Prismatic pale 

green cores (Plate 4.3) noted in clinopyroxenes of other 

rocks (30449 - nepheline benmoreite) would appear to be of 

diopside composition and represent an early liquidus phase 

in contrast with the aegirine mottling which is almost 

certainly a late stage alteration effect. 

In Fig. 4.3, 4.4 and 4.5 wt.% Al 2o 3 has been plotted 

against wt.% Sio2 for Dunedin clinopyroxenes, and in the 

last two diagrams of Fig. 4.5 comparison may be made with 

clinopyroxenes from other alkalic provinces. :.Ap:tipathetic 

behaviour between Si and Al is generally observed, but, in 

basanites 30430, and 30442 (Fig. 4.3), and in nepheline 

benmoreites 30424 and 30437 (Fig. 4.4), some of the analyzed 

points in clinopyroxene phenocrysts show anomalously high 

Al 2o 3 contents. These anomalous points are interpreted as 

xenocrystic clinopyroxene, with some tschermakite component. 

Basanites 30430 and 30442 (from Saddle Hill and Black Head, 

respectively) contain lherzolite nodules, as does the 

nepheline benmoreite or 'mafic phonolite' 30424 (from the 

Pigroot, North Otago), so that the aluminous clinopyroxene 

phenocrysts could well be high pressure xenocrysts or 

pieces of lherzolite nodules. The nepheline benmoreite from 

Mt.Mopanui (30437) does not contain lherzolite nodules, but 

the aluminous clinopyroxene, and the occurrence of exception

ally forsteritic olivine phenocrysts (see above) might 

indicate the presence of xenocrysts which imply a high pressure 



FIGURE 4.3: Wt.% Si0
2 

vs wt.% Al 70~ for clinopyroxenes from 
basalts, basanites, tr~chyandesite. Each 
point is an individual microprobe analysis. 
Open circles are groundmass and closed circles 
phenocryst points. 
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FIGURE 4.4: Wt.% Si0 2 vs wt~% Al 20~ for clinopyroxenes from 
intermediate lavas. fndividual microprobe 
analyses are plotted. Open circles = groundmass; 
closed circles= phenocrysts. 
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FIGURE 4.5: Wt.% Si0
2 

vs wt.% Al 20~ for clinopyroxenes from 
phonolites. lndiviau~l points are individual 
microprobe analyses; open circles= phenocrysts. 
Last two diagrams are clinopyroxenes from other 
alkalic provinces. lgaliko Complex (Qoroq), 
Stephenson, 1972. Madeira, Hughes & Brown, 1972. 
Las Canadas, Ridley, 1970. Japanese alkaline rocks, 
Aok i, 1964. 
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origin for the host magma. 

Kushiro (1960) and Le Bas (1962) have shown that Ti 4+ 

and Al 3+ in clinopyroxenes should show similar behaviour 

b 1 3+ b t' . f · 4+ . h d 1 . ecause A su s 1tut1on or Sl 1n tetra e ra s1tes, 

leads to a charge deficiency which is compensated for by 

substi t.ution of 'l,i 4+ in octahedral sites. Fig. 4. 6 shows 

that this feature is observed in clinopyroxenes from the 

Dunedin District. With increased fractionation the amount 

of Al 2o 3 in the clinopyroxenes decreases and this depletion 

is accompanied by a decrease in the amount of Tio2 . Thus 

some of the basaltic clinopyroxenes are enriched in both 

Al 2o
3 

and Tio 2 while clinopyroxenes from phonolitic rocks 

so 

are in general depleted in both components. The positive 

correlation between Ti0 2 and Al 2o
3 

in the clinopyroxenes is 

well illustrated in Fig. 4.7. Comparison of Fig. 4.7 with 

Fig. 4.8 shows that in terms of Ti02 and Al 2o 3 contents 

Dunedin clinopyroxenes compare with clinopyroxenes from other 

alkalic provinces although some from the Japanese alkalic 

province are depleted in Tio 2 relative to Al 2o 3 when compari

son is made with the Dunedin examples. 

Le Bas (1962), following a suggestion by Kushiro (1960), 

drew two boundaries on an Sio2 versus Al 2o 3 diagram separa

ting tholeiitic (and calc-alkaline) , alkalic (feldspathoid 

free rocks) and ultra-alkalic (feldspathoid rich rocks) 

clinopyroxenes. Le Bas (1962) applied the following criteria 

to the clinopyroxenes plotted on the diagram: 

(1) They were recent analyses. 

(2) They were from igneous rocks. 

(3) Ca/Ca + Mg + Fe lay between 35 and 55 atom percent. 

( 4) Fe/Ca + Mg + Fe was less than 18 atom_ percent. 

(§) Na 2o was less than 1 percent by weight. 

These criteria seem arbitrary and leave their originator open 

to the charge that they were designed to exclude all those 

clinopyroxenes which did not conform to the boundaries 

selected. For petrological studies involving ancient igneous 

rocks, where in many cases the clinopyroxenes are the only 

unaltered primary mineral phase, Le Bas' work has important 

implications and it was decided during the course of this 



FIGURE 4.6: Ti02 (wt.%) vs Al 20~ (wt.%) plots for clino- · 
pyroxenes from Dunedin alkalic lavas. 

1, 2 basalts 
3, 4 basanites 
5 trachyandesite 
6 mugearite 
7 nepheline trachyandesite 

8, 9, 10 nepheline benmoreites 
11, 12, 13,14 phonolites 

Individual microprobe analyses are plotted. 
Open circles= groundmass; closed circles= 
phenocrysts. 
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FIGURE 4.7: Composite plot of all Dunedin clinopyroxene micro
probe analysis points on wt.% Ti0 2 vs wt.% Al 2o

3
. 

FIGURE 4.8: Clinopyroxene analyses from other alkalic provinces 
plotted on Ti02 (wt.%) vs Al 203 .. (wt.%) diagram. 
Black Jack SilT (Wilkinson, 1957) 
G~rbh Eile~n Sill (Murray, 1954) 
Nandewars (Abbott, 1968) 
Las Canadas (Ridley, 1970) 
lgaliko Complex (Qoroq), Greenland (Stephenson, 1972) 





study to test the scheme by applying it to Dunedin cline

pyroxenes which are of undoubted alkalic chemistry. 

In Fig. 4.9B all data points, without regard for the 

criteria listed above, are plotted on an Al2o 3 vs Sio2 
diagram. The points plot over all three fields and no 

relationship with the boundaries suggested by Le Bas is 

evident. In Fig. 4.9A only those data points conforming to 

the criteria listed above have been plotted. The cline-

pyroxenes so selected plot in the ultra-alkalic field, in the 

tholeiitic field but not in the intern1ediate alkalic field! 

The arbitrarily selected boundaries on Le Bas' diagrams 
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would appear to have very little meaning, and paleovolcanologi

cal studies which base rock affinities on clinopyroxene . 

composition alone should be viewed with some suspicion, even 

where Le Bas' (rather arbitrary) criteria are applied. 

On Fig. 4.10 the Dunedin clinopyroxene fractionation 

trend is compared with trends from other alkalic provinces. 

Carmichael's (1962) pantellerite trend is also plotted. 

Aoki (1964) suggested tha-t a wide miscibility gap exists 

between the sadie and calcic pyroxenes. Recent work (e.g. 

Nash & Wilkinson, 1970; Stephenson, 1972) indicates that 

immiscibility in the series does not in reality exist, and 

that Aoki's (1964) conclusion resulted from insufficient data. 

The work presented here tends to support the suggestion that 

immiscibility is either extremely limited or non-existent in 

the system Ac-Di-He. 

The Dunedin clinopyroxene fractionaticin trend is very 

similar to the trend Abbott (1968) observed for the Nandewar 

Volcano. Abbott (1968) suggested that the Nandewar 

pyroxenes have crystallized under conditions of low oxygen 

fugacity, while the Morotu clinopyroxenes (Yagi, 1953) with 

their tendency towards almost pure acmite have developed under 

high or increasing oxygen fugacity. The Nandewar alkalic 

volcanics are saturated or slightly oversaturated with respect 

to Sio2 and the remarkable similari(y in clinopyroxene 

fractionation observed between Dunedin and the Nandewars 

suggests that oxygen fugacity must be an extremely important 

factor in pyroxene fractionation, overriding the effects of 
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FIGURE 4.9: Comparison of Dunedin clinopyroxenes with Le Bas• (1962) 
compositional boundaries between tholeiitic, alkaline, 
peralkaline clinopyroxenes. 

A. Individual microprobe analyses conforming to 
Le Bas• criteria (see text). 

B. All microprobe analysis points. 
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FIGURE 4.10: Clinopyroxene fractionation trends in the system 
Ac-Di-He. Dots represent individual analysis 
points for Dunedin clinopyroxenes. 
M = Morotu (Vagi, 1953); P = Pante 11 er i tes 
(Carmichael, 1962); B = Garbh Eilean Sill (Murray, 
1954); Q = Qorok, Greenland (Stephenson, 1972), 
N = Nandewars (Abbott, 1968); D =Dunedin. 
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variations in major element chemistry within the host lavas. 

AENIGMATITE 

Aenigmatite is developed 6nly in the more highly evolved 

alkalic volcanics of the Dunedin district. It occurs as a 

groundmass phase only and is an important constituent in 

many of the phonolites, a few of the nepheline behmoreites, 

the Bell Hill quartz normative trachyandesite, and quartz 

normative trachytes. One hawaiitic-mugearite (30426 from 

Scroggs Hill) contains very minor amounts of groundmass 

aenigmatite. Altered kaersut~te bearing gabbroic inclusions 

in a nepheline hawaiite from Pulling Point (30418) contain 

fine needles of a dark reddish-brown pleochroic phase which 

has been identified as rh6nite. Benson (1939) tentatively 

identified rh6nite as an alteration product of kaersutite. 

He observed "platy or 'club shaped' masses" of an intensely 

pleochroic phase showing "greenish-brown" to "reddish-brown" 

to "almost opaque" pleochroism within the "darkened margins" 

of kaersutite phenocrysts. 'Two aenigmatite analyses are 

presented in Table 4.5, along with an analysis of a groundmass 

aenigmatite in an alkalic trachyte from the Nandewars, 

Australia (Abbott, 1967). The Dunedin rh6nite is compared 

with analysed rhonite from the type locality (Rhon, Germany) 

in columns 5 and 6 of Table 4.5. 

Aenigmatite is generally considered to develop under 

conditions of low oxygen fugacity (Abbott, 1967). Ernst 

(1962) prepared a synthetic aenigmatite under conditions of 

low oxygen fugacity and his findings were confirmed by 

Thompson & Chisholm (1969) who synthesised aenigmatite under 

oxygen fugacity conditions controlled by the iron-wUstite 

buffer. Lindsley (1969) examined aenigmatite stability over 

a range of temperatures and oxygen fugacity conditions and 

found that the mineral was stable below oxygen fugacity 

conditions lying somewhere between the nickel-nickel oxide 

and quartz-fayalite-magnetite buffer systems, at least in 

the temperature range 500-800°C. Aenigmatite would appear 

to.be an effect of low oxygen fugacity conditions at the time 

of crystallization. 
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TABLE 4. 5: Aenigmatite analyses. 

L 2 3 4 5 

Si02 35.68 40.62 41.30 28.58 24.42 

TiO 2 4.19 2.80 7.43 10.70 9.46 

-·- A1 2o3 2.00 0.81 0.67 13.35 17.25 

" Fe2o
3 3.75 11.69 

f- FeO 43.99 43.87 36.52 22.49 11.39 

MnO 0.67 1.07 1.01 0.17 

" MgO 0.29 0.37 1.27 12.09 12.62 
,_ CaO 1. 40 0.25 0.32 10.23 12.43 
., Na2o 6.89 7.73 7.39 2.11 0.67 

K20 0.03 0.10 0.08 0.02 0.63 

..,_ H 0+ 
2 

H20 

" 95.14 97.62 99.74 99.75 100.56 

> Structural .formulae based on 40 Anions per unit cell. 

Si 10.046 12.230 11.796 7.785 6.54 

~ Al 1. 818 0.204 4.215 5.44 

11.864 12.230 12.000 12.000 11.98 

Al 0.286 0.022 0.070 
>:-

3+ Fe 0.806 2.35 

Mg 0.108 0.168 0.541 4.909 5.03 

Ti 1.184 0.634 1. 596 2.191 1. 90 
- Fe2+ 11. 902 11.046 8.724 5.123 2.55 

Mn 0.158 0.274 0.244 0.039 

Ca 0.067 

13.352 12.408 12.000 12.332 12.03 
A 

Ca 0.404 0.080 0.031 2.986 3.56 

Na 4.478 4.510 4.093 1.116 0.35 

K 0.016 0.038 0.029 0.005 0.22 

4.898 4.628 4.153 4.107 4.13 
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E){J?lanation · o.f Table 4. 5: Aenigmati te and rhoni te analyses. 

1. 30426 

2. 30438 

3. 

4. 30418 

5. 

Hawaiitic mugearite from Scroggs Hill, groundmass aenigmatite. 

Phonolite from Mihiwaka south, groundmass aenigmatite. 

Trachyte from Nandewars (Abbott, 1967), groundmass aenigmatite. 

Rhonite, alteration product after kaersutite, in nepheline 
hawaiite. 

Rhonite, from Rhon in Germany, Cameron et. al. (1970) .. 
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KAERSUTITE 

Introduction 

The aluminous amphiboles pargasite and kaersutite commonly 

occur as megacrysts or xenocrysts in basic alkalic dykes and 

volcanics and they ~re also found as a primary phase in some 

basic and ultrabasic inclusions in alkalic rocks. 

Experimental studies of basic alkalic compositions in the 

presence of water have shown that amphibole may be stable 

to pressures of 25-30 kb, both in subsolidus assemblages 

and coexisting with the melt. The near liquidus amphibole 

is a titaniferous pargasite or kaersutite (Tuthill, 1968; 

Irving, 1971). Kaersutite is therefore significant in the 

petrogenesis of alkalic rocks - initially as a possible 

accessory phase in the upper mantle source regions and sub

sequently during fractionation. The major element and, more 

importantly, the trace element composition of kaersutite can 

provide constraints on petrogenetic hypotheses. 

Kaersutite occurs in Dunedin lavas of nepheline hawaiite, 

nepheline trachyandesite, nepheline benmoreite and phonolite 

composition, and in the oversaturated, intermediate "kaiwekite" 

and "Leith Valley andesite". Kaersutite occurs as either a 

component in syenitic and gabbroic inclusions which are 

found in the Port Chalmers Breccia and as xenoliths in lava 

flows, or as individual megacrysts in lavas of widely 

different composition. 'I.'he megacrysts are usually surrounded 

by reaction rims of titanomagnetite clinopyroxene and feldspar 

or nepheline (Plate 4.4) and many are completely resorbed so 

that their former presence is indicated merely by 

pseudomorphs of titanomagnetite, clinopyroxene, and nepheline 

(Plate 4.4). Data for Dunedin kaersutites are presented in 

Table 4.6 along with additional analyses from published and 

unpublished sources. The following discussion is taken from 

Kesson & Price (1972) and is iri general agreement with recent 

work by Gunn (1:972). 

Major Elements 

Wilkinson (1961) has stated that kaersutites should be 

considered as Mg-rich members of the pargasite-ferropargasite 



., 

' ' 

,; 

·;,.. 

56 

series with high Ti (0.5 atoms or more per formula unit) and 

some substitution of K for ~a. Many structural formulae 

have Na + K > 1 which suggests that Na, as well as sharing 

the vacant site with K, also shares the site normally 

occupied by Ca. One formula unit commonly contains slightly 

more than 2 atom.s of Al in four fold coordination. The 

magnesiohastingsite-ferrohastingsite series is derived by 

the complete substitution of Fe 3+ for Alvi in the ideal end 

members of the pargasite series. Substitution of this kind 

is limited in kaersutites, but oxidation during eruption 

replaces Fe 2+(0H,F) by Fe 3+o 2- and is largely responsible for 

the ferric iron content. Almost completely oxidized yet 

undissociated kaersutite has been described by Aoki (1963). 

The major element chemistry and structural formulae of 

all amphiboles in Table 4.6 are typical of kaersutites 

although the less titaniferous kaersutites 1001 and 21341 are 

unusually magnesian with 100 Mg/Mg + Fe 2 + Fe 3 + Mn = 73 and 

69 respectively. 

Alkali and alkali earth elements 

Hart & Aldrich (1967) have shown that amphiboles prefer-

entially concentrate K with respect to Rb. The kaersutites 

(Table 4. 6) have Rb contents ranging from 2 to 14 ppm and 

K/Rb ratios as high as 4400. The measured abundances of Ba 

are spread between 130 and 730 ppm. Apart from an unusually 

low concentration of 30 ppm in 1002, the Sr content of the 

kaersutites ranges from 500 to 1060 ppm. 

Many kaersutites are xenocrysts and their chemical 

composition therefore cannot be directly equated with that 

of their host. Griffin & Murthy (1969) and Philpotts & 

Schnetzler (1970) provide data on amphibole-liquid coefficients 

which show that Sr, Ba and Rb are concentrated in the melt 

whereas K/Rb; K/Ba, and K/Sr ratios are higher in the 

amphibole. The Ba content of an amphibole correlates with 

the abundance of Ba in the liquid from which it crystallizes. 

Should the initialBa content,of an alkalic melt be depleted 

by early fractionation of biotite, then Ba is low in the 

later phases,which often include kaersutite. 
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TABLE 4.6: Kaersutite analyses 

Si02 
Ti02 
Al203 
Fe2o3 
FeO 

MnO 

MgO 

CaO 

Na2o 
K20 

P205 
H
2
o-

H2o+ 

Cl 

F 

39.74 38.20 

5.94 5.97 

13.07 13.10 

12.02 13.24 

0.16 0.18 

11.25 10.78 

11.94 11.71 

2.62 2.80 

1.00 0.95 

3 

38· 79 

6.66 

13.98 

3. 15 

8.44 

0.18 

11.88 

12.20 

2.42 

0. 92 

0.03 

0.40 

o. 93 

4 

39.01 

6.05 

13.60 

5.25 

7.42 

0.14 

11.73 

12.05 

2.51 

1.11 
0.03 

0.19 

0.98 

5 

38.20 

6.23 

13.81 

5.23 

7.04 

0.17 

11.29 

12. 13 

2.46 

0.85 

0.12 

0.07 

1.34 

38.67 

5.90 

13.50 

11.32 

4.30 

0.19 

9. 55 

11.88 

2.55 

1. 05 

0.17 

0.02 

0.50 

8 

38.85 38.86 

6.02 5.71 

14.83 13.33 

0.86 0.64 

12.48 11.32 

0.18 0.12 

10.72 11.14 

10.29 11.86 

2.71 2.13 

1.03 1.99 

0.04 0.05 

2.05 2.08 

38.67 

5. 71 

13.31 

3.88 

9. 91 

0.15 

10.15 

11.56 

2.20 

2.03 

0.05 

0.01 

2.09 

10 11 

39.98 39.44 

5.68 5.16 

14.17 13.84 

10.02 4.16 

4.01 6.67 

0.13 0.08 

10.45 12.99 

9.62 11.57 

3.49 2.18 

1.52 2.04 

0.02 0.05 

0.01 

0.99 1.19 

0.027 

0.142 

12 

39.31 

4.14 

15.37 

4. 71 

4.66 

0.10 

13.89 

12.54 

2. 36 

1.36 

0.04 

1.38 

13 

37.4 

6.0 

15.7 

12.4 

1.1 

0.2 

11.4 

11.9 

2.3 

1.5 

0.1 

0.1 

0.9 

0.4 

14 

39.51 

5.64 

14.26 

1.75 

10.92 

6.09 

11.36 

10.12 

2.80 

1. 59 

1.68 

15 

39.32 

6.14 

14.51 

4.28 

6.87 

0.10 

12.04 

10.87 

2.63 

1. 92 

0.06 

0.18 

1.19 

0.15 
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CORRECTED 
TOTAL 97.74 96.93 99.98 100.07 99.03 99.65 100.06 99.23 99.72 100.16 99.46 99.78 101.0 99.81 100.26 

STRUCTURAL FORMULAE ON BASIS OF 23 OXYGENS 

Si 
AliV 

Al VI 

Ti 
Fe3+ 
Fe2+ 

Mn 

Mg 
Ca 

Na 

K 

OH 
~ 

Cl 

K/Rb. 

Rb 

Sr 
Ba 

Pb 

lJ 
Zr 
Nb 
y 

La 

Ge 

Pr 
Nd 

v 
cr 
Ni 

Co 

Cu 

Zn 
Ga 

Sc 

5.917 5.793 

2.083 2.207 

0.212 0.134 

0.666 0.680 

1.497 1. 679 

0.021 0.023 

2.497 2.436 

1. 905 1. 903 

0. 751 o. 823 

0.192 0.183 

5. 580 

2.370 

0. 721 

0.341 

1. 016 

0.022 

2.547 

1.881 

0.674 

o. i69 

0.892 

5.600 

2.301 

0.653 

0. 568 

0.891 

o. 017 

2.509 

1.854 

0.699 

0.204 

0.938 

5.673 

2.327 

0.091 

0.696 

0.584 

0.874 

0.021 

2.499 

1.930 

0. 708 

0.161 

1. 327 

1411 

5 

890 

410 

3 

93 

88 

27 

410 

i5 

4 

250 

27 

112 

12 

5.675 

2. 325 

o.ou 
0.651 

1.250 

0.528 

0.024 

2.089 

1.868 

0.726 

0.197 

0.489 

5. 771 

2.229 

0.368 

0.673 

0.096 

1.550 

0.023 

2.373 

1.638 

o. 781 

0.195 

2.031 

1453 4275 

6 

1060 698 
492 181 

19 19 

179 

57 

27 

492 

2 

49 

87 

10 

125 

18 

<1 

60 

26 

28 

15 

1 

14 

398 

6 

28 

96 

5.849 

2.151 

0.199 

0.646 

0.072 

1.425 

0.015 

2.499 

1. 913 

0.622 

0.382 

2.088 

1836 

9 

798 

653 

18 

<1 

110 

36 

18 

15 

39 

1 

24 

422 

75 

55 

56 

77 

17 

5.085 

2.195 

0.161 

0.645 

0.438 

1.244 

0.019 

2.271 

1.860 

0.640 

0.389 

2:093 

1872 

879 
701 

25 

<1 

5.807 

2.193 

0.233 

0.620 

1.095 

0.487 

0.016 

2.262 

1.497 

0.983 

0.282 

0.959 

0.065 

2524 

5 

855 

264 

135 116 

48 36 
15. 19 

19 11 

49 34 
5 <1 

33 27 

373 203 

81 99 

70 195 

24 6 

86 1297 

16 19 

5. 792 

2.208 

0.188 

0.570 

0.460 

0.819 

0.010 

2.843 

1.820 

0.621 

0.382 

1.166 

i210 

14 

532 
289 

4 

1 

67 

18 

13 

289 

107 

199 

108 

28 

69 

17 

5. 700 

2.300 

0.327 

0.451 

0.514 

0.565 

0.012 

3.002 

1.948 

0.664 

0.252 

1.335 

1129 

10 

500 

555 

<10 

90 

60 

10 

40 

30 

20 

570 

3 

155 

55 

30 

10 

5.395 5.847 

2.605 2.153 

0. 065 0. 335 

0.651 0.628 

1.346 0.195 

0.133 1.352 

0.024 0.011 

2.451 2.506 

1.839 1. 605 

0.643 0.804 

0.276 0.300 

0.096 1.659 

0.183 

0.220 

4400 

3 

30 610 

4 

120 

15 

20 

350 

<10 

22 

35 

16 

50 

131 

45 

19 

22 

6 

17 

131 

12 

75 

2 

76 

14 

5. 748 

2.252 

0.059 

0.675 

0.471 

0.840 

0.012 

2.623 

1. 703 

0.146 

0.358 

1.161 
0.069 

1226 

13 

622 

729 

19 

28 

21 

496 

363 

20 

76 

50 

56 

14 



. ) 

., 

,, 
., 

Explanation of .Table 4. 6: Kaersut_i te analyses. 

1. 30429: Electron microprobe analysis of kaersuti te phenocryst in 
nepheline trachyandesite from North Head. 

2. 30437: Electron microprobe analysis of kaersutite in nepheline 
benmoreite from Mopanui. 

3. Kaersutite, Purakanui, Dunedin. 
(1939)i analysis by Seelye. 

In ''kaiwekite". Benson 

58 

4. Kaersutite, Leith Valley Quarry, Dunedin. 
Benson (1939)i analysis by Seelye . 

In trachybasalt. 

5. 15308: Kaersutite xenocryst from "kaiwekite", Purakanui. 

6 . 15380: Kaersutite from "amphibole" inclusion in "kaiwekite", 
Long Beach. 

7. A25139: Kaersutite xenocryst from basic alkaline dyke, Kellys Pt., 
N.s.w., Australia. 

8. A25140: Kaersutite from basic inclusion in basic alkaline dyke, 
Kiama, N.s.w., Australia. 

9. A25141: As above. 

10. 

11. 

12. 

13. 

- 14. 

15. 

A25142: Kaersutite xenocryst from nephelinitic breccia, Anakies, 
Victoria, Australia. 

24341: Kaersutite xenocryst from camptonite dyke, Mt.Cameron, 
North West Otago. 

Titaniferous pargasite megacryst from tephrite, Ethiopia. 
(Brown & Carmichael, 1969) . 

Kaersutite from xenolith in tuff. 
(Le Maitre, 1969). 

Tristan da Cunha, 

Kaersutite megacrysts from alkali basalt, Spring Mt., N.S.W., 
Australia. (Wilkinson, 1962), trace elements from Jakes 
(1970). 

Kaersuti te megacryst from alkali bas.al t dyke, near Yeoval, 
N.s.w., Australia. (Jakes, 1970). 

All analyses except 1 - 4 are from Kesson & Price (1972). Numbers prefixed 
by 'A' are catalogued in the Department of Geology, Australian National 
University, Canberra. 



Since the equilibrium distribution of Sr between amphi

bole and liquid is less than unity (Philpotts & Schnetzler, 

1970), the Sr-rich kaersutites have crystallized from 

liquids with relatively high Sr contents. The Sr content 

of alkalic rock series reaches a peak at ·the hawaiite-

mugearite stage of fractionation. There can also be an 

initial variation in the concentration of Sr in basic parent 

liquids, with high Sr occurring in more nephelinitic compo

sitions. 

Rare Earth Elements and Yttrium 

59 

Chondrite normalized rare earth patterns for kaersutite 

amphibole are presented as Fig. 4.11 (M.P. Gorton pers.comm.; 

Nagasawa, 1973). The generalized configuration of patterns 

for the amphiboles listed in Table 4.6 can be inferred from 

the light REE abundances and yttrium abundance, since the 

geochemical behaviour of yttrium parallels that of the heavy 

REE. Kaersutite appears to be slightly enriched in the light 

REE, but, of the group, the intermediate REE are more enriched 

in kaersutite than the extreme heavy and extreme light REE. 

The equilibrium distribution of REE between amphibole 

and liquid partitions the heavy REE equally between crystals 

and liquid, and preferentially concentrates the lighter REE 

in the melt (Higuchi & Nagasawa, 1969; Schnetzler & 

Philpotts, 1970; Nagasawa, 1973). 

Lead, Thorium and Uranium 
) 

Th and U contents are less than 1 ppm {detection limit) . 

Pb is very variable, ranging from 1 to 25 ppm. 

Zirconium and Niobium 

The measured concentrations of Zr are remarkably consis

tent, averaging 102 ppm. This suggests that zr is 

accommodated in the kaersutite lattice, rather than contained 

in inclusions. Comparison of the measured abundances of Zr 

and Nb in kaersutites with the average concentrations of 

these elements in basic alkalic rocks (Le Maitre, 1962; 

Baker, 1969; Ridley, 197~) gives an estimate of the distribution 
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NAGASAWA (1973) KAERSUTITE 
FROM TRACHY-BASALT 
OKI-DOGO ISLAND JAPAN 

GORTON (Unpublished data) 
KAERSUTITE FROM KAKANUI 
MINERAL BRECCIA 

La Ce Pr Nd (Pm) Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 

FIGURE 4.11: Kaersutite rare earth element patterns. 



of Zr and Nb behveen kaersuti te and liquid. Zr is found to 

be enriched in the melt, whereas Nb is partitioned equally. 

Ferromagnesian trace elements 

The concentrations of V, Cr, Ni and Co in kaersutites 

are all very variable and show no significant correlation 

with any other chemical parameter. The concentrations 

of these elements in basic alkalic liquids are modified by 

fractionation of the liquidus phase, since Ni and Co can 

be partitioned in olivine, Cr can be concentrated in 

magnesian clinopyroxene and spinel, and the precipitation 

of an opaque phase efficiently removes V from the melt. 

The partition of V between kaersutite and liquid does not 

favour either phase very strongly, since the range in the V 

content of kaersutites (131 to 570 ppm) is similar to the 

range in basic alkalic rocks (Ridley, 1970C). Gast (1968) 

has indicated that the amphibole-liquid distribution 

coefficient is less than unity for both Ni and Cr. 

The abundance of Cu in kaersutite ranges from 2 to 

56 ppm. The concentrations of both Cu and Ni are low if 

the paragenesis of the kaersutite includes a sulphide phase, 

as does 25139. Zn ranges from 30 to 1297 ppm and shows a 

significant correlation with the total iron content of the 

kaersutites. 

Kaersutite and alkalic fractionation series 

60 

Phases other than kaersutite are involved in the fractiona

tion of basic alkalic liquids, but kaersutite can be important 

over a wide pressure range when PH 0 is high. Kaersutite 

fractionation reduces MgO, Tio 2 an~ K/Rb while concentrating 

Rb, Sr, Ba, REE and Zr in the residual liquid. 

Kaersutite as an accessory phase in the upper mantle 

The small amount of water in the upper mantle is bound 

entirely in accessory phases in the subsolidus assemblages. 

Convincing geochemical arguments have been put forward by 

Oxburgh (1964) and Griffin & Murthy (1969), suggesting that 

amphibole predominates over phlogopite to depths corresponding 

--------------------,...., '%c.;b_~~,/cct;"'", ""'!7!", --------------------t 



61 

to the top of the low velocity zone, where the geotherm inter

sects the solidus of the amphibole-'-bearing peridotite. 

Green {1970) has suggested that increasing degrees of partial 

melting in this region produce basaltic liquids whose 

compositions pass gradationally from nephelinite through 

basanite and alkali basalt to tholeiite. The composition 

of the nephelinitic "minimum melt" is very close to that of 

kaersutite. 

The residual crystalline phases in equilibrium with a 

partial melt must also appear on the liquidus under the same 

physical conditions. Phases initially present in the sub

solidus assemblage which have since been entirely incorporated 

in the melt, appear below the liquidus. The occurrence of 

kaersutite as the near-liquidus amphibole in both alkalic and 

tholeiitic composition {Tuthill, 1968; Holloway & Burnham, 

1972) is significant in this context implying that kaersutite, 

or at least a pargasite amphibole, is an accessory phase in 

the uppermost mantle. 

ALKALI AMPHIBOLE 

Alkali amphibole occurs as a groundmass phase in quartz 

normative trachytes from the Otago Harbour area, and in 

quartz normative trachyandesite at Bell Hill. In the quartz 

normative trachytes the amphibole is interstitial and has a 

pleochroic scheme: a = greenish blue, B = pale yellow to 

brownish yellow, y = pale grey-blue. The amphibole in the 

groundmass of the Bell Hill trachyandesite is similar and 

has a pleochroic scheme: a = dark greenish blue, B = pale 

brown, y = pale yellow. Blue amphibole also occurs in an 

altered phonolite from Blueskin cliffs railway tunnel. In 

the latter situation the blue amphibole occurs as reaction 

rims on, and pseudomorphs after, kaersutite (Plate 4.5), and 

is finely prismatic with a pleochroic scheme: a = B = light 

blue, y = very pale yellow. Analyses of three alkali 

amphiboles are presented in Table 4.7. The amphiboles in 

quartz normative rocks are arfvedsonite and that in the 

phonolite is a magnesio-arfvedsonite tending towards an 

eckermannite. 



Ernst's (1962) data on the stability of alkali amphibole 

indicates tha.t arfvedsonite is stable under conditions of low 
~- 0 

temperature (less than approximately 800 C), low oxygen 

fugacity, and variable water pressures. 

TABLE 

1. 
2. 
3. 

4. 7: Analyses of alkali ampbiboles 

1 2 3 

.Sio2 . 53.48 49.06 48.84 

Ti0 2 0.42 1. 34 2.32 

Al 2o 3 0.68 0.45 0.77 

FeO 16.41 33.82 29.78 

MnO 1.23 0.95 0.67 

MgO 12.13 0.44 2.55 

CaO 2.11 2.54 4.33 

Na
2

o 8.48 7.31 5.94 

K20 1.38 1. 28 1.35 

96.32 97.19 96.55 

Structural formulae on the basis of 23 oxygens 

Si 8.040 7.986 7.852 

Al 0.014 0.145 

z 8.040 8.000 7.997 

Al 0.120 0.073 

Ti 0.047 0.164 0.280 

Fe 2.063 4.604 4.005 

Mn 0.157 0.132 0.091 

Mg 2.718 0.106 0.611 
y 5.131 5.079 4.987 

Ca 0.340 0.442 0.745 

Na 1. 660 1.558 1. 255 

X 2.000 2.000 2.000 

Na 0.813 0.748 0.598 

K 0.264 0.265 0.277 

A 1.077 1.013 0.875 

Magnesio-Arfvedsonite: Altered phonolite (30460) 

~~~~=~=~~~~= ~ . uarG:·;~~&r~~~~~ .tr~~{~~~,~~~~~·f;~;~;24062) 
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BIOTITE 

Biotite has been noted in a wide range of rock composi

tions, e.g. basanite (30430), nepheline hawaiite (30418), 

nepheline benmoreite (30416), and in lamprophyric and 

phonolitic blocks in the Port Chalmers Breccia (30448). 
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Biotite occurs as a reaction-product after kaersutite and 

titaniferous augite (Plate 4.6), and app~rently primary biotite 

occurs in lamprophyric blocks (e.g. 24255 - kersaritite). 

Biotite in reaction rims on kaersutite is orange-yellow in 

colour (a = golden yellow, S = y = orange), while 'primary' 

biotite in lamprophyric blocks of the Port Chalmers Breccia 

is dark brown (a = pale yellow, S = y = dark reddish brown). 

TITANOMAGNETITE 

Titanomagnetite is ubiquitous in Dunedin lavas and exam

ination of grains under reflected light at high magnification 

(x 2000) suggests that in most rocks titanomagnetite is 

homogeneous (oxidation index I, of Watkins & Haggerty, 1967), 

a conclusion which is confirmed by electron microprobe 

scansf for titanium and iron. Muir & Tilley (1961) found 

incipient ilmenite exsolution in a few grains of magnetite 

from the Scroggs Hill and Jeffreys Hill mugearites and 

Wright (1967) found that in most cases titanomagnetites from 

the Dunedin volcanics are homogeneous and very rarely showed 

incipient oxidation, in the form of minor ilmenite lamellae. 

In one sample, from Hautai Hill (basalt), he observed a 

complete gradation from homogeneous titanomagnetite to 

completely oxidized grains of titanomaghemite. Titano

maghemite oxidation of titanomagnetite takes place at low 

temperatures and may also occur during weathering (Watkins & 

Haggerty, 1967). Opaque oxides in the quartz normative 

trachytes and quartz normative trachyandesite show incipient 

exsolution, a feature confirmed by electron microprobe scans 

which show erratic distribution of iron and titanium. 

From basalt through intermediate compositions there is 

a tendency for the titanomagnetites to become less titanifer

ous and wt.% Tio
2 

decreases from about 25% in one of the 
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TABLE 4. 8: Partial analyses of titanomagnetites. 

1 2 3 4 5 6 7 

Ti0 2 24.07 20.35 18.90 25.68 23.67 20.26 18.26 

FeO 67.17 66.36 72.56 , 69.30 69.41 70.46 73.96 

7 
structural formula on basis of 4 oxygens 

Ti 0.784 0.631 0.613 0.800 0.760 0.652 0.610 

Fe 2+ 2.432 2.290 2.617 2.401 2.480 2.523 2.749 ), 

"' 
Fe

3
o 4 

26.89 35.15 43.07 25.02 29.60 38.37 45.50 

Fe2Ti0 4 73.11 64.85 56.93 74.98 70.40 61.63 54.50 

'!/ 

'" 
8 9 10 11 12 13 

Tio
2 

19.07 10.04 8.61 12.40 17.79 26.16 

"' FeO 72.93 81.43 .83.70 78.03 67.40 62.97 

7 structural formula on basis of 4 oxygens 

Ti 0.602 0.363 0.312 0.444 0.644 0.855 

Fe 2.562 3.271 3.376 3.109 2.712 2.289 

h 

Fe
3
64 

42.89 70.06 74.60 62.49 42.4 18.4 

S, Fe2Ti04 57.11 29.94 25.40 37.51 57.6 81.6 

"' 

). 
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Explanation of Table 4.8: Partial analyses of titanomagnetite from: 

1. Basalt (30433) , Swampy Surruni t section. 

2. Basanite (30430), Saddle Hill. 

3. Nepheline trachyandesite (30429), North Head. 

4. Hawaii tic·-mugeari te ( 30426) , Scroggs Hill. 

5. Benmoreite (30412), Highclif~near Cadzow monument. 

6. 'Mafic phonolite' (30424), Pigroot, Trig. L, North Otago. 

7. Nepheline benmoreite (30437) ~ Mopanui. 

8. Phonolite (30403), boulders near Cargill's Castle, Sea View. 

9. Phonolite (30413), Dicks Hill. 

10. Phonolite ( 304 38) , J-.1ihi waka South. 

11. Phonolite (30428), Mt.Cutten quarry. 

12. Mugearite, Jeffreys Hill (Muir & Tilley, 1961). 

13. Mugearite, Scroggs Hill (Muir & Tilley, 1961). 
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TABLE 4.9: Partial analyses of feldspars: 

1 2 3 4 4A 4B 5 

CaO 12.29 13.38 12.58 4.58 0.34 0.26 11.13 

Na2o 4.29 3.78' 3.99 7.49 5.58 5.95 4.74 

K 0 0.34 0.26 o. 35 1. 77 7.56 7.70 0. 34 
2 

An 55.41 65.17 62.24 22.63 1. 75 1. 30 55.38 

Ab 43.05 33.35 35.72 66.96 51.97 53.32 42.64 

Or 1.54 1.49 2.04 10.42 46.28 45.39 1.98 

8 9 10 lOA lOB 11 12 

CaO o. 36 0.49 8.26 6.66 1. 89 1.05 0.31 

Na
2
o 6.79 6.08 6.29 6.68 8.06 7.14 7.20 

K
2

0 6.13 6.61 0.64 0.87 3.37 3.91 5.15 

An 1.81 2.52 40.47 33.66 9.21 5.65 1.58 

Ab 61.59 56.84 55.77 61.10 71.22 69.37 66.89 

Or 36.60 40.63 3.76 5.24 19.56 24.98 31.52 

,; y 

"' ..:1 

SA 5B 6 6A 

9.41 7.31 9.90 8.35 

5.56 5.62 5.63 6.31 

0.51 0.67 0.53 0.69 

46.87 39.96 47.78 40.56 

50.12 55.65 49.18 55.47 

3.01 4.38 3.04 3.97 

13 13A 14 15 

0.43 0.07 0.19 9.34 

7.13 5.15 6.39 5. 77 

5.97 8.01 7.24 0.64 

2.10 0.39 0.92 45.5 

63.14 49.25 56.75 50.8 

34.76 50.36 42.33 3.7 

'/ "'· .._f) 

6B 6C 

8.42 2.77 

6.39 7.36 

0.73 3.65 

40.40 13.54 

55.44 65.19 

4.16 21.27 

15A 15B 

1.80 0.56 

7.10 6.08 

4.28 7.10 

9.09 2.7 

65.07 55.0 

25.84 42.3 

\j 

7 

10.86 

5.06 

0. 38. 

53.07 

44.72 

2.21 

16 

1.17 

7.80 

4.81 

5.55 

67.18 

27.27 

7A 

1.95 

6.68 

3.83 

10.49 

64.98 

24.53 

16A 

1.16 

8.22 

3.62 

5.69 

73.11 

21.20 

7B 

0.80 

6.25 

6.95 

3.92 

55.50 

40.58 

0'\ 
0'\ 
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Explanation of Table 4.9: Partial analyses of feldspars. 

1. Groundmass feldspar from basalt (30433), Swampy Summit section. 

2 Groundmass feldspar from basanite (30430), Saddle Hill. 

3 Groundmass feldspar from basanite (30442), Black Head. 

4 Phenocryst core 
4A Phenocryst rim 
4B Groundmass 

5 Phenocryst core 
SA Phenocryst rim 
5B Groundmass 

6 Phenocryst core 
6A Phenocryst rim 
6B Groundmass 

7 Phenocryst core 
7A Phenocryst rim 
7B Groundmass 

feldspar from trachyandesite (30421), 
Careys Bay. 

feldspar from nepheline trachyandesite 
(30429), North Head. 

feldspar from hawaiitic-mugearite (30426), 
Scroggs Hill. 

feldspar from benmoreite (30412), Highcliff, 
near Cadzow monument. 
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8 Groundmass feldspar from 'mafic phonolite' (30424), Trig. L, Pigroot, 
North Otago. 

9 Groundmass feldspar from nepheline benmoreite (30449), Ht.Cargill. 

10 Phenocryst core 
lOA Phenocryst rim 
lOB Groundmass 

feldspar from nepheline benmoreite (30437), 
Mt.Mopanui. 

11 Groundmass feldspar from phonolite (30403); boulders near Cargill's 
Castle, Sea View. 

12 Groundmass feldspar from phonolite (30413), Dicks Hill. 

13 
l3A 

Phenocryst 
Groundmass 

feldspar from phonolite (30438), 
Mihiwaka South. 

14 Groundmass feldspar from phonolite (30428), Mt.Cutten quarry. 

15 Phenocryst core 
15A Phenocryst rim 
15B Groundmass 

16 Phenocryst 
l6A Groundmass 

feldspar from quartz trachyandesite (24062), 
Bell Hill. 

feldspar from quartz trachyte (22464) , Harbour 
Board Quarry. 
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basalts to &bout 8% in one of the phonolites. The proportion 

of ulvospinel to magnetite in the magnetite ranges between 

0.75 (in a hawaiitic mugearite) to 0.25 in one of the phono

lites. Partial analyses of titaniferous magnetites, 

including analyses fr6m Muir & Tilley (1961) , are presented 

in Table 4.8. Wright (1967) determined compositions for 

titanomagnetites from the Dunedin volcanics using X-ray 

diffraction methods. For titanomagnet~tes from basanites 

he found compositions consistently at Mt
60

usp
40

, which is 

considerably different from the analysis of titanomagnetite, 

from a basanite, listed in Table 4.8. Wright (1967) found 

that titanomagnetites from trachyandesites gave a range in 

composition from Mt 45usp55 - Mt
50

usp
50 

which is comparable 

with the titanomagnetite from a nepheline trachyandesite 

listed in column 3 of Table 4.8. 

FELDSPARS 

Feldspars are the.most abundant minerals in the Dunedin 

Volcanics, occurring as phenocrysts and groundmass phases in 

all rock types. Partial analyses of feldspars are presented 

in Table 4.9. Compositions vary from plagioclase (An 65 ) to 

sanidine (or50 ). Among the basalts and basanites the 

principal feldspar is groundmass plagioclase (An65_55 ) , 

although minor amounts of interstitial alkali feldspar may 

be present, and in some basalt~ plagioclase phenocrysts are 

abundant. Among the intermediate rock types feldspar 

compositions cover a very broad range: plagioclase of 

composition An
40

_
48 

in mugearite; both plagioclase and 

anorthoclase in trachyandesites (An23 _1 , or10_ 46 ); and 

plagioclase of composition An56 _40 in nepheline trachyandesites. 

Benmoreites and nepheline benmoreites cover a broad range of 

feldspar composition, from anorthoclase to plagioclase (An53_
2

, 

or
2

_
40

). Phonolites contain alkali feldspars (An6_0 . 5 , 

Or25-50) · 

The quartz normative trachyte contains anorthoclase 

covering a limited range from about Ab 73 -Ab60 with a maximum 

anorthite content of about 8%. Variations in feldspar 

compositions are represented in terms of Ab-An-Or in Figs 4.1.2 



FIGURE 4.12: Individual microprobe analysis points for 
feldspars from Dunedin volcanic rocks 
plotted in the system An-Ab-Or. 
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FIGURE 4.14: Composite plot in system An~Ab-Qr of al~ microprobe 
analysis poi.nts from Dunedin feldspar.s,. compared 
with feldspar fractionation trends from other alkalic 
volcanic provLnces. Ma =Madeira cumulate rocks 
(Hughes & Brown, 1972); N = Nandewars (Abbott, 1968); 
C =Las Canadas, Tenerife (Ridley, 1970); S = Mt. 
Suswa (Nash et.al., 1969); K = Korath Range, L. Rudolf 
(Brown & Carmichael, 1969); P = Pantellerite trend 
(Carmichael, 1962). 
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and 4.13. ' 

Although zoning patterns in individual feldspar pheno

crysts may be complicated by complex oscillatory zoning there 

is a general trend of normal zoning, from cores relatively 

rich in anorthite component to more sadie rims. 

content generally increases from core to rim. 

The K2 0 

Among the 

basic and intermediate rocks, groundmass feldspars are, in 

general, richer in Na 2o and K2o than the phenocrysi:s. Among 

the phonolites K2o in the feldspars increases at the expense 

of Na2o, from phenocryst core to rim and finally to the 

groundmass. Surprisingly basic plagioclase phenocrysts 

can occur in evolved nepheline benmoreites, for example 

the feldspar phenocryst core shown in column 10 of Table 4.9 

(An = 40.5%) which is a phenocryst from the Mt.Mopa.nui 

nepheline benmoreite (30437). This basic phenocryst, which 

occurs with xenocrystic olivine and clinopyroxene '(see above) 

may also be a high pressure xenocryst. 

The Dunedin feldspar fractionation trend is comparable 

with feldspar trends from other alkalic provinces (Fig.4.14) 

though Dunedin feldspars would appear to cover an exceptional 

compositional range. The trend of feldspar fractionation 

in East Otago mugearites, determined by Muir & Tilley (1961) 

conforms with the trend presented in Fig. 4.14. Similarly 

the trend of feldspar fractionation determined by Coombs & 

Wilkinson (1969) for the East Otago alkalic rocks is 

identical with the trend determined in this study, although 

the former does not cover as wide a range of feldspar 

compositions. The course of feldspar fractionation in the 

Dunedin Volcano corresponds with experimental trends 

(Tuttle & Bowen, 1958). 

NEPHELINE 

Nepheline occurs as a groundmass phase in all the ultra

alkalic rocks (basanite to phonolite), and as phenocrysts 
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in nepheline benmoreites and phonolites. With a few noteable 

exceptions nepheline is a normative phase in all Dunedin rocks. 

Analyses of nepheline from Dunedin lavas are presented in 
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TABLE 4.10: Nepheline analyses. 

Sio2 
Al2o3 
FeO 

CaO 

Na2o 
K 20 

Si 

Al 

Fe 

Ca 

Na 

K 

Ks 

Ne 

Q 

1 

46.26 

32.33 

0.25 

0.11 

17.55 

3.62 

100.12 

1.093 

0.900 

lA 

44.54 

32.87 

0.33 

0.07 

17.66 

4.06 

99.44 

1.065 

0.927 

2 

44.44 

33.09 

0.34 

0.16 

17.12 

4.01 

99.16 

1.065 

0.934 

0.005 0.007 0.007 

0.003 0.002 0.004 

0.804 0.819 0.795 

o.io9 0.124 0.123 

12.1 13.7 13.7 

80.3 

7.6 

81.2 

5.1 

80.0 

6.3 

2A 

44.25 

33.01 

0.53 

0.05 

16.30 

3.92 

3 

45.60 

33.25 

0.51 

0.01 

16.37 

4.62 

98.06 100.36 

1. 069 

0.940 

1.078 

0.926 

3A 

45.13 

32.93 

16.53 

5.00 

99.59 

1.077 

0.924 

0.011 0.010 0.000 

o.oo1 o.ooo. o.ono 
0.763 0.750 0.759 

0.121 0.139 0.167 

13.8 15.7 16.9 

78.2 

8.0 

76.2 

8.1 

76.3 

6.7 
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4 

44.65 

32.03 

0.53 

0.71 

17.25 

3.66 

98.89 

1. 073 

0.921 

0.011 

0.018 

0.804 

0.112 

12.9 

81.9 

5.2 

1. 30449. Nepheline benmoreite, Mt.Cargill. 
core (1) and rim (lA) . 

Phenocryst 

2. 30403. 

3. 30413. 

Phonolite boulder near Cargill's Castle, St.Clair. 
~henocryst core (2) and rim (2A). 

Phonolite. Dicks Hill. 
and rim (3A). 

Phenocryst core (3) 

4. Nepheline phonolite, New Zealand, Tilley (1954). 



Table 4.10. 

Brown (1970) has noted zoning in volcanic nepheline 

phenocrysts from alkalic volcanics in Tanzania. The zoning 

is due to variations in the relative amounts of iron and 

aluminium or to variai:ion in the relative amounts of silica 

and aluminium. Brown also noted, in the same paper, iron 

contents in nephelines of up to 4.6%. The nepheline 

phenocrysts examined during this study would appear to be 

relatively homogeneous and poor in iron which does not 

exceed 0.53%. 

SODALITE 

Sodalite occurs in some of the nepheline benmoreites 

and in many of the phonolites. The mineral occurs as both 

a phenocryst phase and in the groundmass. Phenocrysts are 

rounded and corroded, showing embayed outlines, abundant 

fluid inclusions, and reaction rims (Plate 4.7). 

APATITE 

Apatite is a common accessory phase in Dunedin volcanic 

rocks, occu~ring as needles or rounded grains loaded with 

fine inclusions. Apatite is rare in the more evolved 

phonolites, common in the basaltic rocks and reaches a 

maximum abundance in the intermediate compositions and 

·nepheline benmoreites. Inclusions composed of apatite, 

clinopyroxene and titanomagnetite have been noted in 

basanites and nepheline benmoreites. 

ZEOLITES 

Analcime 

Analcime occurs as a groundmass and phenocryst constitu

ent in some of the more highly evolved phonolites and as a 

vesicle filling in many of the more basic rocks. Wilkinson 

(1968) analyzed analcime from a phonolite (tinguaite) dyke 

which is exposed at Portobello and his analysis is presented 
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in column 2 of Table 4.11. Analcime in the groundmass of 

phonolite from Dicks Hill has been analyzed and the analysis 

is presented in Table 4.11. 

TABLE 4.11: Analyses of analcime from the groundmass of 
Dunedin phonolites . 

1 2 

Si02 55.86 52.67 

Al2o3 24.64 23.79 

Fe
2
o

3 
1.26 

FeO 0.15 

MgO 

CaO 0.71 

Na
2
o 11.36 12.94 

K20 0.17 0.25 

H 0+ 8.00 2 
H20 0.32 

92.03 100.09 

Si 32.22 31.13 

Al 16.75 16.57 
Fe 3+ 0.56 
Fe2+ 0.07 

Mg 

Ca 0.45 

Na 12.70 14.83 

K 0.19 

1. Analcime from phonolite (30413) Dicks Hill. 
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2. Analcime from "Tinguaite" - Portobello, Wilkinson (1968). 

Chabazite 

Chabazite was identified as a vesicle filling and ground

mass -constituent of a basalt from Swampy Sunrrnit (30433) and 

an analysis of the zeolite is presented in Table 4.12. 

Comparison with analyses in the literature revealed only one 

example which approached the Swampy Summit chabazite in 

composition (Table 4.12' column 2). The chabazite is 

unusually rich in magnesium and silicon. 
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TABLE 4.12: Analyses of magnesium rich chabazite. 

1 2 

Sio2 51.71 44.19 

Ti0
2 

Al 2o 3 23.59 19.86 

Fe2o 3 0.28 

FeO 

MnO 

MgO 2.68 1. 56 

CaO 7.46 8.61 

Na2o 1.18 

K
2

o 1.59 2.05 
H o+ 14.36 2 
H20 7.44 

87.03 99.53 

Number of cations on the basis of 72 oxygens. 
Si 23.54 23.07 

Al 12.66 12.22 
Fe 3+ 0.11 

Mg 1. 82 1.21 

Ca 3.64 4.82 

Na 1.19 

K 0.93 1.37 

H 0+ 
2 25.01 

H20 12.96 

~ 36.21 35.40 

R* 6.38 8.59 

* R = (Mg + Na + Ca + K) 
1. Chabazite from Basalt (30433)' Swampy Sununit. 
2. Chabazite, Chichibu Mine, Saitama Prefecture, Japan (Kato, 

1959). 

Other Zeolites 

Natrolite and phillipsite occur as vesicle fillings in 

Dunedin volcanic rocks, and phillipsite has been recorded in 

the groundmass of rocks ranging from basanite (Coombs, in 

Brown, 1955), to phonolite (Coombs & Wilkinson, 1967) in the 
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East Otago alkali~ provincei 

CONSTRAINTS ON PHYSICAL CONDITIONS 

'l'emperature 

Melting experiments 1 at 1 atmosphere, undertaken by'" 

Thompson and Flower .(1971) 1 and Thompson (1972) provide 

melting temperature and liquidus phase data for a variety 

of alkalic rocks. 

Table 4.13. 

A summary of this data is given in 

TABLE 4.13: Summary of 1 atmosphere melting· experiments on 
alkalic lavas. 

ROCK TYPE Upper temperature lJ.m1ts a.f maJor 

·------------------------------------~phases (~C~)_1 ___________ __ 

(a) Anjouan (Thompson & Flower, 1971) 

Basanite 01, Cpx 1172 Pl, 1132 

Basaltic hawaiite 011 1210 Cpx 1 1200 Pl, 1148 

Hawaiite 01, Pl, 1156 Cpx, 1118 

Nepheline hawaiite 01, 1141 Cpx, Pl, 1118 

Nepheline mugearite 01, Cpx, Pl, 1132 

Nepheline benmoreite Pl, 1119 Cpx, 1107 01, 1058 

(b) Skye (Thompson et. al. , 1972) 

Basalt 01, 1332 Pl, 1194 Cpx, 1168 Mt, 

Basalt 01, 1315 Pl, 1194 Cpx, 1160 Mt, 

Basaltic hawaiite Pl, 1193 01, 1168 Cpx, 1128 Mt, 

Hawaiite Pl, 1168 01, 1139 Cpx, 1092 

Mugearite Pl, 1140 01, Cpx, 1103 

Benmoreite P1 1 1131 Cpx, 1092 01, 1073 
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1115 

1135 

1195 

1 Temperatures indicate the first appearance of the phase on 
the liquidus. 

01 = olivine; Cpx = clinopyroxene; Pl = plagioclase; 
Mt = magnetite 

As well as these direct measurements of magma temperatures, 

which can be related to the Dunedin rocks, at least two 

mineral "geothermometers" can be used to estimate crystalli-

zation temperatures. Krauskopf (1967) sums up the application 
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of "geothermometers" thus: "A common sequence of events has 

been the proposal of a new method, its enthusiastic appli

cation, and then the discovery, after detailed study, that 

the method depends on so many variables that its results are 

less reliable than at first appeared". Although Krauskopf 

was particularly concerned about geothermometry as applied 

to ore genesis, his comments are equally valid for various 

petrological mineral thermometers and the pe·trochemist 

should always attempt to ascertain the limitations of data 

he obtains indirectly by using mineral compositions. 

Temperatures have been estimated for the commencement 

of feldspar crystallization in four different Dunedin lavas 

by using the plagioclase geothermometer of Kudo & Weill 

(1970). The method has the advantage that it is based on 

feldspar-natural liquid equilibria, although the following 

assumptions have been made in application of the method. 

(i) 

{ii) 

(iii) 

The feldspars are ideal solid solutions. 

The most calcic parts of the cores of the feldspar 

phenocrysts represent the first feldspars to 

crystallize from the melt. 

The feldspars were initially in equilibrium with 

a liquid which had a composition approximating 

to the present composition of the whole rock. 
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Thus the feldspar cores are assumed to have been in equili

brium with a melt whose composition approximated to that of 

the whole rock. Obviously this is a situation which may be 

far removed from reality. Feldspar phenocrysts may be 

xenocrystic and pyroxene, olivine, apatite and titanomagnetite 

may have already crystallized in quantity from the melt at 

the time of crystallization of the early feldspar. Results 

are tabulated in Table 14.4. 

Hamilton (1961) established the limits of nepheline solid 

solution at temperatures between 500 and 775°C and by plotting 

nepheline compositions in the system Q-Ne-Ks it is possible 

to gain some estimate of crystallization temperatures. 

Compositions of nepheline phenocrysts from Dunedin lavas are 

plotted in Fig. 4.15. Also shown on the diagram are the 

solid solution limits determined by Hamilton (1961). The 
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FIGURE 4.15: Composition of nepheline from Dunedin Volcanics plotted 
in the system Q-Ne-Ks. Solid solution boundaries are 
from Hamilton (1961). 
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crystallization temperatures determined in this way are 

given in Table 4.15. 

TABLE 4.14: 
I 

TABLE 4.15: 

Estimated temperatures for commencement of 
feld~par crystallization in Dunedin lavas. 

I SA~1PLE •rEMP 0 c 
I 

Nepheline Trachyandesite - 30429 

Dry 

0.5 Kb H2o 
1.0 Kb H2o 
5.0 Kb H20 

Nepheline Benmoreite - 30437 

Dry 

0.5 Kb H2o 
1.0 Kb H20 

5.0 Kb H20 

Mugearite - 30426 

Dry 

0.5 Kb H2o 
1.0 Kb H2o 
5.0 Kb H20 

Benmoreite - 30412 

Dry 

0.5 Kb H
2
o 

1.0 Kb H20 

5.0 Kb H20 

1141.8 

1098.1 

1062.3 

796.0 

1193.8 

1144.4 

1106.9 

823.0 

1191.6 

1143.1 

1106.1 

828.5 

1246.9 

1192.6 

1154.1 

860.9 

Estimated crystallization temperatures for 
nephEkline. 

I 

Nepteline benmoreite (30449) 500 - 750 

Phololite (30403) 700 - 750 

Phonolite (30413) 750 800 
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Photolite (Tilley, 1954) 500 

Estimated temperatures for the nepheline benmoreite agree 

poorly with estim!tes using the Kudo-Weill method, and wi·th 



the experimental values of Thompson & Flower (1971) . Two 

explanat.ions for this discrepancy are suggested. here. 

Firstly, it may be that the nepheline phenocrysts in the 

nepheline benmoreite have equilibrated with residual 

liquid, late in the crystallization history of the melt. 

The temperature estimates using the plagioclase geother

mometer are based on the composition of the inner cores of 

plagioclase phenocrysts which would equilibrate with initial 

but not residual liquid. Thompson & Flower (1971) were 

concerned with the initial liquidus temperatures of alkalic 

melts and their research did not extend to residual liquid 

temperatures. A second explanation for the discrepant 

temperatures is that the nepheline benmoreite is not a close 

chemical approximat~on to the Q-Ne-Ks system. In the case 
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of the phonolites, recalculation of the rock analyses into 

normative quartz, nepheline, and kalsilite gives a total in 

excess of 80% for these three components, so the phonolites 

approximate compositionally to the experimental system, but 

the nepheline benmoreites do not and it is possible that the 

solid solution boundaries in the system are affected 

significantly by the addition of other chemical components. 

Temperatures of nepheline crystallization cannot be considered 

reliable except in situations where the natural liquid 

closely approximates to the simple, pure, synthetic system. 

Milhollen (1971) carried out melting experiments on 

nepheline syenite with exdess 

Ptotal a nepheline syenite is 

975°C and completely solid at 

water and found that at 1 kb 

entirely liquid at about 

These liquidus and 

solidus temperatures can be taken as the limiting crystalli

zation temperature conditions, at 1 kb, with excess H2o, for 

phonolite. Milhollen's (1971) results are in essential 

agreement with work by Barker (1965). Since nepheline 

might be expected as one of the later crystallizing phases 

in a phonolite liquid (opaque oxides appear to be the initial 

liquidus phase in nepheline syenite - Milhollen, 1971), the 

temperatures estimated using solid solution boundaries on 

the system Ne-Ks-Q are consistent with the experimental data. 

Table 4.16 is a summary~of limiting crystallization 
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.temperatures for Dunedin volcanic rocks. 

TABLE 4.16: Possible limiting crystallization temperatures 
for Dunedin volcanic rocks, at 1 atmosphere. 

ROCK TYPE LIQUIDUS (OC) 

Basalt 1300 - 1100 

Hawaiite 1160 - 1100 

Mugearite 1140 - 1100 

Benmoreite 1150 - 1070 

Basanite 1170 - 1130 

Nepheline hawaiite 1140 - 1120 

Nepheline mugearite 1130 

Nepheline trachyandesite 1100 (approx.) 

Nepheline benmoreite 1120 - 1060 

Phonolite 975 700 

Oxygen fugacity 

The presence of homogeneous titanmagnetites in Dunedin 

volcanic rocks implies that oxygen fugacity was generally 

low during crystallization of the alkalic melts (Watkins & 

Haggerty, 1967). The absence of coexisting ilmenite in 
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the rocks prevents the use of the Buddington & Lindsley (1964) 

ilmenite-magnetite oxygen buffer system, and only generali

zations can be made regarding oxygen fugacity conditions. 

The ratio of ferric to ferrous iron in whole rock samples 

increases with differentiation of the host rock (Chapter 5, 
3+ 2+ . Fig. 5.6) so that the phonolites have a high Fe /Fe rat1o 

while the basaltic rocks have low Fe 3+;Fe2+. This implies 

that the phonolitic rocks are more oxidized than the 

basaltic rocks and that oxygen fugacity increases with 

differentiation. Aegirine reaction rims on olivine and 

clinopyroxene phenocrysts (see above) a:b;~~ evidence for an 

increase in oxygen fugacity during the cooling history of 

phonolites and nepheline benmoreites. 

The presence of aenigmatite and homogeneous titanmagne

tites in phonolites indicates that oxygen fugacity has 

remained low even in .the most evolved rocks. 



Examination of Ernst's (19621 fo 2 versus T stability 

diagrams for ·-~che b lk · · 't · N 0 SF 0 8S · 0 ·t d. t l:. . u. composi -Ion a 2 . e ,.; I 2 a mo era e 

(0.5 kb) to high (2 kb) PH 
0 

indicates that the assemblage 

~uartz + aenigmatite + acm~te + fayalite is stable over a 

limited temperature interval from about 800 to 650°C, at low 
-15 ' 

fo 2 (less than 10 bars) • The appearance of the addition-

al phase riebecki te-arfvedsoni te is restricted ·to tempera

tures less than about 700°C and fo
2 

less than about lo-20 

bars, at high PH 0 (2 kb) and about l0-22 bars at moderate 

PH 0 (0.5 kb). 
2
Although the applicability of this synthetic 

sy~tem to natural rocks is difficult to assess, the coexist

ence of quartz-aenigmatite-acmite-fayalite-arfvedsonite would 

appear to indicate moderate to low temperatures (less than 
0 

about 800 C) and low oxygen fugacity conditions (less than 

lo-18 bars). Since these phases are all present, apparently 

in equilibrium, in the quartz-normative trachytes the low 

oxygen fugacity conditions which apparently prevailed in 

the melts represented by the other rocks also prevailed in 

the quartz normative differentiates. 

The oxygen fugacity can be determined for the general 

mineral assemblage olivine + magnetite-ulv~spinel using the 

equation: 

(1) log fo 2 = -25738 
T + 9.00 + 2 log xMt - 3 log xfa + 

3 log asio2 

derivation of which is given by Nash & Wilkinson (1970) . 

xMt is the mole fraction of magnetite in the solid solution 

series ulv~spinel~magnetite, xfa is the mole fraction of 

fayalite in the olivine, and aSiO is the activity of silica 

in the liquid which can be calcul~ted using one of the buffer 

systems quantified by Nicholls et.al. (1971). For example, 

log a
8

i
02 

can be calculated from the equation: 

(2) log a 8 i
02 

= - 8i 5 + 0.012 + ~ log xAb - ~ log xNe 

which is based on the buffer system: 

~ albite + Sio
2 

= ~ nepheline. 

xAb is the mole fraction of albite in the feldspar, and xNe 
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is the mole fraction of nepheline in coexisting nepheline 

solid solution. 

Most nepheline compositions in alkalic lavas contain 

of the order of 80% nepheline component in the molecule 

(see above) so that an assumption that xNe = 1 does not 

l~ad to a substantial error in the calculation o£ aSi0
2

. 

Two rocks were selected for calculation of f0
2 

using 

equations (1) and (2) . These were the basanite from 

Saddle Hill (30430), and a nepheline trachyandesite from 

North Head (30429), which were selected for the following 

reasons: 

(i) They· contain olivine, magnetite, feldspar, and 

nepheline as groundmass constituents. 

(ii) Melting data on basanites from other alkalic 

provinces· (Thompson, 19 72) suggest that all the 

phases used in the calculation will appear 

together over a narrow temperature interval (see 

above) . Melting data are not available for 

nepheline trachyandesite. 

Simultaneous use of equations (1) and (2) assumes that 

all the phases involved are in equilibrium with each other 

and with the liquid. This may not be a realistic assumption 

even for the two examples selected, but it is certainly a 

false assumption in cases where one phase (e.g. olivine or 

titanmagnetite) is present as phenocrysts only. 

Oxygen fugacities,for basanite and nepheline trachyande

site have been calculated and the results are presented in 

Table 4.17. 

TABLE 4.17: Calculated oxygen fugacity conditions. 
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ROCK TYPE Temperature 
(OC) log aSi02 log f0 2 

Basanite 1150 0.830 10.9 

.Nepheline trachyandesite 1100 0.737 12.2 

The calculations confirm the generalization that fo 2 has 

been low during crystallization of the Dunedin alkalic lavas. 
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PLATE l1.J (A): Olivine (01) phenocryst shm-ving reaction rim composed of 
aegirine (Ae). Nepheline benmoreite (30437). 

Scm = 0.3mm. 

PLATE 4.1 (B): Clinopyroxene (Cpx) phenocryst showing reaction rim composed 
of aegirine (Ae). Nepheline benmoreite (30402). 

Scm= 0.3mm. 



PLATE 4.2: Mottled (dark) patches of aegirine-augite wi t hin a corroded 
phenocryst of tita naugite. Basalt (30450). 

Scm = lmm. 

PLATE 4.3: Titanaugite phenocryst (Ti) with pale coloured diopsidic core 
(Di) containing an abundance of fluid inclusions. Basalt 
(30450). 

Scm- O.]mm. 



PLATE 4.4 (A): Partially resorbed ph enocryst of kaersutite with reaction 
rim composed of opaque oxides, aegirine, and nepheline. 
Nepheline benmoreite (30437). 
5cm = lmm. 

PLATE 4.4 (B): Fully resorbed kaersutite phenocryst pseudomorphed by opaque 
oxides, aegirine (A) and nepheline. (30437). 
5cm = lmm. 



PLATE 4.5: Blue amphibole (R) and opaque ox ides pseudomorphing 
kaersutite. A few gra ins of kae r s utite (K) rema in in 
the core of the pseudomo rph. Phonolite (30460). 

Scm = lmm. 

PLATE 4.6: Biotite (b) reaction rim on ka e rsutite (K) phenocryst. 
Phonolite block in Port Chalmers Breccia (30448). 

Scm = 0.27mm. 



PLATE 4.7: Sodalite (S) phenocryst showing crystallographically oriented 
fluid inclusion trains and reaction rim composed principally 
of nepheline (N e) . Nepheline benmoreite (30402). 

Scm = 0.27mm. 



CHAPTER 5 

CHEMISTRY OF THE ROCKS 

SAMPLE PREPARATION AND ANALYTICAL METHODS 

About 2-10 kg of rock were collected from each sample 

locality using large sledge hammers or, where fresh sample 

was not readily available, a portable motorised rock drill 

and blasting gelatine. The sample was then split into 

.fragments about 2cm square using an hydraulic rock splitter. 

Weathered crusts and pieces containing vesicle fillings or 

xenolithic material were discarded. It was found convenient 

in some cases to cut large samples into 2cm thick slabs 
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using,a large diamond impregnated saw. The slabs were then 

rinsed in dilute hydrochloric acid, to remove surface contamina

tion from the saw blade, and then with distilled water, dried, 

and finally split in the same way as other samples. The 

fragmented samples were crushed to coarse sand-sized particles 

in a tungsten carbide 1 TEMA 1 swing mill and the sand-sized. 

fraction was reduced to about 200g by successive splitting~ 

This portion was crushed in the tungsten carbide 1 'l,EMA 1 mill 

for an additional two minutes to obtain a powder which was 

used for all analytical work. The method restricts contamina

tion to tungsten and cobalt. 

Most elements were determined by X-ray fluorescence 

spectrometry. Exceptions were sodium, ferrous iron, water, 

carbon dioxide, the rare earth elements, cesiu~hafnium, and 

tin. 

The major elements (Si, Al, Ti, total Fe, Mn, Mg, Ca, K, 

P~ were determined using characteristic radiation emitted from 

glass discs prepared by fusing the sample with a lithium 

borate flux, to which lanthanum oxide was added as a heavy 

absorber. The method is described by Norrish & Chappell 

(1967), and Norrish and Hutton (1969). Fusion of the sample 

reduces matrix effects by providing a uniform matrix, free 

from grain size effects. Matrix corrections are made by 

applying coefficients of correction calculated from the sample 

and glass compositions. 



The trace elements (Ba, Rb, Sr, Pb, Th, U, Zr, Nb, Y, V, 

Cr, Ni, Cu, Zn, Ga, Cl) were determined on compressed 
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pellets prepared from the powdered samples. Pellets were 

prepared fresh and in duplicate and absorption coefficients 

were measured directly using powdered samples (Norrish & 

Chappell, 1967). Absorption coefficients need to be measured 

on only 4 elements which provide values which can be used for 

all the trace elements analyzed by X-ray fluorescence. 

Rubidium and strontium mass absorption coefficients can be 

used for short wave-length radiation and iron and zinc mass 

absorption coefficients can be used for the longer wave-

length radiation. For rubidium/strontium radiation the 

undiluted sample can be used for determination of the mass 

absorption coefficients but for iron/zinc the sample is diluted 
) 

with cellulose to obtain sufficient transmitted intensities. 

Direct measurement of absorption coefficients means that 

samples can be calibrated against primary synthetic standards. 

The uncertainties introduced by using recommended values for 

standard rocks are removed and the method has shown a high 

standard of precision and accuracy (Compston et.al., 1969; 

Chappell et.al., 1969). 

A summary of operating conditions is given in Appendix B, 

along with some comparisons between analyses on the same samples 

by different techniques. 

Sodium was determined using a "Baird Atomic" dual-channel 

flame photometer with lithium as an internal standard. The 

method is similar to that described by Cooper (1963). 

Ferrous iron was obtained by volumetric methods. The 

sample was dissolved in HF in the presence of excess ammonium 

meta-vanadate and the remaining metavanadate was titrated 

with ferrous ammonium sulphate solution standardized against 

a "B.D.H." standard eerie sulphate solutidn. Ferric iron was 

determined by difference after total iron was measured by X-ray 

fluorescence spectrometry. 

Hygroscopic water was determined by weight loss after the 

sample was heated in an oven for two hours at ll0°C. 

For determination of co2 and combined water samples were 
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heated in a tube furnace to 1200°C. The co2 and H2 0+ were 

carried off in a nitrogen stream and collected in micro

absorption tubes containing phosphorous pentoxide and 
11 carbosorb 11 asbestos. 

The rare earth elements, cesium, hafnium and tin were 

determined with an A.E.I. M.S.7. spark source mass spectro

graph using methods described by Taylor (1965a,l971). 
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The samples were moulded into electrodes with powdered graphite 

using lutetium as an internal standard. Photoplates were read 

on a Jarrell-Ash microphotometer-densitometer, and the data 

processed using the method described by Taylor (1971). 

INTRODUCTION 

Major element and trace element data for Dunedin volcanic 

rocks and for rocks from other centres in East Otago are 

presented in Tables 5.1 to 5.5. The tables include both 

published and unpublished data. C.I.P.W. norms for the 

are given in Tables 5.6 to 5.10. Various elements have 

plotted on standard two dimensional Harker diagrams and 

symbols used ln the diagrams are explained by Table 5 .11. 

Other two dimensional plots have been used in some cases 

show certain aspects of the variation of some dependent 

variables. 

rocks 

bee'n 

to 

For the variation diagrams silica has been chosen as the 

independent variable for reasons which have been very concisely 

outlined by Rhodes (1969a). 

{a) In many rock series silica accounts for over half of 

the total variance in the system (Chayes, 1964). In Table 

5.12 variance of the major elements among Dunedin rocks has 

been expressed as a percentage of the total variance of the 

system for the following rock groupings: 

(i) 12 rocks covering the range basalt and basanite 

through intermediate compositions to phonolite 

and trachyte 

(ii) 23 basalts and basanites 

{iii) 26 phonolites 

Among the basaltic rocks although silica accounts for more of 

the variance than any other element it is responsible for only 
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TABLE 5.1 

Si02 
Ti02 
Al 2o3 
Fe2o3 
FeO 

MnO 

MgO 

CaO 

Na2o 
K20 

P205 
H
2

o+ 
H
2
o-

co2 
s 
Cl 

:>-

Uncorr€cted 

). 

ANALYSES OF BASALTS AND BASANITES 

42.65 

. 2.90 

12.78 

4.97 

8.48 

0.18 

10.39 

10.40 

2.65 

0. 92 

0.59 

0.68 

0.75 

0.68 

0.01 
0.03 

2 

42.94 

3.13 

14.59 

3.66 

9.13 

0.20 

7.04 

11.21 

2.44 

1.19 

0.67 

1.88 

0. 72 

0.15 

0.07 

tr 

44.36 

2.52 

14.37 

3.99 

8.30 

0.18 

8. 79 

8.99 

2.78 

1.05 

0. 55 

1.97 

1.06 

0.11 

0.10 

0.04 

4 

44.38 

2.54 

14.90 

2.82 

8.85 

0.19 

8.32 

10.69 

3.48 

1. 26 

0.60 

o. 77 

o. 70 

0.44 

0.05 
0.02 

44.45 

2.06 

13.26 

4.24 

7.55 

0.19 

10.56 

10.03 

2.55 

0.98 

0.40 

1. 76 

0.69 

0.21 

0.02 

0.03 

.)< 
''-

6 

44.64 

3.04 

15.98 

2.99 

9.47 

0.20 

6.53 

9.12 

3.42 

1.40 

0.57 

0.77 

1.67 

0.03 

tr 

44.99 

2.01 

14.19 

4.55 

7.07 

0.20 

8.79 

9.60 

3.08 

1.43 

0.45 

1. 57 

1.03 

0.10 

0.04 

0.09 

8 

45.38 

2.44 

14.41 

3.51 

8.84 

0.19 

7.96 

10.09 

3.22 

1.47 

0.60 

1.14 

0.33 

0.10 

0.06 

0.04 

45.57 

2. 56 

13.99 

2.81 

8.85 

0.18 

8.86 

10.56 

2.78 

1.13 

0.41 

0.89 

0.20 

0.05 

0.13 

0.02 

10 

45.83 

1.62 

14.35 

1.71 

10.76 

0.18 

9.47 

9.29 

2.55 

0.68 

0.17 

0.98 

2.46 

0.04 

11 

45.83 

1. 58 

13.86 

1. 95 

9. 76 

0.17 

8.55 

10.33 

2. 76 

0.80 

0.30 

0.42 

0.64 

2.87 

12 

45.85 

1.94 

13.27 

5.06 

7.18 

0.18 

9.19 

11.04 

2.53 

0. 78 

0.36 

1.02 

0.88 

o. 78 

13 

46.00 

1. 93 

13.17 

3. 76 

8.63 

0.20 

10.66 

9.85 

2.41 

0.68 

0.37 

1. 25 

0.65 

0.13 

0.02 

4 

? 

14 

46.92 

2.65 

15 0 73 

2.80 

8.31 

0.19 

4.81 

10.17 

3.05 

1.30 

0.53 

1. 35 

0.81 

0. 57 

0.10 

0.03 

15 

40.86 

3. 96 

13.20 

6.24 

9.18 

0.19 

5.80 

7.69 

2. 77 

2.00 

1. 56 

4.34 

1. 92 

tr 

16 

41.23 

2. 38 

14.74 

3. 99 

8.84 

0.17 

6.05 

11.06 

3. 75 

1. 80 

0.90 

3. 69 

1.48 

17 

41.26 

3. 72 

13.73 

4.20 

10.04 

0.21 

6. 78 

9.16 

5.48 

1. 91 

1. 41 

1. 47 

0.53 

0.04 

0.11 

18 

41.29 

2 0 73 

13 0 39 

4.21 

9. 73 

0.29 

5.60 

9.47 

5.42 

2.10 

1. 05 

0. 95 

0. 90 

2.43 

0. 12 

Total 99.06 99.02 99.16 100.01 98.98 99.83 99.19 99.78 98.99 100.09 99.82 100.06 99.71 99.32 99.71 100.08 100.05 99.68 

Corrected 
Total 

Ba 

Rb 

Sr 

Pb 

Th 

u 
Zr 
Nb 
y 

v 
Cr 

Ni 

tu 

·Zn 
Ga 

Rb/Sr 

K/Rb 

99.05 98.99 99.10 99.98 98.96 99.83 99.15 99.74 98.92 100.09 99.82 100.06 99.70 99.26 99.71 100.08 100.00 99.65 

295 31 422 

22 23 23 

617 684 738 

2 3 4 

3 3 

180 219 209 

46 45 54 

22 24 22 

235 236 180 

320 32 240 

234 91 163 

64 76 51 

101 96 99 

18 18 19 

0. B4 0. '03 0. 03 

345 430 378 

327 

25 

500 

2 

174 

46 

21 

174 

348 

228 

67 

93 

17 

0.05 

324 

428 

42 

799 

.ti 

5 

2 

231 

66 

24 

161 

281 

197 

54 

103 

17 

D.05 

283 

423 

31 

679 

4 

4 

1 

221 
54 

22 

199 
254 

136 

66 

105 

18 

0.05 

394 

300 

34 

519 

5 

182 

38 

21 

250 

223 

117 

27 

102 

19 

0.07 

276 

478 

21 

1591 

193 

45 

26 

202 

34 

34 

40 

99 

22 

U.Ol 

514 

·~: ~~~+ 68.61) 57.89 65.38 62.63 71.38 55.14 68.91 61.62 64.09 61.08 60.97 69.53 68.77 50.79 52 .. 97 54.96 54.63 50.64 
co 
>~:» 



TABLE 5.1 

Si02 
Ti02 
Al 203 
Fe2o3 
FeD 

MnO 

MgO 

CaD 

Na 2o 
K20 

P205 
H2o+ 
H
2
0-

C02 
s 
Cl 

Uncorrected 

"). 

ANALYSES OF BASALTS AND BASANITES (Continued) 

19 

41.35 

1. 96 

16.20 

3.63 

7. 95 

0.17 

4.64 

12.06 

3. 30 

2. 50 

0. 92 

3. 90 

1.20 

20 

41.65 

1. 96 

15.17 

3.84 

9.59 

0. 21 

7.64 

10.72 

4.10 

1. 20 

o. 67 

2.09 

1.07 

21 

42.12 

3.3? 

14.38 

4.44 

8. 71 

0. 22 

6. 71 

11.10 

3.86 

1. 75 

0. 92 

o. 54 

0. 52 

0. 22 

0.11 

0.06 

22 

42.40 

1.72 

14.05 

3.27 

9.95 

0.20 

8.57 

10.79 

4.00 

1.60 

0.58 

2.16 

0.56 

23 

42.78 

1.96 

13.62 

4.16 

9. 34 

0.20 

8.00 

10.73 

3.55 

1.80 

0.54 

2.11 

0.93 

24 

42.96 

2. 91 

13.33 

3.08 

9.36 

0.22 

10.60 

11.56 

3. 31 

0.84 

0.55 

1.27 

0.36 

0.20 

25 

43.03 

2.66 

13.82 

3. 70 

8.95 

0.21 

8.59 

9.23 

3.91 

2.14 

0. 73 

2.37 

0. 78 

26 

43.67 

2.87 

15.17 

4.25 

8.05 

0. 21 

7.24 

11.80 

3.23 

1. 02 

0.37 

0.76 

0.77 

0.01 

0.10 

0.02 

27 28 29 

44.11 44.47 44.78 

1.00 1.60 2.00 

19.33 15.70 16.10 

3.98 3.99 2.63 

6.16 10.61 10.10 

0.14 0.22 0.21 

3.03 6.51 7.56 

8.97 8.87 8.85 

5.40 3.61 4.42 

3.30 1.88 1.88 

0.89 0. 75 0.60 

2.60l 1.91l 1.21 
1.00 

30 

44.93 

1.12 

20.15 

4.07 

4. 79 

0.13 

2. 51 

6.84 

5. 35 

3.95 

0.56 

3. 96 

2.20 

., 

31 32 

45.57 46.29 

2. 28 1. 90 

17.92 17.17 

3.64 2.80 

6.12 10.03 

0.16 0.19 

2.97 6.95 

8.64 7.31 

5.32 3.90 

3.28 1.48 

1.17 0.40 

1.42l 1.15 
1. 98 

Total 99.78 99.91 99.04 99.85 99.72 100.55 100.12 99.54 99.91 100.12 100.34 100.56 100.47 99.57 

Corrected 
Total 99.78 99.91 98.97 99.85 99.72 100.55 100.12 99.49 99.91 100.12 100.34 100.56 100.47 99.57 

Ba 

Rb 

Sr 

Pb 

Th 

u 
Zr 

Nb 

Cr 

Ni 

Cu 

Zn 

Ga 

Rb/Sr 

K/Rb 

~ 
flg + Fe2+ 

512 

39 

922 

4 

308 

83 

29 

214 

114 

85 

47 

117 

20 

0.04 

372 

388 

12 

658 

4 

3 

214 

67 

25 

253 

270 

212 

73 

102 

19 

0.02 

583 

419 

25 

866 

4 

4 

205 

62 

25 

242 

177 

93 

69 

99 

19 

0.03 

340 

50.99 58.68 57.87 60.56 60.43 66.88 63.12 61.59 46.72 52.24 57.16 48.30 46.39 55.27 

7 

co 
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Explanation of Table 5.1 Basalts and Basanites. 

1. Basalt. Swampy Surrmi'c section. OU30435 (164/126820) • 

2. Basalt. Quarry near Lookout Point Fire Station. OU30444 

3. 

(164/119690) • 

Basalt. Swampy Summit - base of the section. OU30436. 

(164/126820) . 

4. Feldspathic olivine basalt. Mt. Difficulty, Trig. D. Kauroo 

S.D •. (Benson, 1942).. Seelye. 

5. Basalt. Sv-1ampy Summit section. OU30434 (164/126817). 

6. Alkaline olivine basalt. Fall, 1.6 km \'lest of Trig. H, 

Swinburn S.D. (Williamson, 1939) Dominion Analyst. 

7. Basalt. Swampy Summit- top of the section. OU30433 

(164/127815) • 

8. Basalt. Mt. Holmes. OU30450 (164/205796). 

9. Basalt dyke. Allens Beach. OU30414 (164/327716). 

10. Olivine basalt. 2~ km souL~ of Trig~ C. Swinburn S.D. 

(Benson, 1942). Seelye. 

11. Doleritic olivine basalt. 1 km W of Trig. A on Haughton Hill. 

(Williamson, 1939). Dominion Analyst. 

12. Doleriticolivine basalt. Trig. L. (Flat Cap} Rock & Pillar 

S.D. (Williamson, 1939). Dominion Analyst. 

13. Basalt. Quarry. in Kaikorai Valley ("Roslyn Dolerite"}. 

OU30417 (164/134721) • 

14. Basalt. Quarry on Green Island - Bush Road. OU30433 

(163/091662). 

15. Liroburgite. On limestone 1~ km S.E. of Milburn Railway 

Station. (Benson, 1942) • Seelye. 
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Explanation of Table 5.1 : cont'd. 

16. Nepheline tephrite. OmimL OU20677A, (Coombs & Wilkinson, 

1969). Kalocsai. 

17. Zeolitized Basanite. Cemetry Hill, Clarendon, Waihola S.D. 

(Benson 1942a) See~ye. 

18. "Nepheline mugearite." (Atlantite). Donaldson's coal pit, 

1~ krn N. W. Trig. G. , Rock & Pillar S.D. (Williamson, 1939) • 

pominion Analyst. 

19. l!'eldspathoidal pegmatoid. Omirni, OU20677B, from nepheline 

tephrite (16-above). (Coombs & Wilkinson, 1969). Kalocsai. 

20. Nepheline basanite. Om:i.rni, OU20670, (Coombs & Wilkinson, 

1969). Kalocsai. 

21. Basanite. QuarYy on Black Head. OU30442 (163/093649). 

22. Nepheline basanite. Omimi, OU20672A., {Coombs & Wilkinson, 

1969), Kalocsai. 

23. Nepheline basanite. Omimi, OU20681, (Coombs & Wilkinson, 

1969), KalocsaL 

24. Basanite. Saddle Hill. OU30430 (163/031673). Kiss 

25. Sanidine Basanite. 300m south of Trig. C, Siberia Hill, 

N.E. Otago, o.u. 5766, (Benson, 1942). Seel~. 

26. Basanite. (Feldspathoidal Basalt). Second Beach cliff 

27. 

section, base-of the cliff. OU30411 (164/139663). 

Feldspathoidal pegmatoid. Omimi, OU20672B, from nepheline 

basanite (22- above) (Coombs & Wilkinson, 1969). Kalocsai. 

28. Basanite. From N.E. shoulder of Yellow Hill (Brown, 1964). 

OU17167 (036094) Brown. 

29. Basanite. Intrusive body on S.E. flank of the Hummock (Brown 

1964). OU17164 (050099) Brow~. 

30. Feldspathoidal pegmatoid. Omimi, OU20679, (Coombs & 

Wilkinson, 1969). Ka1ocsai. 
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Explanation of Table 5.1 cont 1 d. 

31. Feldspathoidal pegmatoid. Omimi, OU20664, (Coombs & Wilkinson, 

1969). Kalocsai. 

32. Basanite (Feldspathoidal basalt). Mt. Stoker. (Brown, 1964) 

OU17189 {934045). Brown. 
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TABLE 5.2 : ANALYSES OF BASANITES FROM LAKE WAIHOLA 

2 3 4 

Si02 43.14 41.66 40.88 40.50 

Ti02 1.83 2.37 2.42 2.52 

Al 2o3 18.66 15.21 12.83 14.89 

Fe2o3 2.55 3.81 3.61 3.14 

FeO 7. 30 8.26 10.62 8.24 

MnO 0.18 0.19 0.21 0.16 

MgO 3.07 6.56 10.92 5.27 

CaO 8.37 11.88 11.46 13.14 

Na2o 7. 30 4.39 2. 71 3.96 

K20 1. 47 1. 67 0.81 2.04 

P205 1. 20 1.00 0.63 2.24 
H

2
o+ 3. 64 1. 85 1.84 2. 95 

H
2

o- 0. 90 1.04 0.94 0.90 

C02 0.04 0. 01 0.03 -
so3 
Cl 0.01 0.02 0.02 -

0.11 0.11 1l.07 0.15 

O=Cl, F 0.05 0.05 0.03 0.06 

Rest - - 0.23 

Total 99.72 99.98 99.97 100.27 

~ 42.85 58.61 64.70 53.28 
Mq + Fe2+ 

5 6 

42.65 40.22 

2.49 2.52 

14.61 17.52 

3.38 3. 39 

7.18 7.48 

0.16 0.17 

5.67 5.09 

13.18 11.79 

4.60 4.81 

1.82 1.84 

2.24 1. 75 

1.20 1.68 

0.65 1. 30 

0.01 0.19 

0.04 0.04 

0.19 0.16 

0.09 0.08 

99.98 99.87 

58.47 54.82 

7 

40.74 

2.47 

17.14 

3.13 

8.44 

0.18 

4.35 

10.93 

5.44 

1.65 

1.80 

2.53 

0.99 

0.01 

0.02 

0.16 

0.07 

99.91 

47.89 

8 

43.14 

2.04 

17.77 

2. 38 

7. 90 

0.15 

3.52 

9. 51 

6.24 

2.10 

1.22 

2.89 

0.88 

tr 

tr 

0.10 

0.04 

0.23 

100.03 

44.27 

'~' ·; 

co 
\.0 
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Explanation of Table 5.2 Basanitesfrom Waihola 

1. Olivine theralite. West shore of Lake Waihol.a. (Coombs 

& Wilkinson, 1.969). OU21529. Riddle. 

2. Olivine theralite. Fine grained phase near base of sill. 

(Coombs & Wilkinson, 1969). OU21531. Riddle. 

3. Olivine therali te. Fine grained phase near base of sill. 

(Coombs & Wilkinson, 1969). OU21532. Riddle. 

4. Olivine theralite. Lower middle sill. (Benson, 1942b). 

OU5067. Seely~. 

5. Olivine theralite. Central part of sill. (Coombs & 

Wilkinson, 1969) OU21528. R~dle. 

6. Olivine theraldite. Central part of sill. (Coombs & 

Wilkinson, 1969). OU21530. Riddle. 

7. Olivine theralite. Upper (?) portion of sill. (Coombs & 

Wilkinson, 1969). OU21535. Riddle. 

8. Olivine theralite. Upper sill. (Benson, 1942b). OU5061. 

Seelye. 
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TABLE 5. 3 ANALYSES OF INTERMEDIATE ROCK TYPES : HAWAIITE - MUGEARITE, NEPHELINE HAWAIITE- NEPHELINE TRACHYANDESITE, TRACHYANDESITE. 

Si02 
Ti02 
Al 2o 
Fe2o3 
FeO 

MnO 

MgO 

CaO 

Na2o 
K20 

P205 
H2o+ 
H
2
o-

co2 
s 
Cl 

Uncorrected 

3 4 

46.16 46.63 47.69 48.11 48.34 

2.47 2.43 1.08 2.17 2.20 

15.56 15.46 17.74 16.07 16.14 

4.89 3.38 4.74 4.03 3.43 

7.20 8.38 8.47 9.03 9.80 

0.19 0.22 0.19 0.24 0.23 

5.63 5.43 3.15 2.90 3.16 

9.34 8.92 5.85 6.43 6.54 

3.48 3.85 5.31 5.18 5.24 

1.41 1.81 2.12 2.05 2.01 

0.59 0.67 1.19 1.49 1.50 

1.54 0.67 1.82 0.62 0.77 

0.68 0.74 0.34 0.33 0.30 

0.19 0.80 0.03 0.82 0.17 

0.11 0.14 - 0.09 

0. 05 0. 06 0.09 

6 

48.63 50.54 

2.27 1.87 

17.43 17.90 

3.18 2.57 

7.17 6.37 

0.18 0.19 

3.48 2.11 

7.87 5.54 

4. 27 5.00 

1.78 3.24 

0.84 0.70 

1.63 2.15 

0.38 0.54 

0.10 0.03 

0.10 0.11 

0.01 0.14 

Total 99.49 99.59 99.72 ~.~ ~.ru ~.~ ~.oo 

Corrected 
Total 99.42 

Ba 

Rb 

Sr 

Pb 

Th 

u 
Zr 
Nb 

v 
Cr 

Ni 

Cu 

Zn 

Ga 

Rb/Sr 

1<71<0 

503 

41 

879 

4 

2 

228 

53 

25 

182 

107 

71 

51 

103 

21 

0.05 

285 

99.51 

510 

43 

733 

6 

269 

69 

26 

147 

146 

69 

43 

98 

19 

0.06 

349 

99.72 99.58 99.83 99.26 98.91 

503 

44 

818 

5 

4 

365 

70 

37 

23 

20 

112 

21 

0.05 

386 

466 793 

40 95 

826 847 

10 

15 

4 
230 442 

47 121 

26 35 

95 22 

39 

23 2 

27 27 

83 131 

21 24 

0.05 0.11 

370 283 

8 

52.79 

1. 03 

19.59 

3.08 

4.32 

0.19 

2.11 

4.79 

5.89 

3.50 

0. 21 

1.15 

0.85 

0.13 

0.03 

0.10 

99.76 

99.72 

684 

108 

757 

9 

17 

5 

447 

99 

27 

16 

2 

2 

12 

107 

23 

0.14 

269 

~ 
Mg + Fe2+ 

36.50 46.39 37.13 46.55 58.23 53.60 36.41 39.87 

10 11 12 13 14 15 16 

53.59 53.88 56.50 58.53 45.66 46.04 46.59 46.94 

1.43 1.35 0.88 0.80 3.17 1.92 2.13 2.43 

16.19 17.58 18.40 16.17 16.47 14.94 15.79 16.43 

4.29 3.39 2.54 3.78 3.72 5.49 3.14 3.33 

6.76 4.27 3.89 2.70 8.96 5.88 6.95 8.35 

0.18 0.16 0.16 0.16 0.21 0.21 0.19 0.21 

1.73 2.83 1.17 1.28 4.12 6.82 6.17 4.33 

4.93 4.93 3.90 3.44 7.84 8.12 8.72 8.96 

5.08 5.56 6.26 5.66 4.95 5.21 5.37 4.56 

2.98 3.73 4.07 4.51 1.92 2.22 2.21 2.00 

0.66 0.40 0.33 0.26 0.96 0.87 0.56 0.71 

1.10 0.57 0.69 0.85 0.72 0.79 0.44 0.46 

0.61 0.57 0.45 1.24 0.22 0.36 0.29 0.31 

0.17 0.31 0.49 0.04 0.17 0.14 0.05 

0.03 0.05 0.07 0.08 0.07 0.11 

0.14 0.12 

99.70 99.39 99.72 99.87 

99.70 99.34 99.67 99.87 

860 894 

76 98 

541 664 

13 

10 15 

3 4 

344 390 

79 91 

25 24 

60 21 

43 

36 

19 

89 102 

22 26 

0.14 0.15 

408 345 

31.33 54.16 34.91 45.81 

0.10 0.16 0.15 

99.13 99.28 98.91 

99.07 99.20 98.84 

500 727 696 

40 50 49 

963 1022 1036 

3 7 

4 8 10 

2 2 

367 342 316 

77 88 87 

29 28 24 

122 126 158 

190 261 

11 137 116 

26 36 47 

118 105 107 

23 18 22 

0.04 0.05 0.05 

398 368 373 

0.10 

99.28 

99.20 

588 

49 

739 

281 

75 

29 

162 

54 

32 

43 

112 
21 

0.07 

339 

45.05 67.40 61.28 48.04 \.0 
f--1 
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TABLE 5. 3 : Continued 

17 18 19 20 21 22 23 

Si02 47.57 47.77 48.18 48.73 49.04 49.34 49.52 

Ti02 2. 21 2.15 2.29 1. 57 1.12 1.20 1.40 

Al
2
0 16.47 18.07 17.47 18.44 18.23 18.24 17.36 

Fe2o3 4.27 4.34 5.25 3.48 2.36 2. 31 2.91 

FeO 7. 32 6.20 8.26 5. 72 6.01 5.64 5.57 

MnO 0.21 0.21 0.20 0.20 0.15 0.13 0.23 

MgO 3.47 2.90 3.13 2.87 4.54 4.33 3. 91 

CaO 6.68 7.12 5. 60 7.02 6.52 6.11 5.89 

Na2o 5.52 6.26 6.10 5.40 5.35 6.10 5.17 

K20 2.16 2.27 2.06 2.89 3.25 3.25 3.36 

P205 0.82 0.74 0.56 0.54 0.29 0.31 0.43 

H
2

o+ 2.83 0.66 0.47 1. 78 1. 67 2. 21 3.02 

H
2
o- 0.42 1.15 0. 26 1.06 1.24 0.60 0. 70 

C02 - 0.24 0.10 0.10 

s 0.15 0.04 0.11 

Cl tr 0.15 - 0.07 0.15 0.27 0.30 

Uncorrected 
Total 100.10 100.27 99.93 99.98 99.92 100.04 99.77 

Corrected 
Total 100.02 100.22 99.93 99.94 99.89 99.98 99.70 

Ba 625 699 698 

Rb 46 54 72 

Sr 1390 959 825 

Pb 6 6 8 

Th 7 7 13 

u 3 3 4 

Zr 463 323 362 

Nb 94 93 99 
y 32 30 25 

v 46 93 63 

1:r 7 - 26 

Ni 10 6 21 

Cu 27 18 25 

Zn 96 118 99 

Ga 19 23 22 

Rb/Sr 0.03 0.06 0.09 

K/Rb 389 348 333 

Mg X 100 
45.80 45.47 40.32 47.22 56.90 57.78 55.59 1.0 

Mg + Fe2+ N 
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Explanation of Table 5.3 Intermediate Rocks. 

1. Hawaiite. 1~ km north of Flagstaff. OU30455 (164/123776). 

2. Hawaiite. St. Clair-Black Head Road. OU30441 (164/105665). 

3. Mugearite. Hill ~ km south of Smooth Cone, 8 km N.E. of 

Niddlemarch. (Benson 1942a). OU5652 Se~lye. 

4. Mugearite. Scrogg's Hill. OU30426 (163/992661.). 

5. Mugearite. 400 metres south v1est of Jeffreys Hill. 

(Benson 1942a). Seelye. 

6. Hawaiite. Bridge on Whare Creek, north of Flagstaff. 

OU30432 (164/111783). 

7. Trachyandesite. Boulders and slump material at north end of 

Sandy Beach. OU20694 (164/315850). 

8. Trachyandesi te. Stone Hill, North Otago Harbour. OU30410 

(164/293833). 

9. Trachyandesite Quarry on. spur between Broad Bay and Macandrew 

Bay. OU631 Seel~. 

10. "Kah1ekite". North Head. OU30420 (164/319837). 

11. "Kai\vekite". Long Beach. OU30446 (164/271869). 

12. "Kaiweki te". Te 'Vv'hakareka-Iwi, Otago Peninsula. (Coombs, 

1965). Seelye. 

13. Nepheline hawaiite. Trench on north slopes of Jeffreys Hill. 

OU22515 (163/021668). 

14. Nepheline trachyandesite. North side of Hautai Hill, Otago 

Peninsula. OU30447 (164/345828). 

15. Nepheline trachyandesite. Nicholls Creek. OU22503 

(164/146770). 

16. Nepheline hawaiite, Stoney Hill. OU22523 (163/051656). 

17. Nepheline hawaiite. Pulling Pt., Otago Harbour. OU30418 
{164/281812). 
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EA~lanation of Table 5.3 cont'd. 

18. Nepheline hawaiite. Ponded flov.r, overlying phonolite, North 

Head. OU22487 (164/317845). 

19. Porphyritic nepheline mugearite near Middlemarch, Otago. 

(Muir & Tilley, 1961.) • Scoon. 

20. Nepheline trachyandesite. North Head section. OU30429 

"- (164/316845). 

21. Porphyritic nepheline trachyandesite. OU20658, Brinns Point, 

,, (Coombs & Wilkinson, 1969). Kalocsai. 

'> 22. Vitrophyric nepheline trachyandesite. OU20644, Brinns Point, 

(Coombs & Wilkinson, 1969). Kalocsai. 

23. Vitrophyric nepheline ·trachyandesite. 0Ulll3, Brinns Point, 

(Coombs & Wilkinson, 1969). Seelye. 
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TABLE 5. 4 

Si0
2 

Ti0
2 

Al 203 
Fe2o3 
FeO 

MnO 

MgO 

CaO 

Na2o 
K
2
0 

P205 
H
2
o+ 

H2o
co2 
s 
Cl 

Uncorrected 

ANALYSES OF NEPHELINE BENMOREITES AND BENMOREITE$ 

1 2 3 4 

46.70 

2. 21 

13.55 

4.05 

7. 78 

0.19 

5. 52 

6.82 

6.26 

2.79 

1. 09 

2.02 

0. 61 

0.13 

49.03 

1.28 

18.95 

3.34 

4.94 

0.18 

2.36 

5.60 

7 0 70 

3. 23 

0.59 

1.12 

0. 99 

0.10 

0.10 

0.10 0.16 

50.94 

1.00 

18.44 

3.35 

4.56 

0.20 

2.58 

4. 52 

8.42 

3. 56 

0.46 

0. 74 

0.49 

0.07 

0.07 

0. 35 

50.99 

1. 06 

18.75 

3.46 

4.46 

0.21 

2. 35 

4. 71 

8.29 

3.55 

0. 50 

0.64 

0. 39 

0.07 

0.01 

0. 31 

51.09 

0. 98 

18.20 

3. 73 

4.30 

0.19 

2.82 

4.46 

7 0 78 

3. 51 

0.55 

1.13 

0.44 

0. 01 

0.06 

51.50 51.83 

0.88 0. 75 

19.39 19.24 

3.03 3.09 

3.94 3.20 

0.18 0.16 

1.62 1.68 

3.55 3.17 

8.65 7.17 

4.04 4.33 

0.21 0.19 

2.24 4.16 

0.54 0.35 

o. 18 0.03 

0.06 0.07 

0.29 0.33 0.02 

8 

51.86 

0. 99 

18.83 

2.87 

4.23 

0.19 

1. 59 

5.02 

6.89 

4.05 

0.39 

1.65 

0 0 71 

0.09 

0.06 

0.18 

'•· 
'1 '; < ... 

10 11 12 13 14 15 16 17 18 19 

52.16 52.29 52.36 53.02 56.22 49.75 54.47 55.55 56.85 57.05 57.98 

1.18 0.80 0.65 1.10 0.87 1.32 0.94 0.99 0.93 0.28 0.70 

19.05 18.77 19.69 19.37 18.56 16.63 17.93 18.15 16.09 18.80 18.20 

3.12 3.57 3.11 3.45 2.57 2.91 3.57 3.16 2.94 2.89 2.84 

4.48 3.93 3.04 3.83 2.95 5.74 4.43 4.14 4.26 3.51 3.33 

0.17 0.19 0.15 0.14 0.18 0.20 0.28 0.19 0.16 0.20 0.18 

1.38 2.01 1.97 1.21 1.03 4.83 1.32 1.31 1.74 0.61 0.92 

4.95 3.75 3.45 4.01 3.51 5.84 3.36 3.91 4.00 2.76 2.47 

6.45 8.50 7.13 6.49 7.20 6 0 4 7 6 0 11 50 98 50 42 6 0 91 6 0 08 

3.78 3.74 4.51 4.07 4.59 3.08 4.14 4.06 4.23 4.42 4.68 

0.41 0.41 0.13 0.35 0.36 0.61 0. 33 0.16 0. 27 0.14 0.18 

1.68 0.82 2.39 1.63 0.86 1.33 1.09 1.20 1.49 1.97 0.94 

0.27 0.32 0.36 0.51 0.78 0.60 1.28 0.45 0.38 0.60 0.63 

0.01 0.11 0.01 0.04 0.10 0.28 0.08 0.21 0.81 0.02 0.01 

0.03 0.03 0.08 0.03 0.01 0.02 0.01 0.01 0.02 

tr o. 33 tr tr 0.17 0.20 0.19 0.11 tr 0.05 0.1 

Total 99.82 99.67 99.75 99.75 99.54 100.34 99.44 99.60 99.12 99.57 99.03 99.25 99.95 99.79 99.53 99.59 99.58 100.22 99.30 

Corrected 
Total 99.80 99.58 99.64 99.68 99.44 100.24 99.40 99.53 99.11 99.48 98.99 99.24 99.91 99.74 99.48 99.56 99.58 100.20 99.26 

Ba 

Rb 

Sr 

Pb 

Tb 

Zr 

Nb 
y 

v 
Cr 

Ni 

Cu 

zn 
Ga 

Rb/Sr 

K/Rb 

Mg X 100 

Mg + fe2+ 

760 

68 

1558 

8 

12 

4 

633 

124 

24 

61 

93 

86 

16 

195 

30 

0.04 

341 

1103 

79 

1507 

11 

4 

477 

104 

27 

65 

32 

24 

25 

104 

23 

0.05 

339 

658 

122 

928 

14 

23 

8 

662 

121 

31 

57 

55 

37 

20 

142 

27 

0.13 

243 

751 

116 

1118 

12 

22 

5 

610 

117 

32 

50 

28 

24 

24 

122 

26 

0.10 

254 

884 

103 

1214 

15 

4 

550 

107 

29 

40 

40 

33 

17 

105 

23 

0.08 

283 

594 

126 

645 

13 

24 

636 

150 

33 

35 

20 

13 

10 

148 

27 

{).20 

266 

763 

137 

572 

12 

20 

5 

544 

106 

28 

33 

45 

34 

12 

109 

27 

0.24 

262 

700 

124 

909 

12 

18 

5 

477 

67 

31 

37 

22 

12 

14 

121 

24 

0.14 

271 

746 

124 

1103 

11 

18 

460 

115 

27 

26 

1 

4 
13 

124 

26 

0.11 

253 

793 

126 

1180 

10 

18 

7 

630 

112 

30 

33 

30 

24 

12 

118 

25 

0.11 

246 

738 

131 

1308 

12 

23 

6 

634 

208 

25 

25 

46 

24 

8 

148 

29 

0.10 

286 

724 

118 

688 

14 

18 

5 

481 

115 

27 

14 

20 

122 

27 

0.17 

286 

880 870 

88 113 

355 503 

12 11 

12 16 

451 525 

133 108 

34 35 

13 

104 104 

23 25 

0.25 0.22 

391 298 

598 

99 

221 

10 

345 

72 

31 

31 

34 

23 

19 

91 

27 

0.45 

355 

741 1028 

150 141 

271 293 

11 17 

22 25 

643 629 

119 129 

29 39 

1 

8 

125 98 

26 27 

D.55 0.48 

245 276 

55.85 46.00 50.22 48.44 53.90 42.30 48.35 40.13 35.45 47.69 44.73 36.03 38.37 6D.OO 34.69 36.07 42.14 23.65 33.00 

\.0 
U1 
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Explanation of Table 5.4 Nepheline Benmoreites & Benmoreites. 

1. Mafic nepheline··benmoreite. 'frig. L. Pigroot, North Otago. 

OU30424 (135/060544). Kiss. 

2. Nepheline benmoreite. Small road cut on ridge crest, s-w 

flank of Mt. Cargill. OU22636 (164/185784). 

3. Nepheline benmoreite. 3/4 km east of Flagstaff summit. 

OU30431 (164/127768) • 

4. Nepheline benmoreite. lkm west of Mt. Cargill. OU30449 

(164/183782) • 

5. Nepheline benmoreite. 100 metres east of Taieri lookout, 

Three Mile Hill F.oad. OU30402 (163/095740). 

6. Nepheline benmoreite. 100 metres west of Taiaroa Head signal 

station settlement. OU30445. 

7. Porphyritic nepheline benmoreite. Portobello, 150 metres 

east of Marine Biological Station. OU30416 (164/272777). 

8. Nepheline benmoreite. Mt. Mopanui ridge, ~ km north of trig. 

OU30437 (164/236853). 

9. Nepheline benmoreite block, Pt. Chalmers Breccia, on 

Purakanui-Pt. Chalmers F.oad, 100 metres west of Scott 

Memorial. OU30406 (164/249792). 

10 • Nepheline benmoreite. Flagstaff, 300 metres west of the 

summit. OU30454 (164/113763). 

11. Nepheline benmoreite block, Pt. Chalmers Breccia - see 9 

OU30407. 

12. Nepheline benmoreite block, Pt. Chalmers Breccia, on 

Purakanui-Pt. Chalmers Road, 50 metres west of Scott Memorial. 

OU30404 (164/249789). 

13. Nepheline benmoreite. Robin Hood Quarry, Leith Valley. 

Lower flow. OU70." Seelye. 

14. "Kulaite" near Harrington Pt., Otago Harbour. (Coombs, 

1965; Coombs and Wilkinson, 1969) OU691 Seelye. 

15. Benmoreite. Pine Hill. OU30425 (164/162752). 

16. Benmoreite. Highcliff, 200 metres west of Cadzow Monument. 

OU30412 (164/203701). 

96 
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Explanation of Table 5. 4 : cont' d. 

17. Benmoreite. Careys Cove, Otago Harbour. OU30421 

(164/257802) • 

18. Benmoreite. Taylors Pt. Quarry 1 Otago Harbour. OU30419 

(164/291819). 

19. Benmoreite. Hare Hill. OU30409 (164/265826). 
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TABLE 5. 5 

SW2 

Ti02 
A1 203 
Fe2o3 
FeO 

MnO 
Mgll 

£a0 

Na2o 
K20 

P205 
H2o+ 
H

2
o

co2 
s 
Cl 
Uncorrected 

.I ·l '/ 
,, 

ANALYSES OF PHONOLITES,_FEiDSPATHOIDAL TRACHYTg_, {)UARTZ TRACHYTE, QUARTZ TRACHYANDESITE. 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 

£2.49 52.97 52.97 

0.68. 0.513 0.93 

19.31 18.79 18.54 

3. 72 3.46 3.91 

2.82 3.36 3.02 
0.17 0.20 0.17 

o. 64 1. 57 1.94 

2.87 2.96 3.39 

9.34 8.95 8.21 
3. 93 4.24 3. 90 

0.29 0.22 0.40 

2.71 0.84 1.59 

0.31 0.74 0.91 

0.05 0.12 tr 

0.05 0.10 

0.35 0.43 0.35 

53.58 

0.22 
19.48 

3.11 

1. 75 
0.18 

0.12 

1.31 

9.29 
4. 79 

0.09 

4.51 

0.68 

0.63 

tr 

54.36 54.50 54.50 

0 •. 07 0.47 0.52 
18.76 20.51 20.86 

4.28 2.48 1.99 

1.19 2.83 2.96 
0.22 0.19 0.15 

tr 0.59 0.47 

0.72 2.54 2.50 

9.25 9.36 9.69 
5.28 4.55 4.96 

0.02 0.17 0.11 

4.57 0. 76 0.52 

0.25 0.21 0.11 

0.75 0.02 

D.02 0.04 0.03 

0.08 0.33 0.35 

54.72 

0.31 
19.02 

4.45 

1.80 
0.22 

1.15 

1.88 

9.05 
4.56 

0.16 

1.13 

1.00 

0.04 

0.06 

0.41 

54.76 

0.02 
19.63 

4.34 

1.28 
0.21 

0.07 

1.10 

9.18 
4.65 

0.06 

3.67 

0.50 

0.65 

54.97 55.09 55.16 55.22 55.37 55.59 55.70 55.71 £5.81 56.01 

0.10 o.24 0.19 o.23 o.1o o.o7 o.o9 o::n o.21 o.4o 
19.60 20.01 19.71 18.69 20.26 19.86 19.86 19.44 19.11 19.12 

3.91 3.49 3.83 4.68 3.¢4 1.80 4.08 3.32 4.28 2.31 

1.71 1.89 2.03 1.60 1.33 3.14 1.50 1.94 1.90 3.85 
0.22 0.17 

0.35 0.69 

1. 34 1.98 

9.03 7.26 
5.18 5.07 

0.22 0.21 0.21 0.36 

0.40 0.58 0.27 0.23 

1.38 1.27 1.08 0.97 

9.61 10.60 10.36 8.1{) 

4.95 4.89 4.67 5.09 

0.21 
o.g 
1.09 

9.42 
5.26 

0.01 0.12 0.06 0.05 0.03 0.04 0.02 

1.56 1.84 0.92 0.74 1.90 3.21 0.81 

1.23 0.60 0.79 0.92 0.25 0.81 0.95 

0.17 0.25 0.18 

0.92 0.35 0.96 

1.88 1.18 2.36 

8.17 9.43 7.62 
4.33 4.80 5.16 

0.11 0.04 0.21 

2.06 1.13 1.13 

0.45 0.90 {).80 

0.08 0.34 0.07 0.05 0.07 1.03 0.11 

0.04 - 0.06 0.03 0.02 - 0.04 0.03 

0.49 0.49 0.47 0.28 0.48 0.50 0.45 0.25 

Total 99.73 99.53 100.23 99.74 99.82 99.55 99.72 99.96 100.12 99.82 98.79 99.87100:20 99.58 99.75 99.72 99.84 99.99100.39 

Corrected 
Total 99.63 99.38 100.15 99.74 99.79 99.46 99.63 99.84 100.12 99.69 98.79 99.73 100.09 99.50 99.64 99.60 99.84 99.87 100.32 

8a 

Rb 

Sr 

Ph 

Th 

Zr 

Nb 
y 

v 
Cr 
Ni 

Cu 

Zn 
Ga 
Rb/Sr 

K/Rb 

571 379 

108 163 
951 563 

11 18 

20 33 

5 9 
736 849 

109 137 

30 37 

95 
2£ 

0.11 

302 

27 

36 

26 

14 

191 
30 

0.29 

216 

Mg X 100 28.81 45.45 53.39 10.89 
Mg + Fe2+ 

504 724 137 

173 151 188 
416 533 269 

14 12 21 

33 26 42 

8 7 11 
706 538 1063 

116 119 151 

29 24 43 

8 7 12 
6 1 16 

8 

131 
27 

0.42 

219 

131 
29 

0.28 

273 

11 

6 

222 

34 

0. 70 

202 

18 265 139 

197 162 184 
109 117 227 

23 16 21 

43 31 42 

11 5 10 
1042 727 998 

256 131 149 

47 33 40 

4 
8 

27 - 4 

16 

248 

37 

1.81 

218 

4 

155 

30 

1.38 

260 

216 
32 

0.81 

223 

224 102 

168 231 223 
227 56 73 

15 25 23 

33 50 44 

13 11 
1055 1052 1031 

153 160 254 

47 49 44 

247 
34 

0.74 

231 

2 

258 

32 

4.13 

183 

253 
38 

3.05 

196 

40 

274 
169 

37 

71 

113 
1554 

295 

56 

5 

6 

297 

44 

1. 62 

145 

27.10 22.06 53.25 8.88 26.73 39.43 26.00 39.26 26.58 11.55 14.27 45.81 24.72 30.77 

1.0 
co 



TABLE 5. 5 

Si02 
Ti02 
Al 2o3 
Fe2o3 
FeO 

MnO 

"MgO 

-CaD 

Na2o 
KzD 
P205 
H2o+ 
H
2
o

co2 
s 
Cl 

Uncorrected 

Continued 

20 

56.81 

0.19 

20.04 

2.86 

2.29 

0.17 

0.22 

1.28 

8.95 

5.45 

0.05 

0.58 

0.46 

0.08 

-0.02 

-0.40 

21 

56.97 

0.20 

19.06 

2.89 

2.85 

0.21 

0.34 

1.63 

8. 59 

5.23 

0. 07 

1.10 

0.42 

0.13 

0.02 

0.49 

_I,. 

22 

57.72 

D.18 

19.30 

2.90 

2.34 

0.19 

-D.l9 

1.23 

8.49 

5.48 

0.04 

0. 75 

0.48 

0.15 

O.D6 

0.31 

Total 99.85 100.20 99.81 

Corrected 
Total 99.75 100.08 99.71 

Ba 

Rb 

Sr 
Pb 

Th 

u 
Zr 

Nb 
y 

v 
Cr 
Ni 

Cu 

Zn 
Ga 

-Rb/Sr 
K/Rb 

~ 
Mg + fe2+ 

185 

173 

30 

17 

32 

802 

181 

38 

108 

274 

97 

31 

54 

17 

1159 

241 

55 

50 

225 

11 

20 

39 

906 

209 

43 

4 3 4 

159 219 187 

30 34 33 

5. 77 2.82 20.45 

261 158 202 

14.62 17.54 12.65 

23 

57.85 

0.24 

18.55 

2.65 

2.88 

0.17 

0.30 

1.55 

8.26 

5.34 

0.10 

-o.66 

0.28 

0.39 

0.04 

0.39 

7 

24 

57.94 

0.18 

19.32 

c2. 78 

2.35 

0.18 

0.15 

1.23 

8.60 

5.55 

0.66 

0.29 

0.15 

0.03 

0.13 

25 

58.24 

0.11 

19.06 

3.10 

2.26 

0.20 

0.16 

1.13 

8.74 

5.32 

0.04 

0.60 

0.42 

-o.09 

0.01 

26 

58.56 

0.15 

17.75 

4.25 

1.67 

0.20 

0.14 

1.18 

8.66 

5.13 

0.11 

1.03 

0. 32 

0.10 

0.03 

0. 34 

27 

59.68 

0.30 

17.99 

2. 93 

3.10 

0.09 

0.29 

1.77 

7.25 

"5.25 

0.09 

0, 74 

0.-60 

0.45 

99.65 99.54 99.48 99.62 100.53 

99.54 99.5D 99.48 

116 

266 

104 

28 

49 

9 

1022 

215 

47 

47 

214 

12 

20 

36 

865 

200 

41 

195 

14 

18 

35 

1004 

210 

51 

99.53 100.43 

269 

9 

34 

51 

11 

1175 

262 

66 

8 3 4 4 

17-s 174 180 231 

33 33 33 36 

2.56 17.83 13.93 29.89 

167 215 227 158 

28 

59.82 

0.42 

18.01 

2.03 

2.87 

0.15 

1.00 

1.66 

6.64 

"5.70 

0.12 

1.00 

0.30 

0.01 

0.04 

0.07 

99.84 

99.80 

316 

173 

42 

16 

23 

6 

733 

149 

2 

6 

112 

27 

4.12 

273 

15.66 10.2{) 11.21 13.30 14.29 38.32 

29 

57.88 

1.55 

18.07 

2.22 

2.54 

0.11 

0.83 

3. 94 

5. 77 

3.94 

0.56 

0. 77 

1. 02 

0.43 

30 

60.90 

1. 51 

18.82 

2.24 

1.04 

0.05 

0.40 

4.00 

5.58 

3.90 

0.53 

0. 39 

0.30 

0.43 

·j 

31 

64.16 

1. 07 

17.75 

1. 98 
1. 72 

0.04 

0.23 

1.19 

5.49 

4.74 

0.30 

0. 94 

0.48 

32 

66.22 

0.41 

18.21 

1. 70 

D.16 

0.01 

0.02 

D.48 

6.57 

5. 91 

0.03 

0.16 

0.06 

0.05 

0.01 

tr 

99.63 100.09 100.09 100.00 

99.63 100.09 100.09 100.00 

36.81 40.68 

973 

135 

60 

13 

16 

4 

398 

78 

27 

104 

29 

2.25 

364 

19.25 18.22 \.0 
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Explanation of Table 5.5 Phonolites and Trachytes. 

1. Phonolite. Varleys Hill. OU30422 (164/303741). 

2. Phonolite. Cutting on Highway 1 - west of Mt. Cargill. 

OU30451 (164/162779). 

3. Phonolite. Abbots Hill, Dunedin. (Tilley, 1954). ~· 

4. "Tinguai te" dyke. North shore of Hoopers Inlet. (Coombs & 

Wilkinson, 1969) • ~-

5. Natrolite phonolite (green spherulitic rock). (\iiTilkinson, 1968) 

North shore of Hoopers Inlet. Seel~e. 

6. Porphyritic phonolite. 100 metres west of Cargill's Castle -

Sea view.OU30403 (164/129662). 

7. Phonolite block. Port Chalmers Breccia. Purakanui-Pt. 

Chalmers Road, 50 metres west of Scott Memorial. OU30405 

(164/249792). 

8. Phonolite. 'I'aieri Lookout, Three Mile Hill Road. OU30401 

(163/094740). 

9. Analcime "Tinguaite". Marine Biological Station Portobello, 

Otago Harbour (Wilkinson, 1968). Kalocsai. 

10. Phonolite. Quarry ~ km E of Sullivans Dam - Leith Valley. 

OU30457 (164/173795). 

11. Phonolite. North East Valley (Palmer's) Quarry. OU30427 

(164/176749). 

12. Phonolite. West end of summit ridge, M±. Cargill. 

OU22638 (164/195789). 

13. Phonolite. Purakanui (collected by P. Marshall). Seelye. 

14. Phonolite. Dicks Hill, Otago Peninsula. OU30213 

(164/274 718) . 

15. Phonolite glass. Small dyke on Allens Beach. OU30415 

(164/329719). 
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Explanation of Table 5.5 : cont'd 

16. Phonolite. Quarry on Leith Valley Saddle. OU30456 (164/169809) 

17. Phonolite block. Port Chalmers Breccia, Pt. Chalmers export 

wharf. OU30448 (164/253792) • Cl!_appell. 

18. Phonolite. Ht. Mopanui ·- 40 metres west of trig. OU30453 

(164/240844) • 

19. Phonolite. North Head. (Coombs, 1965). 

20. Phonolite. M.t. Zion Quarry. OU30458 (164/211791). 

21. Phonolite. Mt. Cutten Quarry - Old North Road. OU30428 

(164/219809) • 

22. Phonolite. Mihiwaka trig. OU30440 (164/237821). 

23. Phonolite. Small peak lkm south of Mihiwaka trig. OU30438 

(164/237815) . 

24. Phonolite. 100 metres west of Mihiwaka trig. OU30439 

(164/236820). 

25. Phonolite. Logan Point Quarry. OU30423 (164/173722). 

26. Phonolite. Summit Ridge, Mt. Kettle. OU22553 (164/225822). 

27. Fe1dspathoidal trachyte. Tainui Road at Dundonald St. OU20701 

(164/172683) (Coombs & Wilkinson, 1967) Kalocsai. 

28. Feldspathoidal trachyte. Small quarry on Purakanui - Pt.Chalmers 

Road, OU30408 (164/243803). 

29. Trachyandesite. Bell Hill, core-depth 250' cr. Castle & Stuart 

Streets, (Benson & Turner, 1939) Seelye. 

30. Trachyandesite. Dowling Street drill holes. Bore 4. 7' 6". 

OU20642 (164/156714). Reay. 

31. Trachyandesite segregation vein (see 30). OU20642A, Reay. 

32. Trachyte. North Head training wall quarry. OU24023 

(164/300823). 
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TABLE 5.6 

Or 
Ab 

An 

Ne 

Hl 

{

Wo 

01 en 

fs 

Hy{ en 
fs 

Ol{fo 
fa 

i 1 
mt 

ap 

cc 

H
2
0 

TOTAL 

CI"PW NORMS FOR BASALTS AND BASANITES1 

5.44 
18.25 

20.38 

2.14 

0. 05 
9. 71 

6. 96 

1. 89 

13.26 

3. 96 
5. 51 

7.21 

1. 30 

1. 55 

1. 43 

99.04 

2 

7.03 6.20 
16.02 23.23 

25.34 23.79 

2.50 

0.07 
10.42 6.90 

6.48 4.65 

3.31 1.72 
0.91 

0. 311 

7.74 11.45 

4. 35 4.68 

5.94 4.79 

5.31 5.79 

1.55 1.27 

0.34 0.25 
2.60 3.03 

98.93 99.07 

4 

7.45 
15.84 

22.10 

6.57 

o. 33 
10.12 

6.38 

3.10 

10.05 

5.39 
4.82 

4.09 

1. 39 

1.00 
1. 30 

99.93 

6 8 

5. 79 8.27 8.45 8.69 6.68 
19.76 20.63 20.02 18.48 18.71 

21.96 24.12 21.02 20.68 22.44 

0.86 4.50 2.91 4.59 2.52 

0.{)5 0.15 0. 07 0. 03 
9.96 7.19 9.62 10.37 11.26 

7.11 4.20 6.82 6.53 7.23 

1.98 2.65 1.96 3.19 3.29 

13.45 8. 46 ro. 5o 9. 31 10.40 

4.12 5.89 3.34 5.01 5.21 
3.91 5.77 3.82 4.63 4.86 

6.15 4.34 6.60 5.09 4.07 

0.93 1.32 1.04 1.39 0.95 

0.48 0.07 0.23 0.23 0.11 

2.45 2.44 2.60 1.57 1.19 

98.96 99.85 99.14 99.83 99.95 

'! 

10 

4.02 
21.58 

25.70 

7. 94 

4.53 

3.07 

0. 94 

0.64 

12.69 

9.49 
3.08 

2.48 

0.39 

0.09 
3. 44 

100.08 

~r 

11 12 

4. 73 4. 62 
23.35 21.39 

23.07 22.56 

3.61 { 
2.08 19.93 

1. 37 

9.76 { 7.34 
6.43 

6.62 { 8.70 
4.81 
3.00 3.69 

2.83 7.34 

o. 70 0.84 

6.32 1.77 
1.06 1.90 

99.74 100.08 

13 

3.55 
20.39 

23.35 

9.30 

6.26 

2.34 

5.67 

2.12 

10.25 

4.22 
3.67 

5.45 

0.86 

0.30 

1. 90 

99.63 

14 

7.68 
25.59 

25.51 

0.05 
7.47 

4.12 

3.07 

4.12 

3.07 

2. 63 

2.16 
5.03 

4.06 

1.23 

1.30 
2.16 

99.25 

:r 

15 16 

11.82 10.64 
23.44 5. 71 

17.68 18.07 

14.10 

2.88 25.19 
4.29 { 

1.10 

1.42 

0.54 

7.11 { 8.82 
2.99 
7. 52 4. 52 

9.05 5. 78 

3.61 2.10 

6.26 5.17 

99.71 100.10 

17 

11.29 
7. 98 

7.22 

20.80 

12.11 

7.40 

4.04 

6.65 

4.00 
7.07 

6.09 

3.27 

2.00 

99.92 

An ~nAb% 52.75 61.26 50.59 58.25 52.63 53.90 51.22 52.81 54.52 54.36 49.69 51.33 53.38 49.92 42.99 75.99 47.52 

D! 25.83 25.56 29.43 29.85 26.42 33.40 31.38 31.76 27.92 25.60 28.08 26.01 23.94 33.27 35.26 30.5 40.06 

1columns numbere<i as in Table 5.1. 
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Table 5.6 : continued 

18 19 20 21 22 23 24 

Or 12.41 14.77 7.09 10.34 9.46 10.64 4.96 

Ab 16.43 0.30 6.25 9.02 2.94 6.18 8.80 

An 6.00 22.01 19.45 16.98 15.66 15.91 19.03 

Ne 15.95 14.96 15.41 12.57 16.74 12.93 10.40 
Hl 0.10 

ro 
7.83 { { 12.81 { { 

13.97 

Di en 4.31 26.07 23.91 8.35 27.76 27.50 9.32 

fs 3.22 3.58 3.62 

{en 
Hy fs 

01 { fo 6.75 { 5.45 { 13.81 5.86 { 15.23 { 12.52 11.97 

fa 5.56 2. 76 5.12 

il 5.18 3. 72 3. 72 6.42 3.27 3.72 5.53 

mt 6.10 5.26 5.57 6.44 4.74 6.03 4.47 

ap 2.43 2.14 1. 56 2.13 1.35 1.26 1.27 

cc 5.53 0. 50 0.45 

H20 1.85 5.10 3.16 1.06 2.72 3.04 1.63 

TOTAL 99.55 99.78 99.93 98.92 99.87 99.73 100.54 

An % 26.77 98.7 75.7 65.29 84.2 72.0 68.38 
An + Ab 

DI 44.78 30.0 28.8 31.93 29.1 29.8 24.17 

'[ 

25 26 27 28 

12.65 6.02 19.50 11.11 

8.60 12.69 5.86 16.28 

13.81 23.97 18.76 21.08 

13.26 7.85 21.58 7. 73 
0.03 

lUS { l 7. 32 

7.36 25.80 16.42 3.82 

3.23 3.29 

9.83 { 9.04 { 4.47 8.68 

4. 75 8.24 
5.05 5.45 1.90 3.04 

5.36 6.16 5.77 5.79 

1.69 0.86 2.07 1. 74 

0.02 
3.15 1. 53 3.60 1. 91 

100.10 99.42 99.93 100.03 

61.62 65.38 76.2 56.42 

34.51 26.56 46.9 35.12 

'/ 

29 30 31 

11.11 23.34 19.37 

11.70 10 . .49 13.79 

18.54 19.30 15.36 

13.92 18.84 16.90 

8.96 

{ 8.94 { "·" 
5.01 

3.58 

9.68 { 4.17 { 3.08 
7.63 
3.80 2.13 4. 32 

3.81 5. 90 5.28 

1. 39 1.31 2. 76 

1. 21 6.16 3.40 

100.34 100.58 100.50 

61.31 64.8 52.7 

36.73 52.7 50.1 

c-r 

32 

8. 75 

24.56 

24.97 

4. 58 

3.62 

1. 98 

1. 52 

10.75 

9.11 
3. 61 

4.06 

0. 93 

1.15 

99.59 

50.42 

37.88 

I-' 
0 
w 
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TABLE 5.7 : GPW NORMS FOR BASANITES FROM WAIHOLA1 

1 2 3 4 5 6 

Or 8.69 9.87 4.79 12.05 10.76 10.87 

Ab 15.15 2.59 5.11 2.00 6.93 3.04 
An 14.~8 16.95 20.84 16.83 14.00 ~0.95 

Ne 24.77 18.64 9.25 17.07 17.17 20.24 
Hl 0.20 0.03 0.16 0.07 0.07 

ro 
S.DG { 13.24 

14.08 { { 
Di en 3. 72 28.68 8.40 8.10 29.64 20.23 

fs 4.19 3.99 5.35 

Hy{en 
fs 

01 {fa 2.75 { 7.90 13.17 3.52 { 4.61 { 7.22 
fa 3. 41 6.89 2.57 

i1 3. 48 4.50 4.60 4. 79 4. 73 4. 79 

mt 3. 70 5.52 5.23 4.55 4;9o 4. 92 

ap 2. 78 2. 33 1.46 5.19 5.21 4.07 

cc 0.09 0.02 0.07 0.02 0.43 
H20 4.54 2.89 2. 78 3.85 1.85 2.98 

TOTAL 99.75 99.92 99.98 99.95 99.89 99.81 

An % 48.52 86.75 80.31 89.37 66.89 87.33 
An + Ab 

DI 48.61 31.10 19.15 31.13 34.86 34.15 

1 Columns numbered as in Table 5.2. 
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9. 75 

6.88 

18.18 

20.49 
0.30 

10.11 

5.32 

4.50 

3.87 

3.61 
4.69 

4.54 

4.17 

0.02 
3.52 

99.95 

72.54 

37.12 

'i 

8 

12.41 

8.97 

14.67 

23.34 
0.16 

10.25 

4.87 

5.24 

2. 73 

3.25 
3.87 

3.45 

2.83 

3. 77 

99.81 

62.04 

44.73 
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TABLE 5.8 

Q 
Or 

Ab 

An 

Ne 

Hl 

{

flo 

Di en 
fs 

Hy {en 
fs 

01 {fo 
fa 

il 

mt 

ap 

cc 

H20 

TOTAL: 

CIPIV NORMS OF INTERMEDIATE ROCKSl 

4 

8.83 10.70 12.53 12.11 

27.98 27.99 34.50 41.02 

22.87 19.79 18.31 14.90 

0.60 2.24 5.65 1.16 

0.08 0.10 0.15 
7.69 6.27 1.15 0.87 

5.13 3.60 0.50 0.36 

1.99 2.39 0.65 0.51 

6.23 6.95 5.15 4.81 

2.67 5.10 7.38 7.42 

4.69 4.62 2.05 4.12 
7.09 4.90 6.87 5.84 

1.37 1.55 2.76 3.45 

0.43 1.82 0.07 1.86 

2.22 1.41 2.16 0.95 

99.37 99.43 99.73 99.53 

~% 44.98 41.42 34.67 26.64 
An + Ab 

DI ~-~ ~-~ ~-~ ~-~ 

1 Columns numbered as in Table 5.3. 

5 6 

11.88 10.52 

37.08 35.29 

14.58 23.17 

3.93 0.42 

0.02 
2.73 4.07 

1.10 2.16 

1.66 1. 78 

4. 75 4.56 

7.95 4.13 

4.18 4.31 
4. 97 4.61 

3.48 1.95 

0.39 0.23 

1.07 2.01 

99.75 99.23 

19.15 

35.60 

17.38 

3.07 

0.23 
2.23 

0.97 

1.26 

3.00 

4.31 

3.55 
3. 73 

1.62 

0.07 

2.69 

98.86 

28.23 39.64 32.80 

52.89 46.22 57.82 

8 

0.11 
20.68 17.61 

37.10 42.99 

17.07 12.57 

6.50 

0.16 
1.88 2.71 

1.02 1.06 

0.79 1.69 

2.96 

2.51 

3.25 
5.16 

1. 96 2. 72 
4.47 6.22 

0.49 1.53 

0.30 0.39 

2.00 1.71 

99.89 99.72 

10 

22.04 

38.87 

12.54 

3.87 

0.23 
3.88 

2.51 

1.11 

3.18 

1.54 

2.56 
4.92 

0.93 

1.14 

99.32 

11 

24.05 

46.17 

10.56 

3.20 

0.20 
1. 95 

0.84 

1.12 

1.46 

2.14 

1.67 
3.68 

0. 76 

0.71 

1.14 

99.65 

31.51 22.63 24.40 18.61 

64.28 60.70 64.78 73.42 

12 

2.26 
26.65 

47.89 

5.40 

2.87 

2.08 

0.53 

1.11 
0.28 

1.52 
5.48 

0.60 

1.11 

2.09 

99.87 

10.12 

76.80 

., 

13 

11.35 

25.08 

17.44 

8. 70 

0.16 
6.23 

3.30 

2.74 

4.89 

4.48 

6.02 
5.39 

2.22 

0.09 

0.94 

99.03 

41.02 

45.13 

14 

13.12 

21.26 

11.45 

11.73 

0.26 
9.22 

6.89 

1.41 

7.07 

1.60 

3.65 
7.96 

2.02 

0.39 

1.15 

99.18 

35.01 

46.10 

15 

13.06 

17.09 

13.04 

14.76 

0.25 
10.72 

6.88 

3.14 

5.95 

2. 99 

4.05 
4.55 

1. 30 

0.32 

0. 73 

98.83 

43.29 

44.91 

I-' 
0 
Ul 



TABLE 5.8 : (Continued} 

16 17 18 

Q 
Or 11.82 12.76 13.41 

Ab 22.95 30.57 2B.76 

An 18.85 13.78 15.09 

Ne 8.07 8.74 12.52 

Hl {).16 0.25 

ro 

8.62 5.85 5.52 

Di en 4.57 3.19 3.21 

fs 3. 79 2.45 2.06 

Hy {en 
fs 

{:: 4.36 3.82 2.81 

3. 99 3.25 1.99 

i1 4.£2 4.20 4.08 
mt 4.83 6.19 6.29 

ap 1.65 1. 90 1.95 

cc 0.11 0.55 

H20 0.17 3.25 1. 81 

Total: 99.16 99.95 100.30 

~% 45.09 31.07 34.42 
An + Ab 

DI 42.84 52.08 54.69 

19 

12.17 

33.39 

14.20 

9.87 

3.88 

1. 94 

1.85 

4.10 

4.30 

4.35 
7. 61 

1. 30 

0.23 

1. 73 

100.92 

29.84 

55.44 

'I 

20 21 22 23 

17.08 19.21 19.21 19.86 

29.61 21.21 22.08 27.62 

17.82 16.72 13.85 15.42 

8.43 12.43 14.92 7.53 

0.12 0.25 0.45 0.49 

'·" { { { 1.60 11.21 11.76 8.95 

3.99 

0.40 { 9.73 { 8.56 { 8.24 
1.09 

2.98 2.13 2.28 2.66 
5.05 3.42 3.35 4.22 

1.25 0.68 0.72 1.00 

0.23 

2.84 2. 91 2.81 3.72 

97.86 99.90 99.99 99.71 

37.56 44.1 38.5 35.8 

55.12 52.9 56.2 68.4 

'f 

1-' 
0 
0"1 
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TABLE 5.9 

Q 

Or 
Ab 

An 

Ne 

Hl 

{

Wo 

Di en 
fs 

Hy {en 
fs 

01 {fa 
fa 

i1 

mt 
ap 

cc 

H
2
0 

CIPW NORMS FOR BENMORE!TES AND J'lEPHELINE BENMORE!TES 1 

4 5 6 7 8 

12.94 19.09 

25.49 23.53 

2.40 8.23 

14.89 21.91 

0.26 

21.04 20.98 20.74 23.87 25.59 

26.53 26.90 29.51 27.35 28.97 

3.39 4.68 5.51 3.44 7.60 

22.82 22.19 18.51 23.51 17.09 

0.58 0.51 0.48 0.54 0.03 

6.25 5.41 4.87 9.81 

5. 96 

3. 31 

6.29 { 
3.43 12.73 3.56 3.40 2.50 

3.91 

2.36 

1. 34 

5.46 

3.35 

4.20 

5.87 

2.53 

0.30 

2.63 

2.64 

1. 72 { 
1.46 

2.43 

4.84 

1. 37 
1l.23 

2.11 

3. 30 

1. 90 

4.86 

1.07 

0.16 

1. 23 

2.42 1.68 2.24 

1.60 

1.20 

2.01 

5.02 

1.16 

0.16 

1.03 

2.:66 

1. 45 

1.86 

o.41 

1.27 

0.02 

1.57 

1. 07 

1. 06 

1.67 

4.39 

0.49 

0.41 

0.72 

1. 28 

0.80 

1.42 

4.48 

0.44 

0.07 

5.51 

23.93 22.34 

28.6£ 32.51 

9.20 11.86 

15.34 11.96 

0.30 

5.26 

2.54 

2.64 

1.00 

1.14 

1.88 

4.16 

0.90 

0.20 

2. 36 

4.16 

1. 90 

2.22 

1.08 

1. 39 

2.24 

4.52 

0.95 

0.02 

1. 93 

',1 

10 

22.10 

31.67 

3.31 

20.48 

0. 54 

4.98 

2.86 

1.89 

1.50 

1. 09 

1.52 

5.18 

0.95 

0.25 

1.14 

11 

26.65 

28.74 

8.40 

17.12 

3.26 

2.09 

0.96 

1. 92 

0. 97 

1.23 

4.51 

1J.30 

0.02 

2. 75 

; 

12 13 

27.77 27.12 

31.16 40.27 

9.84 5.43 

12.87 10.51 

3.12 

1.62 

1.41 

o. 98 

0.94 

2.09 

5.00 

0.81 

0.09 

2.14 

0.28 

3. 76 

1.97 

1. 68 

0.42 

o. 39 

1.65 

3. 73 

0.83 

0.23 

Ui4 

14 

18.20 

26.55 

6.03 

16.51 

7.18 

4.39 

2.38 

4.48 

2.67 

2.51 

4.22 

1.41 
0.64 

1. 93 

15 

24.46 

42.67 

10.02 

4.13 

0. 31 

1. 67 

0.73 

0. 93 

1.79 

2.49 

1.79 

5.18 

0.76 

0.18 

2.37 

16 17 

0.32 
23.99 25.00 

43.12 45.86 

11.12 7.08 

3.61 

0.18 

2.46 

0.98 

1. 51 

1.60 

2. 73 

1.88 

4.58 

0. 37 

0.48 

1. 65 

2.45 

1.23 

1.18 

3.11 

2.98 

1. 77 

4.26 

0.63 

l.ll4 

1.87 

' 'c 

18 19 

26.12 27.66 

44.87 49.34 

7.42 9.10 

7.17 0.58 

0.08 0.23 

2.18 0.80 

0.63 0.35 

1.65 0.45 

0.62 

1. 79 

0.53 

4.19 

0.32 

0.05 

2. 57 

1. 36 

1. 93 

1.33 

4.12 

0.42 

0.02 

1. 57 

TOTAL 99.14 99.54 99.61 99.67 99.48 98.13 100.89 99.51 99.08 99.46 98.92 99.84 99.91 99.10 99.48 100.26 99.58 100.19 99.26 

An A~ Ab% 8."62 25.92 11.33 14.82 15.73 11.18 20.79 24.29 26.74 9.46 22.62 24.00 11.89 18.50 19.01 20.50 13.38 14.19 15.57 

or 53.32 64.53 70.39 70.06 68.77 74.74 71.65 67.93 66.80 74.26 72.50 71.80 77.90 61.26 71.26 70.73 71.18 78.16 77.58 

1 Columns numbered as in Table 5.4 

I-' 
0 
-...) 
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TABLE 5.10 : CIPW NORMS PHONOLITES AND TRACHYTES 1 

1 2 3 4 5 6 8 10 11 12 13 14 15 16 17 18 19 20 

Q 
c 
Or 

Ab 

An 

Ne 

Hl 

Di~~ l;s 
H {en 
Y fs 

Ol{fo 
fa 

ac 
il 

mt 

hm 

ap 

tn 

nc 

cc 

H20 

23.22 25.06 22.80 28.31 

34.21 31.11 35.37 32.57 
0.53 0.26 3.61 

22.88 22.45 16.90 22.19 

0.58 

4.80 
1. 59 

1.30 

1.29 

5.39 

0.71 

5.11 

2.88 

2.01 

-o. 58 

{ 8.55 

0. 72 { 1.42 

0.55 

1.10 1.82 

5.02 5.57 

0.67 0.51 1. 01 

0.11 

3.02 

0.27 

1.58 2.50 

0.81 

0.12 

0. 76 

0.13 

0.88 

4.47 

0.42 

2. 27 

0.21 

1.43 

5.19 

0.05 0.06 

31.20 26.89 29.31 26.95 27.48 30.61 29.96 29.25 28.90 27.60 30.08 31.08 25.59 28.36 30.5 32.21 

33.04 31.78 26.52 36.48 39.85 35.54 39.29 32.54 22.94 30.41 39.28 33.00 42.24 36.34 36.4 36.89 
1.81 0.15 6.89 4.55 3.58 4.7 

18.46 24.37 28.65 19.48 19.09 19.74 12.00 22.37 24.90 25.89 13.89 21.60 14.57 19.09 13.2 19.42 

0.13 0.54 0.58 

3.99 4.82 

1.43 1.17 

2.65 3.21 

0.63 0.03 

-0.06 

6.62 
0.15 0.89 0.99 

2.-89 3.60 2.89 

0.68 0.81 

3.35 0.40 2.54 

2.86 0.17 0.87 

0.36 

0.97 2.29 0.71 

0.59 0.04 0.19 

5.62 4.75 5.31 

0.34 0.27 

1.20 

0.39 

0.46 

5.06 

0.81 0.77 0.46 0.81 0.82 

2.51 2.36 2.16 3.70 2.02 
0.97 0.80 0.64 0.35 1.45 

1.58 1.63 1.60 0.42 0.39 

0.02 0.45 0.02 0.40 0.59 

0.04 1.02 0.06 3.73 0.18 

3.41 13.54 6.50 2.77 
0.36 0.44 0.19 0.13 0.17 0.59 

3.84 1.73 2.61 4.53 4.81 

0. 74 0.4 

2.04 { 
0.83 4.8 

1.24 

0.03 { 3.6 

0.05 

4. 31 
0.40 0.8 

4.05 3.4 

0.66 

2.30 

0. 55 

1.85 

0.03 
0.36 

4.13 

0.05 0.39 0.25 0.37 0.14 0.02 0.28 0.14 0.12 0.07 0.09 0.05 -0.25 0.09 0.5 0.12 

0.49 0.45 

1.24 0.05 0.09 1.48 0.18 0. 77 0.16 0.11 0.16 0.07 0.25 0.18 

4.82 0.97 0.63 2.13 4.17 2.97 2.44 1.69 1.66 2.15 4.05 1.76 2.51 2.03 1.93 1.04 

TOTAL: 99.59 99.34 100.13 99.76 99.72 99.45 99.17 99.91 100.13 99.85 98.79 99.69 100.09 99.48 99.68 100.41 98.84 99.85 100.23 99.74 

~ 1.53 
An + Ab 

OJ -80.31 

0.83 

78.61 

9.26 

75.07 83.07 

1columns numbered as in Table 5.5. 

5.38 0.55 14.92 Hl.38 7.82 11.4 

82.70 83.03 84.48 82.91 86.41 85.89 81.25 84.15 76.74 83.90 83.24 85.68 82.39 83.79 80.1 88.51 

I-' 
0 
co 
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TABLE 5.10 

21 22 Z3 24 

Q 

c 
Or 30.91 32.J8 31.56 32.80 
Ab 39.21 '40.69 42.09 37.19 
An 

Ne 16.09 15.21 12.78 16.95 

Hl 0.81 0.51 {).64 0.21 

ro 2.84 1. 74 1. 91 2.15 

Oi : 0.67 0.34 o. 37 1).27 

2.34 1. 54 1.68 2.09 

Hy{en 
fs 

01 {fo D.12 D.10 0.26 0.07 

fa 0.46 0.48 1. 29 0.62 

ac 0.12 0.69 1.17 2.94 

il 0.38 0.34 0.46 0.34 
rnt 4.13 3.86 3.26 2.56 

hrn 

tn 

ap -D.l6 0.35 0.23 
nc 

cc 0.30 0.34 O.il9 0.34 

H20 1.52 1.23 0.94 0.95 

TOTAL: 100.06 99.80 99.53 99.48 

~'% 
An + Ab 

01 86.21 88.28 86.43 86.93 

-I 

25 26 27 28 29 30 31 32 

2.40 6.43 12.04 4.72 

0.79 2.14 0.60 

31.44 30.31 31.02 33.68 23.28 23.05 28.01 34.92 

37.61 41.30 48.99 45.82 48.82 47.22 46.45 55.59 
2.80 2.-50 11.77 12.63 3.94 1.10 

16.69 11.62 4.89 5.61 

0.56 0.74 

1.99 1.88 2.25 2.04 0.58 
0.24 0.35 D.47 O.B9 0.43 

1.95 1.68 1.93 1.14 0.10 

1.64 1.00 0.57 0.05 

0.38 
0.11 0.17 1.12 
1l.96 D.01 0.78 1.57 

4.95 7.07 

0.21 0.28 0.57 0.80 2.94 2.30 2.03 o. 36 
2.01 2.62 4.25 2.94 3.22 2.57 

2.24 0.21 1. 70 

0. 73 

0.09 0:25 0.21 0.28 1.30 1.23 0.70 0.07 

0:20 0.23 0.02 0.98 0.98 -Q.ll 

1.02 1.35 1.34 1.30 1. 79 0.69 1.42 0.22 

99.47 99.51 100.41 99.71 99.63 99.29 100.08 99.44 

1i.41 5.18 19.42 21.10 7.83 1.94 

85.74 83.23 84.91 85.12 74.51 76.70 86.51 95.23 

'/ 

1-' 
0 
\.0 
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TABLE 5.11: Symbols used in figures throughout this thesis. 
·-·-------- ----· ------......-..----'----'-"----'-----

Basalt 

{ 
Ha\.vaii te 

Mugearite 

Trachyandesite 

II Benmorei·te 

<> Kaiwekite 

• Quartz trachyte 

+ Basanite 

{ 
Nepheline hawaiite 

Nepheline mugearite 

Nepheline trachyandesite 

0 Nepheline benmoreite 

() Feldspathoidal trachy-te 

0 Phonolite 

+ Waihola basanites 

Ea Omimi basanite pegmatoids 

• Limburgite (J'vlilburn) 



23.70% of the total variance. Among the phonolit.es Sio
2 

accounts for 42.18% of the total variance. For the whole 

series Sio2 is responsible for over half of the total 

variance (54.10%). 

(b) In the course of a statistical study of variation 

in volcanic rock series Le Maitre (1968) showed that of the 

linear functions commonly used in variation diagrams Sio
2 

most nearly corresponds to the first latent vector of a 

principal component analysis. With regard to the Thornton

Tuttle index Le Maitre says (p.227) "(It) is not a suitable 

function against which to measure position within a trend 

unless comparison is made with analyses of similar normative 

type - with analyses of different normative types comparison 

111 

is meaningless.'' 1 The exact form of the Thornton-Tuttle index 

is dependent on which particular normative components are 

present in the analysis. Thus for widely divergent samples, 

e.g. quartz-trachytes and basanites, Thornton Tuttle Index 

may not be suitable. 

(c) Willcox (1954) noted that a disadvantage of some of 

the more complex linear functions used in variation diagrams 

was that variables were often in effect being plotted against 

themselves with the obvious result that the curves so produced 

were artificially smoothed. 

It should be emphasised that the variation diagrams shown 

here are intended as a general and simple method of illustra-

ting the data. The diagrams do not serve to unequivocally 

fix the position of a rock composition in a differentiation 

-sequence and conclusions relating to petrogenesis have been 

drawn from an overall examination of the data. As Chayes (1964) 

h~s pointed out, Harker diagrams have little specific genetic 

meaning and any process which can increase the variance of Sio2 
relative to the other oxides will lead to a negative correlation 

between Si02 and the other elements contributing most to the 

variance of the system. Processes with that particular 

characteristic include nearly all those considered to be of 

importance in the genesis of differentiated volcanic rocks. 

1 Emphasis in original 



TABLE 5.12: Variance of major elements (cr~) expressed as % 

(cr2) 
J 

of total variance, for Dunedin volcanic •r 
rocks. 

SUITE 
Si02 Ti02 Al2o

3 
Fe

2
o3 FeO MgO CaO Na

2
o K20 a2 

NO. T 

l 23.70 3.91 11.27 9.85 8.70 23.16 ll. 72 4.80 2.93 11.27 

2 42.18 0.92 8.48 11.61 9.21 4.06 9.21 10.50 3.87 5.43 

3 54.14 1. 33 3.24 o. 71 10.36 7.59 15.07 4.40 3.17 86.41 

EXPLANATION OF TABLE 5.12 

SUITE NO. 1: 23 Basalts and Basanites. 

2: 26 Phonolites 

3: 12 rocks covering a range in composition from basalt and 
basanite to trachyte and phonolite (samples used are 
those listed in Tables 5.13 and 5.14). 

x = the variable, n = number of samples. 
M 
l: a2. (Chayes, 1964) 

j=l J 

112 
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The behaviour of the elements examined will be discussed 

in the following order: 

(a) Major elements, in the order they are listed in the 

tables. 

(b) Trace elements, in the following groupings which are 

based on suggestions by Dr S.R. Tayl6r (see for 

example Taylor et.al., 1969). 

(i) Large cations (of low charge) 

(ii) 

(iii) 

(iv) 

(v) 

(vi) 

Rare earths 

Large highly charged cations 

Potassium related trace elements 

Ferromagnesium elements 

Chalcophile elements 

DISCUSSION OF MAJOR ELEMENT CHEMISTRY 

Silicon 

Sio2 ranges from about 41% in the basanites to about 66% 

in one of the quartz normative trachytes. Feldspathoidal 

rock types are generally lower in Sio
2 

so mildly feldspathoi

dal basalts have higher Sio2 contents than basanites and quartz 

normative trachytes are enriched in Si02 compared with strongly 

feldspathoidal phonolites. Sio
2 

increases from about 45% in 

the basalts to about 56% in the benmoreites, and 60% in 

feldspathoidal trachyte. Among the strongly feldspathoidal 

rock types the range in Sio2 abundance is comparable with that 

observed in the mildly feldspathoidal rocks. A typical 

basanite has a Sio2 content of about 42% and Sio2 increases to 

about 48% in nepheline trachyandesites and about 51% in nepheline 

benmoreites. The phonolites show a range in Sio
2 

content fronl 

53% to 59%. Fig. 5.1 is a plot of sample frequency against 

Sio2 content of the East Otago volcanics. Since this study 

has been particularly concerned with the origin of the 

phonolites in the Dunedin district these have been far more 

extensively sampled than the other rock types and the relative 

volume estimates based on area of outcrop, given in Chapter 3, 

provide a better indication of relative abundance of rock 

types in the volcano. Although bimodality in the distribu-

tion of samples in relation to silica is not as marked as 



114 

Fig. 5.1 indicates, examination of the relative abundances in 

terms of volumes (Fig. 3.2) still indicates that there is an 

appareni: deficiency of intermediate rock types (a "Daly Gap") 

within the Dunedin Volcano, and it is relevant to pause and 

consider this problem in some detail. 

Daly (1925, 1927) during his investigations of the 

Atlantic volcanic islands observed that intermediate members 

of the series basalt-trachyte (phonolite) appeared to be 

relatively rare. Chayes (1963) reconsidered the relative 

abundance of intermediate members of the basal·t-trachyte 

association and concluded that, for the oceanic islands at 

least, there is indeed a statistically significant deficiency 

in ini:ermediate compositions. He believed that the lack of 

intermediate members required reconsideration of crystal 

fractionation as a model for derivation of the oceanic basalt

trachyte association. Since the appearance of Chayes' paper 

new data have been published for a number of alkalic 

volcanoes and the problem would appear to be far more complex 

than Chayes indicated in 1963. Bimodality in frequency 

distributions of rock types is not the case for many basalt

trachyte associations. Papers by Macdonald (1963) and 

Harris (1963), which appeared very promptly after Chayes' 

paper, demonstrate that bimodality in rock-type abundances 

is certainly not the case for Hawaii and Tristan da Cuhna. 

More recently Baker (1968) has shown that intermediate rock 

types on St.Helena have merely been under sampled while parasi-

. tic intrusions of trachyte and phonolite have been over-sampled. 

The "Daly Gap" does not exist on St.Helena, one of the 

localities where it was recognized by Daly. However, some 

alkalic volcanoes do appear to show a distinctly bimodal distri

bution of rock types with intermediate members relatively 

scarce compared with abundances of salic and basic end members. 

Ridley (1970b) shows that there is a deficiency of intermediate 

rock types, relative to basalt and phonolite, on Tenerife 

(Canary islands) and bimodality is apparently very pronounced 

for Silali Volcano in the Gregory Rift of Kenya (McCall & 

Hornung, 1972). The factors governing relative abundances of 

rock types are complex. 
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As Baker (1968) has shown, sample bias by the geologist 

may be important. In alk~lic volcanic associations salic 

rock types are distinctive in appearance and often resist 

erosion because they form thick viscous plugs and coul~es, 

while in contrast, the thin shield-building basaltic-flows 

tend to .be more nondescript in hand specimen appearance and 

more susceptible to erosion. Cann (3:968) has emphasised 

the importance of outcrop and hand--specimen characteristics 

in biasing a geological sample. 

Ridley (1970b)invoked a sample bias by the volcano it

self to explain the bimodal distribution of rock type 

abundances on Tenerife. He argued that salic fractions 

resulting from crystal fractionation were selectively sampled 

by short, late-stage, explosive eruptions which failed to 

sample other fractions. Ridley emphasised that the sub

structure of the volcano and the time, relative to the progress 

of crystal fractionation, at which the sub-volcanic magma 

chambers were sampled are important factors controlling 

relative abundance of rock types. McCall & Hornung (1972) 

invoke a complex substructure to explain bimodality at 

Silali. 

Cann (1968) has suggested that continued remelting of 

the salic portions of older rocks would tend to concentrate 

salic magmas towards the top of a sub-volcanic igneous 

column. Fractional melting combined with fractional 

crystallization would lead to concentration of salic magmas 

·near the top of a volcanic structure. 

Thus bimodality in the sample frequency versus sio
2 

plot 

shown in Fig. 5.1 may be due to a number of factors. The 

:phonolitic rocks have certainly been over-sampled because 

(i) they were specifically sought during this study (ii) they 

form resistant massive topographic features overlying earlier 

eruptives. A deficiency in intermediate compositions in an 

alkalic association does not rule out crystal fractionation 

as a possible model for the derivation of salic end-members 

within the association, and very careful thought should be 

given to the meaning of sample frequency distributions. 
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·Titanium 

Titanium tends to decrease in abundance as silica 

increases (Fig. 5.2). A limburgite from Milburn, in South 

Otago has the highest titanium content, with Tio2 being 

about 4.0%. Basanites and basalts have high titanium 

contents and Tio2 ranges from about 3.7% to 1.5%, over

lapping with the intermediate rock types which have Ti02 
contents ranging from about 3.4% down to 1.0%. The 

nepheline benmoreites have Tio
2 

contents around 0.5-1% and 

the less undersaturated benmoreites have, iri general, 

slightly higher Ti02 contents when samples are compared with 

strongly undersaturated benmoreites of similar Sio 2 content. 

Phonolites and trachytes have low Tio2 contents, most 

samples containing between less than 0.1% and 0.5%,.although 

a few samples have Tio2 contents approaching 1%. The quartz 

normative trachyte analyzed contains about 0.4% Tio2 . A 

quartz-normative trachyandesite from Bell Hill, and a 

segregation vein from the same locality have peculiarly high 

Tio 2 contents for their Sio2 contents. 

The principal titanium bearing mineral phases present in 

the Dunedin lavas are titaniferous magnetite, clinopyroxene, 

and kaersutitic amphibole. In peralkaline rocks aenigmatite 

is a titanium bearing phase. 

Titanium contents among the Dunedin volcanics are similar 

to those of rocks from other alkalic provinces. 

Aluminium 

Al2o
3 

is plotted against Sio
2 

in Fig. 5.3. There is 

a general increase in aluminium content from the basaltic 

rocks through intermediate compositions to the benmoreites, 

although there is a broad scatter of points about the 

generalized trend; for example some samples from the Waihola 

theralite sill and pegmatoids from Omimi have unusually high 

Although there is a scatter of values, the 

phonolites and benmoreites have roughly comparable Al2o3 
contents. Al 2o

3 
ranges from 12.78% in a Dunedin basalt to 

20.86% in one of the phonolites and Al2o3 contents are similar 

to those of rocks from other alkalic provinces. 
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Important aluminous minerals occurring in the volcanics 

include feldspars and feldspathoids. Aluminium is only a 

minor component of pyroxenes and amphiboles occurring in the 

Dunedin alkalic lavas. 

Ferrous and Ferric iron 

Total iron, expressed as FeO + Fe 2o3 is plotted against 

Sio2 iri Fig. 5.4, and it is readily seen that these twb 

variables are negatively correlated. The basaltic rocks 

have the highest total iron contents, while the phonolites 

and trachytes are relatively depleted in total iron. This 

steady depletion in FeO + Fe2o3 is also seen in Fig. 5.5 

where MgO is plotted against FeO + Fe
2
o

3 
(see Coombs & 

Wilkinson, 1969). Total iron ranges in abundance from 1.86% 

in the quartz-normative trachyte to 14.60% in an East Otago 

basanite while the 'limburgite' from Milburn has a total iron 

content of 15.42%. Phonolites from Dunedin have abundances 

ranging from about 4.8 to 7.0%. Fig. 5.6 shows the relation-

ship between ferrous and ferric iron, and although alteration 
3+ 2+ 

of the volcanics would tend to raise the Fe :Fe ratio, 

gross trends can be inferred from the diagram. The 

basaltic rocks have much higher Fe2+:Fe 3+ ratios than the 

phonolitic and trachytic rocks, and in general the rocks 

become more oxidized with increasing Sio 2 content. In 

summary, there is a general trend of iron depletion with 

increasing Sio2 content and this is accompanied by a marked 

increase in Fe 3+:Fe 2+ ratio. 

'-
The important iron bearing minerals in the volcanics are 

olivine, clinopyroxene, titanomagnetite, and kaersutitic 

amphibole, and depletion in total iron is a reflection of 

processes involving these minerals. Among the more evolved 

rocks aegirine, aenigmatite, and fayalite are common iron

bearing minerals. Biotite is only of minor importance. 

Manganese 

Examination of Fig. 5.7 shows that MnO abundance remains 

more or less constant with increasing Sio2 . There is a 

scatter of points away from the generalized trend; one basalt 
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has an unusually high MnO content, as do two phonolites and 

one benmoreite, while pegmatoids from Omimi fall below the 

trend, as do the feldspathoidal trachytes, the Bell Hill 

quartz-normative trachyandesites, and the quartz normative 

trachyte. However, in general the East Otago rocks have 

MnO con'tents in the range 0.15 - 0. 2 5%. 
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Manganese is a minor component of all the mafic minerals 

in the Dunedin lavas, with I:1.n0 attaining abundance levels of 

up to half of a percent in clinopyroxenes, amphiboles, and 

olivines. Titanomagnetites can contain up to 1% and 

aenigmatite and aegirine can contain minor amounts of MnO. 

fMangg,nese:: ! contents are comparable with those of rocks 

from other alkalic provinces. 

Magnesium 

MgO shows a scattered, poorly correlated, variation with 

Si02 (Fig. 5.8) ;. 

Sio2 contents. 

the correlation is especially poor at low 

The basaltic rocks show a broad scatter in 

MgO contents from about 5.5% up to 11%. From intermediate 

compositions through to the phonolites and the quartz 

normative trachyte there is a general decrease in MgO 

abundance with increasing Sio2 content. The intermediate 

rocks have MgO contents in the range 7.0% - <1% and the field 

in which they plot overlaps with those of the benmoreites and 

phonolites. The phonolites have MgO contents less than 2% 

and the majority contain less than 1% MgO. The Bell Hill 

quartz normative trachyandesites have unusually high MgO 

contents. 

Liquids derived by partial melting of upper mantle peri-

d t · . . 1 ' ' . th l O O Mg 8 8 t 9 2 t h o 1te conta1n1ng o 1v1ne w1 JM +Fe2~ -o mus t em-
100 Mg g 

selves have M +F ~= 65 to 73 (Green, 1970; Roeder & Emslie, 
g e 100 Mg 

1970). The function M F »is thus a measure of the g+ e 
primitiveness of igneous rocks and it is informative to 

examine the variation of this function with Sio2 (Fig. 5.9). 

Only a few of the basaltic rocks have 
1~~+;~z+ratios which 

might indicate derivation directly from mantle material and 

most rocks are depleted in Mg relative to Fe. 
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Magnesium is an important component in the phases 

olivine, clinopyroxene, and kaersutite and trends of de

pletion in MgO are controlled by crystal fractionation 

processes involving these minerals. 

Calcium 

CaO shows a strong negative correlation with Sio
2 

(Fig. 5.10). Among the basalts and basanites CaO ranges 
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in abundance from 7.3 to 11.8%, and in the central part of 

the Waihola sill CaO reaches 13.2%. The intermediate 

compositions overlap with the basaltic rocks in CaO contents; 

the former have CaO contents in the range 4.8 to 9.3%. 

Benmoreites have CaO contents in the range 2.5 to 5.8% and 

the nepheline benmoreites have slightly higher CaO contents 

ranging from 3.2 to 6.8%. The phonolites have CaO contents 

of 0.7 to 3.4% and the quartz normative trachyte which is 

depleted in CaO has a CaO content of 0.5%. 

The steady depletion in CaO with rising Sio2 must princi

pally involve the removal of calcic pyroxene and calcic 

plagioclase. Other calcium bearing minerals present in the 

Dunedin Volcano are kaersutite amphibole, apatite, and 

calcite. 

The alkali elements: Sodium and Potassium' 

Fig. 5.11 illustrates the variation of total Na2 o + K2 0 

with Sio2 . The line separating alkalic and tholeiitic rock 

types from the Hawaiian Province (Macdonald & Katsura, 1964) 

is reproduced on the diagram. Strongly feldspathoidal rocks 

(termed here "ultra~alkalic") are clearly separated from the 

poorly feldspathoidal and quartz normative rocks. Total 

alkali contents increase in a general way with increasing 

Sio2 . The highest alkali contents occur in rocks of 

phonol~tic composition where Na 2o + K2 0 ranges from about 12% 

up to almost 16%. Some of the basalts are quite depleted 

in Na 2o + K2 0 which decreases to almost 3%. 

Total alkali contents have also been plotted against 

Al2o3 variation (Fig. 5.12) and it can be seen that the rocks 
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are alkalic in comparison with the Japanese petrographic 

province (Kuno, 1960). Fig. 5.12 also shows that, in 

general, peralkalinity increases with Sio2 content. The 

phonolites and trachytes tend to be peralkaline, and this, 

of course, is reflected by the appearance of peralkaline 

phases - aegirine, aenigmatite and riebeckite. Most of 

the other rocks tend to be saturated in Al2o3 . Fig. 5.12 

does not give a true indication of the trend towards per

alkalinity because CaO is not included in the diagram and 

inclusion of this component would tend to decrease the 

dispersion of the various rock compositions. 
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The variation of Na2o with Sio2 (Fig. 5.13) is scattered 

while that of K2o is better correlated (Fig. 5.14). Both 

components show an increase in abundance with increasing Si02 . 

The quartz normative trachyte shows the greatest abundance of 

K20 with a content of 5.9%. In contrast this rock is only 

moderately enriched in Na 2o, having an Na 2o content of 

6.6% compared with up to 10.6% in the phonolites. The 

ultra-alkalic and moderately alkalic compositions are 

dispersed on the Na 2o vs Sio2 diagram, but the distinction 

between the two groups does not exist on the K2o vs Sio2 
diagram. 

The principal alkali-bearing phases occurring in the 

basaltic and intermediate rocks are feldspar, (principally 

Na2o in plagioclase) and kaersutite. Among the ultra

alkalic rock types nepheline is an important Na 2o bearing 

phase and where rock compositions are peralkaline aegirine, 

aenigmatite, and (in the quartz normative trachytes) blue 

amphibole are important alkali (principally Na 2o) bearing 

phases. Alkali feldspar is the most important potassium 

bearing phase, especially among the phonolites and trachytes. 

Sodalite and analcime are important in some rocks. 

Phosphorus 

P
2

o
5 

variation with sio
2 

is poorly correlated (Fig. 5.15) 

and the scatter is probably attributable in large part to 

small amounts of accumulated apatite. At the basaltic end 
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of the spectrum of rock compositions unusually high P 2o 5 
corttents are developed in samples from the Waihola Sill and 

in the limburgite from Milburn. The samples concerned are 

markedly rich in fine apatite. In general basaltic rocks 

have P 2o 5 contents in the range 0.2 to 1.0%. The phonolites 

and trachytes are depleted in P2o 5 , with the former having 

P2o
5 

contents within the range 0.01 to 0.30% and the quartz 

normative trachyte a P 2o 5 content of 0.03%. Intermediate 

rocks are relatively enriched in P 2o 5 compared with most of 

the other rocks and contain between 0.2 and 1.5% P2o 5 . The 

nepheline benmoreites have a range of P 2o
5 

contents over

lapping with those of the phonolites and intermediate rocks, 

but benmoreites are depleted in P 2o 5 which is present in 

abundances ranging from 0.14 to 0.61%. 

The only important phosphorus bearing phase in the East 

Otago volcanics is apatite and the behaviour of P
2

o
5 

during 

crystallization is a function of processes involving this 

phase. 

Chlorine 

This element shows a scattered variation with Sio
2 

(Fig. 

5.16). Generally there is an increase in Cl content with 

Sio2 content among the ultra-alkalic rocks. The phonolites 

are particularly enriched in Cl which reaches abundance 

levels in excess of 5000 ppm. The basaltic rocks, and some 

of the intermediate rocks are depleted in chlorine, as is the 

quartz normative trachyte. 

Chlorine is a minor component in kaersutitic hornblende 

but other important phases contain no chlorine. Thus it 

behaves as a truely residual element and is left in the melt 

phase during fractional crystallization. The appearance of 

sodalite in many of the Dunedin phonolites reflects the build 

up of chlorine to very high concentrations. 
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DISCUSSION OF TRACE ELEMENT CHEMISTRY 

The lar3e cations: Cs, Rb, Pb, Sr. 

Cesium (Table 5.13), lead and rubidium all behave similar

ly, showing a strong increase in abundance from basalt and 

basanite through intermediate compositions to phonolite 

(Figs. 5.17 - 5.18). The quartz normative trachyte is 

moderately depleted in all three elements, compared with the 

phonolites, and has abundances comparable with intermediate 

rock types. The enrichment of these elements in the 

phonolites is quite remarkable. Cesium rises from 0.5 ppm 

in the basaltic rocks to about 10 ppm in the phonolites while 

rubidium increases from 10 ppm to 270 ppm from basalt to 

phonolite and lead varies from about 10 ppm to 37 ppm. 

Contrast between the phonolites and quartz normative b~achyte 

is very strong when abundances of cesium, rubidium and lead 
\ 

are compared. The quartz normative t.rachyte has cesium, 

rubidium and lead contents of 2.5 ppm, 135 ppm, and 13 ppm 

respectively. In general cesium, rubidium, and lead are 

more abundant in the ultra-alkalic rocks than in the moderate

ly alkalic rocks of equivalent Sio2 content. 

Barium and strontium behave similarly (Fig. 5.19, 5.20), 

but their behaviour contrasts sharply with that of cesium, 

rubidium and lead. Barium shows a variable distribution 

against Sio 2 (Fig. 5.19), but in general all rocks except 

the phonolites are enriched in barium which increases in 

abundance from the basaltic rocks through to the intermediate 

rocks and benmoreites where it attains its maximum abundance. 

The quartz normative trachyte is markedly enriched in barium, 

containing 973 ppm. Although a few phonolites have moderate 

to high barium contents, most are depleted and contain less 

than about 270 ppm. Strontium variation with Sio2 is less 

erratic, but very similar to the behaviour noted for barium. 

Strontium attains a maximum abundance among the intermediate 

rock types and nepheline benmoreites. The moderately alkalic 

benmoreites and phonolites are depleted in strontium and, in 

~ontrast to barium, the quartz normative trachyte is depleted 

in strontium (60 ppm). With one marked exception (OU30443) 

the basaltic rocks are moderately enriched in strontium, 
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TABLE 5.13: Abundance of Cs, Sn and Hf in Dunedin volcanic 
rocks (p.p.m.) 

1 2 3 4 5 6 7 8 9 10 11 

Cs 0.50 1. 39 1.08 3.12 9.15 10.37 9.71 0.30 1.24 2.06 2.44 

Sn 0.91 0.76 l.J.S 2.16 5.40 4.29 5.61 1.14 1.30 2.42 2.43 

Hf 3.87 4.08 6.04 8.84 18.08 12.57 19.72 5.16 4.67 5.42 8.98 

Explanation of Table 5.13 

1. Alkali olivine basalt (30450) Mt.Holmes. 

2. Hawaiite (30432) Whare Creek, north of Mt.Flagstaff. 

3. Mugearite (30426) Scroggs Hill. 

4. Benmoreite (30412) Highcliff near Cadzow Memorial. 

5. Phonolite (30428) Mt.Cutten quarry. 

6. Phonolite (30439) Mt.Mihiwaka. 

7. Phonolite (22553) Summit ridge of Mt.Kettle. 

8. Basanite (30442) Black Head quarry. 

9. Nepheline hawaiite, transitional to nepheline mugearite (22487) 

10. 

11. 

12. 

North Head, near entrance to Otago Harbour. Flow 15 of Marshall 

(1914). 

Nepheline trachyandesite (30429) North Head section. 

of Marshall (1914). 

Nepheline benmoreite (30449) 1 km west of Mt.Cargill. 

Trachyte (24023) Deborah Bay, Otago Harbour. 

Flow 26 

\ 

12 

2.51 

2.31 

6.11 
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containing between 500 and 1000 ppm. Intermediate rocks show 

moderate to strong enrichment (500 - 1400 ppm) and the 

nepheline benmoreites show variable 'Strontium contents from 

as low as 572 ppm to as high as 1558 ppm. Moderately alkalic 

benmoreites and phonolites show marked depletion in strontium 

(56 3 - 9 ppm) . 

In summary, cesium, rubidium and lead behave in a similar 

fashion and are, in general, continuously enriched with 

increasing Sio2 so that the phonolites are most enriched in 

the three elements. The quartz-normative trachyte is only 

weakly enriched in cesium, rubidium and lead. Barium and 

strontium behave similarly to each other. Strontium reaches 

a maximum enrichment in the intermediate rock types and 

nepheline benmoreites while barium is most enriched in the 

benmoreites. The phonolites are strongly depleted in both 

barium and strontium contrasting with the quartz-normative 

trachyte which is strongly enriched in barium and moderately 

depleted in strontium. 

Cesium enters potassium rich minerals with some difficulty 

because the Cs+ ion is very much larger than the K+ ion 

(1.67~ compared with 1.33~). Cesium might thus be expected 

to behave as a .residual element during fractional crystalli

zation and higher concentrations should result in the later 

differentiated fractions (Taylor, l965b). Ahrens & Edge 

(1961) found that K/Cs ratios in basalts were fairly constant 

at about 8000. This was based on limited data and such 

"uniform" elemental ratios do not appear· to stand the test of 

a large amount of data, e.g. the K/Rb ratio (see below). 

Dunedin basalts have, from the limited data available, K/Cs 

ratios of about 25,000 while phonolitic rocks have ratios of 

about 4500. Cesium is thus enriched in both an absolute 

sense and relative to potassium, in the phonolites. 

Pb2+ might be expected to substitute for K+ in alkali 

feldspars or for ca2+ in plagioclase (Taylor, 1965b). 

Identity of size with sr2+ is counteracted by the more cova-
. 2+ 2+ lent character of the Pb-0 bond, and, s1nce Sr and Pb do 

not generally behave similarly, bonding effects within the 

lattice and possibly within the melt may be important in 
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goverhing the behaviour of lead. Lead behaves in a fashion 

similar to cesium and is apparently a residual element. 

Rhodes (1969c) and Taylor & Heier (1960) show that lead 

distribution in feldspars is apparently dependent only on 

the lead content of the host rock. 

The enrichment of strontium in the intermedia-te rock 

types of the Dunedin district is a feature which has been 

noted in a number of igneous associations. Wqger & Mitchell 

(1951) noted that maximum strontium contents were achieved in 

the hypersthene olivine gabbros of the Skaergaard and that 

strontium abundance then decreased to reach a minimum in the 

quartz granophyres. Strontium abundance patterns where the 

element reaches maximum concentration in intermediate rock 

types are a feature of alkalic associations on Hawaii (Wager 

& Mitchell, 1953; Turekian & Kulp, 1956; Nockolds & Allen, 

1954), Tenerife (Ridley, 1970c),Polynesia (Nockolds & Allen, 

1954), and the volcanoes of the East African Rift Zone 

(e.g. Sceal & Weaver, 1971; Weaver et.al., 1972). Strontium 

is an important trace component in calcic feldspar, alkali 

feldspar, and apatite (Taylor, 1965b; Wager & Mitchell, 1951). 

Strontium follows calcium to only a limited extent. Turekian 

& Kulp (1956) show that there is very poor coherence between 

calcium and strontium in basaltic rocks, although these 

elements do show a marked coherence among granitic rocks, 

and Wager & Mitchell (1951) emphasise that very little stron

tium is found in Skaergaard clinopyroxenes, an observation 

gaining limited support from early experimental work by 

Eskola (1922). Significant amounts of strontium are found 

in alkali feldspars (Heier, 1962; Rhodes, 1969c). 

Depletion in strontium is a common feature of highly 

evolved rocks from a number of localities. For example 

pantellerites at Fantale Volcano (Gibson, 1972; Weaver, 

et.al., 1972), trachytes at Paka Volcano (Sceal & Weaver, 

1971), phonolites on Tenerife (Ridley, 1970c),and rhyolites 

in western U.S.A. (Noble et.al., 1972). Depletion in 

strontium can only .be achieved by removal of feldspar and 

exceptionally strong depletion in strontium implies prolonged 

crystal fractionation involving feldspar (Noble et.al., 1969). 
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B 2+ . . 1 . d t . 1 . . . t'~- . + d ' 1.- b a 1s near y 1.en 1ca 1n s1ze w1 11 K an m1g11t e 

expected to substitute for potassium in alkali feldspar and 

biotite (Taylor, 1965b). Barium is an important minor com-

ponent in potassium feldspars (Rhodes, 1969c; Heier, 1962; 

Engelhardt, 1936) and alkali feldspar is probably the 

important phase controlling barium depletion in the Dunedin 

volcanics. Plagioclase can contain minor amounts of barium 

(Wager & Mitchell, 1951; Schnetzler & Philpotts, 1968) but 

alkali feldspar is a more favourable host (Heier, 1962). 

B 2+ l'k s 2+ d t t 2+ . . . a , un 1 e r oes no en er Ca s1tes 1n apat1te. 

Barium reaching a maximum concentration in intermediate rock 

types is a feature of alkalic rocks on Hawaii (Wager & Mitchell, 

1953; Nockolds & Allen, 1954); at Paka (Sceal & Weaver, 

1971), and on Tenerife (Ridley, 1970c)although in the latter 

case only the more evolved phonolites show a depletion in 

barium and many rocks classed as phonolites have high barium 

contents comparable with the intermediate rock types. 

Strong depletion in barium among strongly differentiated 

rocks of various series have been noted in a m.imber of 

situations; for example; calc-alkaline rhyolites in west

ern u.s.A. described by Noble et.al., (1972); calc-alkaline 

pantellerites on Mayor Island (Ewart et.al., 1968); alkalic 

trachytes at Paka (Sceal & Weaver, 1971); phonolites from 

Tenerife analyzed by Ridley (1970c); and peralkaline phono

litic dykes from east Greenland, described by Gill (1972). 

Depletion in barium implies removal of alkali feldspar. 

In the benmoreites of the Dunedin Volcano the depletion in 

strontium, relative to the abundances observed in the mugear

ites, is unaccompanied by a similar depletion in barium 

implying that either calcic plagioclase or apatite, or both 

phases, were important in the processes leading from mugearite 

(or any of the other intermediate compositions) to benmoreite. 

Rare earth elements (REE) and Yttrium 

The rare earth element geochemistry of the Dunedin Volcano 

has been discussed by Price & Taylor (1973) and the following 

is taken from that publication. 
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TABLE 5.14: 

1 

Yb 1.8 

Er 2.2 

Ho 0.9 

rfy 4.9 

Tb 0.8 

Gd 6.2 

Eu 2.3 

Sm 6.7 

Nd 30.2 

Pr 9.2 

Ce 78.6 

La 35.5 

'! '( 'i 

Rare Earth Element abundances 

2 3 4 5 

2.1 3.2 3.7 6.4 

2.5 3.8 3.7 6.1 

1.0 1.3 1.3 2.1 

4.9 6.8 6.5 8.6 

0.9 1.3 1.1 1.5 

6.6 10.3 8.0 10.8 

2.5 3.3 2.5 1.4 

7.1 9.9 8.2 11.5 

33.3 55.5 44.1 65.5 

9.4 15.6 13.4 22.7 

85.8 152.5 112.8 233.9 

41.0 60.4 60.8 134.5 

Columns numbered as in Table 5.13. 

'f ·\ 

(p.p.m.)·. 

6 7 8 9 

4.3 7.2 2.1 2.7 

4.2 8.2 2.5 3.1 

1.5 2.8 1.2 1.2 

6.5 10.8 5.4 6.4 

1.1 2.0 1.2 1.1 

9.4 13.7 9.7 8.7 

0.9 . 1. 0 3.1 3.0 

9.5 14.8 9.8 9.0 

54.8 71.4 51.6 45.6 

19.5 26.2 15.0 14.8 

176.2 243.3 n.d. 142.5 

93.4 136.3 57.0 72.7 

'/ 

10 11 

2.7 3.1 

2.9 3.4 

1.1 1.2 

5.5 6.6 

1.0 1.1 

7.1 9. 9 

2.5 2.7 

7.0 8.7 

39.2 45.6 

13.5 15.0 

166.7 126.8 

83.2 85.1 

12 

2.7 

2.6 

1.0 

4.7 

0.8 

4.5 

2.4 

4.1 

6.1 

4.8 

43.0 

20.1 

I-' 
N 
-..J 
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TABLE 5.14: Rare Earth Element abundances 

1 2 3 4 5 

Yb 1.8 2.1 3.2 3.7 6.4 

Er 2.2 2.5 3.8 3.7 6.1 

Ho 0.9 1.0 1.3 1.3 2.1 

Dy 4.9 4.9 6.8 6.5 8.6 

Tb 0.8 0.9 1.3 1.1 1.5 

Gd 6.2 6.6 10.3 8.0 10.8 

Eu 2.3 2.5 3.3 2.5 1.4 

Sm 6.7 7.1 9.9 8.2 11.5 

Nd 30.2 33.3 55.5 44.1 65.5 

Pr 9.2 9.4 15.6 13.4 22.7 

Ce 78.6 85.8 152.5 112.8 233.9 

La 35.5 41.0 60.4 60.8 134.5 

Columns numbered as in Table 5.13. 

'f -J ·\ 

(p.p.m.). 

6 7 8 9 

4.3 7.2 2.1 2.7 

4.2 8.2 2.5 3.1 

1.5 2.8 1.2 1.2 

6.5 10.8 5.4 6.4 

1.1 2.0 1.2 1.1 

9.4 13.7 9.7 8.7 

0.9 . 1. 0 3.1 3.0 

9.5 14.8 9,8 9.0 

54.8 71.4 51.6 45.6 

19.5 26.2 15.0 14.8 

176.2 243.3 n.d. 142.5 

93.4 136.3 57.0 72.7 

'/ 

10 11 

2.7 3.1 

2.9 3.4 

1.1 1.2 

5.5 6.6 

1.0 1.1 

7.1 9.9 

2.5 2.7 

7.0 8.7 

39.2 45.6 

13.5 15.0 

166.7 126.8 

83.2 85.1 

12 

2.7 

2.6 
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4.7 

0.8 

4.5 
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6.1 

4.8 

43.0 

20.1 
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FIGURE 5.21: REE contents of basalt, hawaiite, mugearite, 
and benmoreite normalized to abundances in 
chondrites (see Table 5. 14). 

FIGURE 5.22: REE contents of phonolites (Table 5. 14) normalized 
to abundances in chondrites. 
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FIGURE 5.23: REE contents of basanite, nepheline hawaiite, 
nepheline trachyandesite, and nepheline 
benmoreite (Table 5. 14) normalized to abundances 
in chondrites. 

FIGURE 5.24: REE contents of trachyte (Table 5.14) normalized to 
abundances in chondrites. 



(/) 
Q) .... ·-... . )~ 

"C 
c: 
0 
.c 
(.) 

E 
c. 
c. 

" 
10 • Ne- benmoreite -', ... Ne-t rachyandesite 

~ 
(.) 5 .... Ne -hawaiite 0 ... 

• Basanite 

E 2 c. 
c. 

';' 

Gd Tm 

h 
(/) 
Q) .... 

"' 
·: 100 
"C 
c: 
0 50 .c 
(.) 

E 20 c. 
c. 

-' 

10 

~ 5 (.) 
0 .... 

E 2 
c. 
c. 

La Ce Pr Gd Tb Dy Ho Er Tm Yb 



128 

Analyses for REE v..rere carried out on twelve representa

tive rocks. Three of these were phonolites; the other rock 

types analyzed were: basalt, basanite, hawaiite, mugearite, 

benmorei-te, nepheline benmoreite, nepheline hawaiite, 

nepheline trachyandesite, and quartz-normative trachyte. 

The REE contents of the twelve samples are presented in •rable 

5.14. Figs. 5.21 - 5.24 show REE contents of the lavas 

normalized to average abundances in chondrites. All the 

lavas are enriched overall in REE, and all show enrichment 

of light relative to heavy REE. With the exception of the 

phonolites, all rocks show to varying degrees an enrichment 

in Eu relative to the other REE. The quartz-normative 

trachyte is quite strongly enriched in Eu. For the purposes 

of discussion the rocks have been grouped according to similar 

behaviour patterns, or apparent affinity. 

(a) Basalt-hawaiite-mugearite-benmoreite 

The samples representative of compositions in the range 

basalt-benmoreite all show enrichment of the REE, relative to 

chondrites, and all show relative enrichment in the light 

REE (Fig. 5.21). There is a continuous enrichment from 

basalt through the intermediate compositions to mugearite and 

a depletion in REE from mugearite to benmoreite. In the 

basalt La is enriched 118 times the chondritic abundance. 

The benmoreite is considerably more fractionated, having a 

La content 203 times greater than the chondritic abundances. 

All four rocks in this compositional range have slightly 

·anomalous Eu values; Eu is enriched relative to the other 

REE. 

(b) Phonolites 

Normalized REE patterns for three phonolites are shown 

in Fig. 5.22. All three rocks are highly enriched (La is 

up to 450 times the abundance in chondrites), with a striking 

excess of light over heavy REE. The other important 

feature of the patterns is the remarkable depletion in Eu 

relative to the other REE. 
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(c) Basanite-nepheline hawaiite- nepheline trachyandesite-

nepheline benmoreite 

All four rocks have similar REE patterns, with strong 

general enrichment relative to chondrites, and an enrich-

ment of La over Yb. The nepheline hawaiite, nepheline trachy

andesite and nepheline benmoreite have extremely similar 

patterns (Fig. 5.23). The basanite is ~lightly less enriched 

in both the extreme heavy REE and the extreme light REE, but 

is more enriched in the intermediate elements (Pr-Ho) . As 

is the case in the basalt-benmoreite series all four strongly 

feldspathoidal rocks have a slight positive Eu anomaly. 

(d) Trachyte 

Compared with the other rocks the trachyte has low REE 

abundances, although it shows a distinct enrichment compared 

with chondrites (Fig. 5.24). The lighter REE are enriched 

relative to the heavier REE. The most striking feature of 

the pattern is the marked enrichment in Eu compared with the 

other elements of the group. 

The REE abundance patterns observed for Dunedin volcanic 

rocks are comparable with observed patterns in other alkalic 

volcanic associations; for example Gough Island, Ascension 

Island, Hawaii (Haskin et.al., 1966) and the Comores 

Archipelago (Flower, 1971). 

There is, from basalt through intermediate compositions 

to mugearite, a continuous enrichment in REE without any 

·marked change in La/Yb ratio. This is explained by a model 

involving fractional crystallization of olivine and 

clinopyroxene, with titanomagnetite as a possible accessory 

phase. The benmoreite does not appear to continue the 

trend observed in the less differentiated rocks, as the REE 

show a slight depletion in the benmoreite compared with the 

mugearite. Depletion in the REE could be achieved by re

moval of REE bearing phases such as feldspar or apatite. 

Removal of feldspar should result in a depletion of europium 

relative to the other REE (see below) and since the 

benmoreite actually shows a slight positive europium anomaly 

it seems unlikely that feldspar fractionation is responsible 



for the slight depletion in REE. Apatite can contain up to 

1% REE (Haskin et.al., 1966) and it is suggested that 

extensive crystallization and removal of apatite at the 

mugearite-hawaiite stage could lead to depletion of the 

benmoreite in REE. 
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The striking depletion in europium in the phonolites can 

only be attributed to the removal of feldspar during crystal 

fractionation (Haskin ~t.al., 1966; Philpotts & Schnetzler, 

1968). Both alkali and plagioclase feldspars are remark

ably enriched in europium compared with the other REE 

(Haskin et.al., 1966). This is believed to result from the 

fact that europium can exist as a stable divalent ion in 

contrast with the other REE which normally exist as trivalent 

ions. Eu2+ thus substitutes for ca2+ and K+, in feldspar 

lattices. Flower (1971) observed moderate depletion of 

europium in phonolites from the Comores Archipelago. 

The normalized REE patterns are similar for the basanite, 

nepheline-hawaiite, nepheline-trachyandesite, and nepheline 

benmoreite. The basanite is, however, relatively depleted 

in the extreme light and extreme heavy REE. Normalized REE 

patterns for .kaersutite amphibole show depletion in the heavy 

REE, and a marked relative decrease in the abundance of the 

light !<BE compared with the intermediate members (Sm-Gd) of 

the group (see above, Chapter 4) and fractional crystalli

zation of kaersutite will result in greater enrichment of the 

light and heavy REE compared with the intermediate elements 

of the group. The series basanite-nepheline benmoreite or 

nepheline trachyandesite is considered to be analagous to 

the series basalt-mugearite with the additional suggestion 

that kaersutitic amphibole might be important. 

The quartz-normative trachytes will be discussed in depth 

at a later stage and it is sufficient at this point to 

emphasise that they differ markedly in REE chemistry from the 

other rocks. The marked positive europium anomaly must be 

due to some process of feldspar addition. 

The slight positive europium anomaly observed in most 

rocks can be attributed to one of two causes: 
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(i) Contamination with feldspar either from the 

basemerrt schists or by settling of early 

crystallized feldspar phenocrysts during 

fractionation. 

(ii) A regional anomalous feature peculiar to the 

upper mantle underlying the East Otago 

province. 

Some sort of contamination is deemed the most likely 

process. Addition of small amounts of contaminating feld

spar could achieve a slight modification of the REE pat·tern 

without any observable charges in the abundances of other 

elements. 

Yttrium behaves as a member of the rare earth elements 
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and is in fact included by many workers 

et.al., 1966). Y3+ is similar in size 

in that group (Haskin 

C 2+ b t . 't to a , u Slnce l 

forms more covalent bonds it is accepted into later ca2+ sites 

(Taylor, 1965). Yttrium variation with Si02 is illustrated 

in Fig. 5.25, and although behaviour is erratic there is a 

general increase in yttrium from the basaltic rocks to 

intermediate comoositions (21-29 ppm in basalts and basanites, 

25-37 ppm for intermediate compositions) . From intermediate 

rock types to benmoreites and nepheline benmoreites yttrium 

abundances remain roughly constant (24-33 ppm in nepheline 
' 

benmoreites, 29-39 ppm in benmoreites) but some of the 

phonolites show a strong enrichment in yttrium relative to 

the other rocks (24-66 ppm yttrium in the phonolites). The 

·quartz normative trachyte has an yttrium content of 27 ppm. 

The behaviour of yttrium is thus, as might be expected, 

analogous to the behaviour of the REE. 

Large highly charged cations: Th, U, Zr, Hf, Sn, Nb 

Thorium, uranium, zirconium, hafnium, tin and niobium 

all behave similarly. All six elements increase in abundance 

from basalt through intermediate compositions to phonolite 

reaching maximum abundance in the last named rock type. The 

quartz normative trachytes are depleted in the large highly 

charged cations (Figs 5.26 - 5.27), relative to phonolites. 
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Thorium and uranium are very strongly correlated, with 

a correlation coefficient (r) of +0.90 (Fig. 5.28), and the 

ratio Th/U is about 4.0 which compares well with the average 

crustal ratio of 3.5 (Adams ~t.al., 1959). Thorium and 

uranium might be expected to behave as truly incompatible 

elements, concentrating in the late stage liquids of a 

differentiation process. Since uranium and t:horium are 

believed to substitute for zr
4

+ they might be expected to 

concentrate in the aegirine of phonolites (see below for 

discussion of zirconium behaviour). Uranium and thorium 
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abundances compare with those obtained in other alkalic 

provinces (e.g. uranium 0.1-30 ppm in alkalic rocks, accord

ing to Adams et.al., 1959) .. Uranium is very sensitive to 

f 't d' . b f h 'l'b . 4+ 6+ oxygen ugacl y con l t1ons ecause o t e equ1 1 r1um U :or-- U . 

Watkins & Haggerty (1967) have demonstrated that Th/U ratio 

changes markedly with oxidation conditions and, since these 

authors showed that oxidation conditions are markedly 

variable within a single lava flow, Th/U ratios can vary 

within single flow units. This presents a problem for 

representative sampling, but since oxidation conditions in 

Dunedin lavas appear to be reasonably uniform (inhomogeneous 

iron oxides are rarely observed) the problem is probably not 

important for Dunedin lavas. 

Zirconium (Fig. 5.26) is believed to behave as a truly 

residual element, entering normal silicate lattices with 

difficulty (Sceal & Weaver, 1971) and concentrating in 

subcessively fractionated liquids (Taylor, 1965b). Zirconium 

reaches high concentrations (>1500 ppm) in the phonolites but 

zircon does not occur. Degenhardt (1957) not.ed zirconium 

concentrations up to 5,000 ppm in aegirine and this mineral 

·undoubtedly contains most of the zirconium of the phonolites. 

Pyroxenes and amphiboles can contain in excess of 100 ppm 

zirconium and magnetite, ilmenite, and apatite may contain up 

to 1000 ppm. Zircon has been noted in a few syenitic 

xenoliths occurring within the volcanics, and eudialyte occurs 

in blocks in the Port Chalmers Breccia. 

Hafnium and zirconium are very strongly correlated 

(correlation coefficient= + 0.99) as might be expected for 
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two elements which form one of the classic closely associ

ated chemical pairs (Fig. 5.29). The Zr/Hf ratios is 

62.3 compared with an average crustal ratio of 50 

(Fleischer, 1955). Hafnium abundances for twelve represen-

tative Dunedin samples are ·tabulated in Table 5.13. 

Zirconium contents are comparable with ·those from other 

alkalic provinces (Chao & Fleischer, 1960) but the quartz

normative trachyte is unusually depleted in zirconium 

relative to the phonolites. 

Tin abundances are presented in Table 5.13. The high 

charge on the sn 4+ ion, coupled with a high ionization 

potential which promotes a tendency to form ionic complexes 

in the melt (Sno
4

4
-; Ringwood, 1955), means that tin has 

difficulty entering silicate lattices and tends to behave as 
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a residual component. Tin is generally low in abundance for 

Dunedin volcanic rocks, ranging from about 1 ppm in basalts 

to about 6 pprn in phonolites. The quartz-normative trachyte 

has a tin content of about 2 ppm. Abundance data for tin is 

limited but Onishi & Sandell (1957) report abundance levels 

of < 5 ppm for alkali basalts and 4 - 8 ppm for nepheline 

syenites. 

In a manner similar to tin, the behaviour of niobium is 

probably complicated by the formation of complexes in the 

melt and 
4-

(SiO 4 ) 

3-the large size of the (Nb0 4 ) complex, compared with 

groups means that niobium is concentrated in 

residual melts (Ringwood, 1955). Niobium variation with 

silica is illustrated in Fig. 5.27. As for zirconium there 

is an increase in niobium abundance with Sio2 and basalts 

have abundances in the order of 50 ppm compared with phonolites 

which attain abundance levels of almost 300 ppm. The quartz

normative trachyte is curiously depleted in niobium, contain

ing 78 ppm. 

Gerasimovsky et.al. (1966) report niobium contents 

similar to those of the Dunedin volcanics for rocks of the 

Lovozero alkaline complex. These authors also show that 

in the nepheline syenites much of the niobium is taken up 

in aegirine (1500 ppm) and aenigmatite (1300 ppm). 
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It has been shown experimentally that zirconium is 

stabilized in the melt-fraction of artificial partially 

melted systerrsby the addition of alkalis (Dietrich, 1968) 

and high,alkalis in a natural melt could cause the 

partition of zirconium between melt and crystal phases to 

be biased strongly towards ·the melt. 'l1he same effect 

could apply to the other highly charged cations and is an 

additional factor in their concentration into successive 

residual liquids. 

Potassium related trace elements 
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Ahrens et.al. (1952) suggested that K/Rb ratios are uni

form, so that increasing or decreasing K/Rb ratios within a 

series requires a special explanation such as extreme 

fractionation (e.g. Taylor et.al., 1956). •raylor (1965b) 

classified K/Rb ratios as "normal", if they fell within the 

limits 150-300 and ratios falling outside these limits were 

regarded as unusual and required special explanation. 

Recent work (Shaw, 1968; Erlank, 1968), shows that ratios 

actually vary within wide limits. Oceanic tholeiites 

usually have high K/Rb ratios up to 1000 and in general 

ratios do not remain constant during most igneous processes. 

Crystal fractionation processes involving amphibole, biotite, 

an aqueous phase (Shaw, 1968) or feldspar (Noble & Hedge, 

1970) can cause changes in K/Rb ratio. The Dunedin·volcanics 

hav~ variable K/Rb ratios (Fig. 5.30). The basaltic rocks 

have K/Rb ratios which vary between about 500 and 300. The 

ratio decreases slightly from basalt to benmoreite and there 

is a marked decrease from benmoreite and nepheline-benmoreite 

at about K/Rb = 300, to the phonolites which have ratios as 

low as 150. The marked decrease in K/Rb ratio observed in 

the phonolites is considered to indicate extreme fractionation 

probably involving alkali feldspar (Noble & Hedge, 1970). 

The quartz-normative trachyte has a moderately high K/Rb 

ratio (364) so that, although it has a high differentiation 

index the trachyte does not appear to have evolved by extreme 

crystal fractionation. 



FIGURE 5.30: Relationships between potassium and rubidium 
for Dunedin alkalic volcanics. 
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In Fig. 5.31 cesium has been plotted against potassium 

and, for the compositions basaltr hawaiite, mugearite, 

benmoreite, nepheline hawaiite, nepheline trachyandesite and 

nepheline benmoreite, these two elements show a strong linear 

correlation (r = + 0.95) and the K/Cs ratio is constant at 

about 120p. For the phonolites K/Cs ratios are lower and 

for the quartz normative trachyte the ratio is higher. 

K/Cs ratio should decrease with fractionation, cesium being 

preferred in late fractions (Taylor, 1965b). 

A plot of strontium against potassium is informative 

{Fig. 5.32)~ Initially, from basalt to some of the inter

mediate compositions, strontium and potassium show a rough 

positive correlation since both elements are enriched in 

successive liquids. However at mugearite, or trachyandesite 

there is an abrupt change and strontium is rapidly depleted 

with respect to potassium so that the two elements show a 

negative correlation through the compositions benmoreite to 

phonolite. Similarly, for the series of ultra-alkalic 

compositions there is a positive correlation between 

potassium and strontium for compositions from basanite to 

nepheline benmoreite and then a depletion in strontium among 

the more evolved nepheline benmoreites. It is important to 

note that a number of nepheline benmoreites, one nepheline 

trachyandesite and a single basalt have extremely high 

strontium contents, resulting in a scatter away from the main 

trends. The basaltic compositions are more scattered on the 

.diagram than the differentiated rocks. 

The behaviour of barium in relation to potassium is 

similar to that of strontium (Fig. 5.33), and appears to be 

a combination of two gross trends: one controlled by barium 

enrichment, the other by barium depletion. Benmoreites show 

less barium than strontium depletion, in relation to 

potassium, and a few benmoreites are among the rocks richest 

in barium. The quartz normative-trachyte shows the strongest 

enrichment in both potassium and barium. 

It is believed that the two gross trends observed on Ba 

vs K and Sr vs K plots reflect mineral chemical controls on 

a crystal fractionation process. The depletion trend results 
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from the appearance of feldspar as an important liquidus 

phase and the difference between the behaviour of barium 

and strontium are explicable if the effects of apatite 

crystallization are considered. These suggestions will 

be discussed in depth in a later chapter. 

The ferromagnesian trace elements: Ni, Cr, V. 

In the Dunedin lavas nickel, chromium, and vanadium 

all behave similarly, showing a steady depletion from 

basalt through to phonolite and trachyte. Nickel and 

chromium are strongly correlated (r = + 0.97) and the Cr/Ni 

ratio· remain approximately constant during fractionation at 

about 1.48 (Fig. 5.34). 

The trace element distribution rules of Goldschmidt 
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(1937) and Ringwood (1955) predict that nickel should enter 

magnesium sites late in the crystallization of a magma, i.e. 

magnesium sbould be preferred and should be captured .. while 

nickel, due to size and electronegativity considerations, 

should merely be accepted. This is contrary to the behaviour 

actually observed since nickel is enriched in early magnesium 

mineral fractions. Furthermore, nickeliferous olivines 

have a lower melting point than pure magnesium olivines 

(Burns, 1970). These anomalies have been explained by 

Burns (1970) who introduced the effects of crystal field 

stabilization energies into the discussion. Nickel is a 

transition metal and can be stabilized in a crystal lattice 

by crystal field splitting. 

Wager & Mitchell (1948, 1951) during their classic 

study of the geochemistry of the Skaergaard intrusion showed 

that chromium is preferentially incorporated in early formed 

pyroxenes. Olivine and magnetite contain minor amounts of 

chromium, and plagioclase in the Skaergaard rocks contains a 

small amount of chromium. Vanadium is very strongly 

fractionated by titaniferous iron oxides as it enters very 

readily into the lattices of those minerals. Early pyroxenes 

in the Skaergaard rocks are also rich in vanadium. Nickel 

is concentrated in early formed olivines and pyroxenes of the 

Skaegaard and minor amounts of nickel enter plagioclase and 
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magnetite. 

The Dunedin volcanics have nickel, vanadium, and chromium 

abundances comparable with rocks from other alkalic volcanic 

provinces (Turekian & Carr, 1960; Wager & Mitchell, 1953). 

For example rocks from Hawaii analyzed by Wager & Mitchell 

(1953), covered the range basalt to trachyte and from basalt 

to trachyte a continuous depletion in nickel (80 to 15 ppm), 

chromium (470 to 20 ppm) and vanadium(300 to nil ppm) was 

observed. 

Continuous depletion in nickel and chromium with differ

entiation is probably the result of a crystal fractionation 

process involving, principally, the removal of olivine and 

clinopyroxene. The depletion in vanadium is almos·t certainly 

due to crystal fractionation processes involving titaniferous 

magnetite and clinopyroxene. 

The chalcophile elements: Cu, Zn, Ga 

The variation of these elements with Sio2 is illustrated 

in Figs 5.35 - 5.37 and it can readily be seen that the elements 

behave quite differently. 

Copper is continuously depleted with increasing Sio2 con

tent from a maximum of 76 ppm in one of the basalts to l ppm 

or less in some of the phonolites and the quartz normative 

trachyte. Wager & Mitchell (1951) found that in the Skaergaard 

intrusion copper is incorporated in pyroxene, olivine, and 

plagioclase in concentrations between 15 and 35 ppm and some 

magnetites contain up to 500 ppm. Wager & Mitchell also 

found that acid granophyres were depleted in copper, and a 

review of the literature then available led to the general 

conclusion that acid rocks in volcanic series are often 

-depleted in copper. The behaviour of copper in the Skaergaard 

intrusion is complicated by the development of an immiscible 

sulphide phase in the intrusion since copper will very strongly 

favour the sulphide phase. 

are rare. 

In the Dunedin volcanics sulphides 

Burns (1970) has rationalized the geochemical behaviour 

of copper on the basis of crystal field theory. Copper is 
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one of the transition elements and cu2+ ions are predicted 

on crystal field theory to enter distorted sites in olivine, 

orthopyroxene, and amphibole. In the Dunedin rocks copper 

behaves much the same as nickel, chromium and vanadium and 

the ferromagnesian rather than chalc~phile behaviour is 

attributed to low sulphur content in most Dunedin rocks.l 
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In comparison with other alkalic provinces the behaviour 

of copper in the Dunedin rocks would appear to be typical. 

Wager & Mitchell (1953) report copper content of about 170 ppm 

in Hawaiian basalts and copper levels of less than 10 ppm in 

intermediate and trachytic lavas. Nash et.al:_. (1969) report 

copper contents of about 5 ppm for feldspathoidal trachytes 

and phonolites at Mt.Suswa (Kenya) and McCall & Hornung 

(1972) showed that basalts at Silali Volcano contain on aver

age 73 ppm while Silali trachytes have an average copper 

content of 20 ppm. Trachybasalts in California, studied 

by Smith & Carmichael (1969) contain 30-50 ppm copper, and 

Prinz (1967) showed that nepheline-normative-basalts generally 

contain less than 100 ppm copper. 

In the Dunedin volcanics copper is probably depleted 

from basalt through to phonolite by the removal of the 

element during crystal fractionation processes involving 

principally olivine and titanomagnetite. 

Zinc has a behaviour pattern quite different from that 

of copper. Zinc abundance remains more or less constant 

at about 100 ppm in all rocks except phonolites and 

nepheline benmoreites, attaining a maximum abundance in the 

phonolites of about 300 ppm. The behaviour,of zinc in the 

phonolites is erratic on a Sio
2 

vs zinc variation diagram 

(Fig. 5.36). Taylor (1965~ suggests, on the basis of size, 

change, and bond covalence, that zinc should enter late Fe 2+ 

positions, so zinc should concentrate, relative to iron, 

during fractionation. Gerasimovsky et.al. (1966) concluded 

1 Sulphides are sporadically developed in rock compositions 
covering the range basalt and basanite through to phonolite, 
but sulphides are never abundant. 
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that zinc behaves as a residual element in the Lovozero 

Complex, concentrating into the late liquids. Although rocks 

from the Lovozero Complex appear to be high in zinc (102 -

1070 ppm) the high concentrations are attained in the unusual 

end member fractionates, and the nepheline syenites have zinc 

contents comparable with the Dunedin phonolites (average 

Lovozero nepheline syenite contains about 200 ppm zinc). 

Zinc in rocks of the Lovozero Complex occurs in unusual 

late stage minerals (e.g. eudialyte), aegirine (140 ppm), 

and aenigmatite (360 ppm) and only small amounts are incor

porated in alkali feldspars (4 - 5' ppm). 

Nash et.al. (1969) report zinc, contents of 200 to 400 

ppm in Mt.Suswa phonolites and trachytes and McCall & 

Hornung (1972) found average zinc contents of 280 and 85 

in trachytes and basalts, respectively. 

Incorporation of minor amounts of zinc in iron bearing 

mineral phases controlling the early fractionation of the 

Dunedin lavas has resulted in a constant level of zinc 

abundance, but during extreme fractionation, leading to the 

development of the phonolites, high concentrations of zinc 

have been built up in the residual liquids. Zinc in the 

phonolites is probably contained in the iron bearing minerals 

aenigmatite and aegirine. 

Gallium shows a steady increase in abundance from basalt 

through intermediate compositions to phonolite (Fig. 5.37) . 

. Basaltic rocks have gallium contents in the range 17 - 20 ppm, 

·while the phonolites have contents ranging from 25 - 43 ppm. 

Compared with some of the phonolites the quartz normative 

trachyte shows only slight enrichment in gallium (29 ppm). 

The ultra-alkalic rocks appear to be enriched in gallium 

compared with the alkalic rocks, when rocks of each group 

having similar Sio 2 contents are compared. Gallium abundances -

in the Dunedin volcanics compare with abundances obtained from 

other alkalic centres. Mt.Suswa phonolites (Nash et.al., 

1969) have gallium contents in the range 20-45 ppm, and Wager & 

Mitchell (1953) give gallium contents in the range 20 - 25 ppm 

for Hawaiian .lavas ranging in composition from basalt to 
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trachyte. Nockold & Allen (1954) give a range of 15 - 20 

ppm for Hawaiian lavas. Further abundance data for alkalic 

rocks is given by Shaw (1957) and Gerasimovsky §t.a~. (1966). 

Gallium is normally considered to substitute for alumin

ium, but the Ga3+ ion has difficulty entering Al 3+ sites 

because of size and bond considerations, so gallium should 

enter Al 3+ sites late in the crystallization of a magma. 

Taylor (1965b) suggests that gallium probably substitutes for 

Fe 3+ in silicates. Shaw (1957) presents data for gallium 

abundance in minerals and the following information is 

relevant: K-feldspars contain minor amounts of gallium (10 -

20 ppm) and alkali feldspars can contain considerably more 

(up to 62 ppm). The amount of gallium in igneous plagio-

clase is variable and ranges from 20 - 200 ppm. Nepheline 

can contain between 44 and 74 ppm gallium. Augite (6 - 10 

ppm), olivine (5 ppm), and aegirine (?ppm) are all depleted 

in gallium, but alkalic hornblende can contain moderate amounts 

(6 - 33 ppm) and magnetites can contain gallium in high 

concentration (10 - 120 ppm). 

The continuous enrichment in gallium observed from 

basaltic compositions through to phonolites must be caused 

by processes involving the removal of gallium deficient 

phases. Since the data are limited and the range of possible 

gallium contents in any of the phases involved so broad it is 

impossible to nominate specific phases which could be 

responsible for the gallium depletion without specific 

inforrnation on the distribution of gallium in minerals of the 

Dunedin volcanics. 

The gallium in the phonolites is probably contained in 

nepheline and alkali feldspar. 

SUMMARY AND CONCLUDING REMARKS 

Although it has been suggested that samples of a crystal 

fractionation series should lie on smooth curves on variation 

diagrams (e.g. Nockolds & Allen, 1953, 1954) it is probably 

more likely that data should scatter about the ideal 
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curvilinear paths of descent and only samples actually repre

sentative of liquids on the line of descent will plot on 

ideal curves (Bowen, 1928, p.l21-122). In well studied 

examples of igneous rock series, members of v1hich are related 

by crystal fractionation, (e.g. Skaergaard, Wager & Brown, 

1968) data points are scattered, rather than lying on smooth 

curves. This is to be expected since: 

(a) As Wager & Brown (1968) suggest individual samples 

may not be entirely representative of the magmas 

they are supposed to represent. 

(b) Melts are almost certainly contaminated by pheno

crysts either sinking into them from upper levels 

of the magma reservoirs in which they are 

differentiating or accidentally included in them 

during ascent to the surface. When minor amounts 

of contamination from other liquids and from 

earlier rocks, as well as from country rocks are 

considered it is hardly surprising that data do 

not conform to smooth curves. 

The rocks can be grouped according to apparent affinity 

for the purpose of a summary. 

(i) basalt-hawaiite-mugearite-benmoreite 

(ii) phonolite 

(iii) basanite-nepheline hawaiite-nepheline 

trachyandesite-nepheline benmoreite 

.(iv) quartz normative trachyte 

Basalt-hawaiite-mugearite-benmoreite 

(i) There is a continuous depletion through the series in 

Ti0
2

, MgO, total iron, CaO, Ni, V, Cr, Cu. 

(ii) The REE are continuously enriched from basalt to mugear

ite and then a slight depletion occurs to benmoreite. 

All rocks of this group show a slight positive Eu 

anomaly. 

(iii) The following elements are continuously enriched from 

basalt to benmoreite: Si, Al, Na, K, Cs, Rb, Ba, Pb, 

Th, U, Zn, Hf, Sn, Nb, Ga. 
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(iv) Sr and P2o 5 show maximum concentration in the mugear

ites and are depleted in benmoreites. 

(v) Zn, and MnO show erratic behaviour but abundances are 

rather low. 

Phonolites 

(i) Phonolites are strongly enriched in Na 2o, K2o, Cs, Rb, 

Pb, Th, U, Zr, Hf, Sn, Nb, Ga, Zn, REE, Y, Cl. 

(ii) Phonolites show strong depletion in Tio 2 , MgO, total 

iron, CaO, Ba, Sr, Ni, V, Cr, Cu, P 2o 5 . 

(iii) The phonolites are characterized by a striking depletion 

in Eu relative to the other REE. 

Basanite-nepheline hawaiite-nepheline trachyandesite-nepheline 
benmoreite 

These rocks show behaviour similar to the basalt-hawaiite

mugearite group, but there are differences between ·the 

benmoreites and nepheline benmoreites: 

(i) Both Ba and Sr are strongly enriched· in the nepheline 

benmoreites. 

(ii) P 2o
5 

is higher in the nepheline benmoreites than in 

the benmoreites. 

(iii) The nepheline benmoreites are more mafic than the 

benmoreites. 

·Quartz-normative trachytes 

The quartz normative trachytes show features which set 

them apart as a distinct geochemical group: 

(i) Although high in Sio2 content the quartz normative 

trachyte is surprisingly depleted in Rb, Th, U, Zr, 

Hf, Sn, Nb, Ga, Zn, Y and the REE. 

(ii) The REE are depleted in comparison with abundances in 

all the other rock types, and the trachyte has a, 

striking positive Eu anomaly on the chondrite normalized 

REE pattern. 

(iii) K and Ba are enriched in the quartz normative trachyte 
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while Cs is slightly depleted, compared with the other 
rocks. 

{iv) Ti0 2 , MgO, total iron, CaO, P2o
5

, the ferromagnesium 

trace elements are all very strongly depleted. 

Concludi~g Remarks 

If enrichment factors of elements in a t.ypical phonolite 

and a typical benmoreite, relat.ive to a basalt, are 

compared {Table 5.15) the following features are evident: 

(i) Zr, Nb, REE, which might be considered as truly residual 

elements are enriched in the benmoreite by a factor of 

about 2 and by a factor of 4 - 5 in the phonolites. 

{ii) The large highly charged cations (U, Th) and Rb and 

Pb are more strongly enriched (by a factor of 8 10 

in the phonolites and 3 - 4 in the benmoreites). 

The question then arises: is some process other than. frac

tional crystallization influencin~ the distribution of the 

larger cations and larger highly charged cations? Some sort 

of "volatile transfer" process might be important in 

concentrating the incompatible elements into the late stage 

liquids. The effect of halide complexing in influencing 

the distribution of u4+, Th4+, Rb+, Pb2+ might become more 

important in the later stages of differentiation when 

volatiles become more concentrated. 

TABLE 5.15: Enrichment factors of elements in Dunedin 
lavas 

BASALT BENMOREITE PHONOLITE 

u 1 3 9 

Th 1 4 10 

Pb 1 3 8 

Rb 1 4 9 

REE {La) 1 2 4 

Zr 1 2 5 

Nb 1 2 5 

!. 
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The Dunedin alkalic volcanics appear to have major and 

trace element chemistry comparable to many oceanic and 

continental alkalic volcanic associations. Similarities 

have been noted during the preceding discussion between the 

chemis·try of Dunedin lavas and rocks from Hawaii, Gough, 

Ascension, Polynesia, the East African Rift system, western 

U.S.A., and the Lovozero Complex (U.S.S.R.). 
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CHAPTER 6 

STRONTIUM ISOTOPIC COMPOSITIONS 

INTRODUCTION 

The isotopic composition of strontium from a representa·

tive suite of Dunedin lavas was examined with a view to 

establishing: 

(i) The importance of crustal contamination 

(ii) Parental homogeneity within the association 

Before discussing the results obtained for the Dunedin 

Volcanics it is appropriate to consider results obtained on 

alkalic rocks elsewhere. Strontium isotope data from other 

alkalic provinces are presented diagrammatically in Fig. 6.1. 

Alkalic rocks from the oceanic islands have low initial 87sr86sr 

ratios, although ~orne of the differentiated rock~ (phonolites 

and trachytes) have higher initial ratios, resulting in a 

spread in the range of compositions e.g. Hawaii. Many 

continental alkalic rocks have low initial 87sr86sr ratios 

comparable with the oceanic alkalic rocks, but at many centres 

there is a spread to much higher initial ratios, usually in 

differentiated rocks. The potassic alkalic rocks have 

generally higher initial ratios (e.g. Kimberleys and Leucite 

Hills.) 

ANALYTICAL METHODS 

For most samples Rb and Sr were determined using an 

au·tomated PW1220 X-ray fluorescence spectrometer (see Chapter 

5). Measurements were made on characteristic radiation from 

powdered samples using methods described by Norrish & Chappell 

(1967). Mass absorption coefficients were measured directly 

and calibrations were made against synthetic standards 

(Compston et.al., 1969). 

Samples were prepared ·foi mass spectrometric determination 

of B 7sr86sr by digesting 50 to 200 mg amounts in hydrofluoric 

and perchloric acids, and purifying the strontium by two passes 



FIGURE 6.1: Composition of Sr in alkalic rocks: 
Range in initial 87 sr 8 6sr shown for 
various alkalic provinces. 
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F. Powell & Be~l970) 
G. Laughlin et.al. (1971) 
H. Lussiaa-Berdov-Polve & Vidal (1973) 

Broken line delineates range for Dunedin Volcanics. 
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through cation ion-exchange columns. For samples low in 

strontium (trachytes and some of the phonolites) Rb and 

Sr were determined by mass spectrometric isotope dilution 

using a mixed 8 5Rb, 84sr spike (Compston et.al., 1971). 

A discussion of-pureficati6h of these samples is given as 

Appendix C. Pur· . 
~-~-~~=~a tion 

Isotopic ratios were-me-asured using a single focussing I 

9 inch, 60° sector machine (Clement & Compston, 1972), with 

automatic magnetic-field peak switching and digital output. 

The value obtained for the Eimer & Amend strontium carbonate 

during the period of this work was 0.70812. ± 0.00010 (2cr), 

normalized to 8.3752 for BBsrjB6sr. 

RESULTS 
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Results are presented in Table 6.1 and samples are plotted 

on an isochron diagram in Fig. 6.2. The basaltic and 

intermediate rocks have low values for B7srj8 6sr that are 

comparable with values obtained on similar rocks from other 

alkalic provinces (Fig. 6.1). All the basaltic and inter

mediate rocks have low Rb/Sr and low 8 7sr;B 6sr, although 

there is a slight 

B7sr;B6sr. The 

variable measured 

spread in measured ~ 7 srjB6sr and in initial 

phonolites have variable Rb/Sr and hence 
87 srjB6sr but their initial 87 sr;B 6sr is 

consistent with that of the basaltic and intermediate rocks. 

Taken collectively, the fit of the phonolites to a single 

isochron is distinctly less perfect than expected due to 

experimental error only. This is almost certainly due to 

slightly different ages among the phonolites, as the samples 

are from wi~ely separated localities in both shield and 

fissure eruptives. On this basis, the appropriate method 

of regression analysis for the collectively imperfect fit is 

the Model II of Mcintyre et.al. (1966), which estimates the 

range of age for the phonolites as from 14.4 m.y. to 12.0 m.y. 

at the 95 percent confidence limits. Samples 30439, 30458 

and 30428 are from separate phonolite coulees_extruded from 

closely related cinder cones. As expedted, these give a 

much better fitted isochron that indicates a single extrusive 
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TABLE 6.1: Sr 87 / 86 ratios, Rb and Sr contents (ppm), and 
sample descriptions and localities for Dunedin 
Volcanics. 

Sample numbers prefixed by "A" refer to samples catalogued 
at Australian National University in Canberra. All other 
sample numbers refer t.o samples catalogued a·t University 

SAMPLE 
NO 

of Otago, Dunedin. 

ROCK TYPE 

Following samples Rb & Sr by XRF 

Basanite 

Basanite 

Basalt 

Nepheline Hawaiite 

Hawaiite 

LOCALITY 

Black Head 

Saddle Hill 

Mt.Holmes 

North Head 

Jeffreys Hill 

Rb 

39 

12 

31 

54 

40 

:30442 

30430 

30450 

22487 

225:1:.5 

30432 

30426 

30429 

30446 

30446 

30424 

30449 

30437 

30412 

30428 

30458 

Hawaiite McQuillikans Crk 40 

Mugearite Scroggs Hill 44 

Nepheline Trachyandesite North Head 72 

"Kaiwekite" Long Beach 98 

Amphibole from Kaiwekite Long Beach 6 

"Mafic Phonolite" Trig L. (Pigroot) 68 

Nepheline Benmoreite Mt.Cargill 116 

Nepheline Benmoreite Mt.Mopanui 124 

Benmoreite Highcliff 113 

Phonolite 

Phonolite 

Mt.Cutten 

Mt.Zion 

Following samples Rb & Sr by Isotope Dilution 

30423A Phonolite 

30423B Phonolite 

30423C Phonolite 

30439 Phonolite 

22553A Phonolite 

22553B Phonolite 

24023 Trachyte 

Al471A Trachyte 

Al471B Trachyte 

A2185 Anorthoclase from 1471 

Logan Pt. Quarry 

Logan Pt. Quarry 

Logan Pt. Quarry 

Mt.Mihiwaka 

Mt.Kettle 

Mt.Kettle 

Deborah Bay 

North Head 

North Head 

North Head 

274 

173 

193.15 

193.3 

193.0 

213.9 

262.5 

268.9 

135.0 

125.1 

135.5 

70.0 

Sr 

921.8 . 70277±3 

658.2 .70279±3 

678.7 .70281±3 

958.6 .70285±3 

962.9 .70277±6 

826.1 .70315±3 

817.6 .70296±4 

824.9 .70288±3 

663.6 .70348±5 

1059.8 .70340±3 

1558.4 .70297±4 

1117.7 .70283±3 

909.2 .70311±5 

503.1 .70306±3 

972 .70440±3 

30.0 .70610±5 

13.5 .71072±30 

14.2 .71076±25 

14.1 .71086±50 

12.2 . 71245±10 

8.8 . 71781±13 

8.2 .71872±9 

59.6 .70524±5 

80.0 .70473±12 

87.0 .70509±7 

126.5 .70428±4 
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event at 13.6 ± 0.5 m.y. and an initial B7srjB6sr of 0.7029 ± 

0.0002. 

The two trachytes and an anorthoclase from one of the 

trachytes plot on an isochron giving an age of 14.4 ± 7.0 

m.y. and an initial ratio of 0.7040 ± 0.0005. The scatter 

is due to duplicate sample 1471B which lies conspicuously 

above the line. If this point is ignored the age may be 

taken as 14.4 ± 2.0 m.y. and the initial ratio as 0.70390 ± 

0.0003. The initial 87srj 86 sr ratio is significantly 

higher than those obtained for the other rocks. 

The "kaiwekite" has an age of 13.9 m.y. according to the 

combined total-rock and amphibole data, and an initial 

87srjB6sr of .70324 ± 0.00005. Although this result is 

based on only two points it is at least consistent with the 

other ages. The kaiwekite has an initial 87 srjB6sr ratio 

intermediate between the trachytes and the other rocks. 

DISCUSSION 

Comparison with K-Ar geochronology 

K-Ar geochronology by McDougall and Coombs (1973) on rocks 

from the Dunedin Volcano is summarized in Table 2.1 (Chapter 

2). Ages range from 13.1 ± 0.1 m.y. for early, shield

building trachytes to 10.1 ± 0.2 m.y. for the fissure-eruptive 

nepheline benmoreite dome on Mt.Cargill. The phonolite flows 

associated with the Mt.Cargill nepheline benmoreite dome were 

dated at 11.3 ± 0.2 m.y. There is a reasonable consistency, 

within experimental uncertainty, between the K-Ar ages and 

the Rb-Sr ages. The latter estimate the commencement of 

activity at 14.1 ± 2 m.y. (trachytes) with a span of activity 

of about 2.5 m.y. (phonolites) while the K-Ar ages date the 

initial activity at 13.1 ± 0.1 m.y. and give a span of active 
I 

history lasting 3 m.y. The K-Ar dates appear to be 

consistently younger by approximately 1 m.y., but this is 

well within the experimental uncertainty of the Rb-Sr ages. 



Petrochemical I~plications 

The constant and low initial 87srjB6sr of the basal~s, 

basanites, intermediate rock types and phonolites is 

consistent with the idea that these rocks constitute a 

comagmatic series, in which crustal contamination was of 

minor importance. 

The quartz normative trachytes have distinctly higher 

initial B7sr;B 6sr compared with the other rocks (0.7040 ± 

0.0005) although their age is not significantly different. 

The following are formally possible for the origin of 

the high initial 87 Srj 86sr ratios of the trachytes: 

(i) Contamination by sea water: Measurements of the 

B7srjB6sr in modern sea water vary between 0.708 

and 0.710 with a mean value of 0.709 (Hamilton, 

19 6 8) . Although the Dunedin Volcano was 

· initiated as a submarine volcano and developed in 

a coastal situation, there is strong evidence 

(Allen, 1973) that the trachytes were erupted as 

terrestrial flows and sea water contamination 

seems unlikely. 
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(ii) Crustal contamination: The Dunedin volcanics over

lie a basement of quartzo-feldspathic schists and 

contamination of the trachytes by the basement could 

account for the high initial B7srjB6sr ratios. 

The trachytes are the earliest eruptives examined 

in this study and they may have been preferentially 

contaminated by wall rock reaction with the 

quartzo-feldspathic basement, while later magmas 

moved through areas already depleted by wall rock 

reactions. 

(iii) Partial melting of 

Partial melting of 

the peculiarities 

chemistry and the 

qua~tz free 

older rocks 

in major and 

high init.ial 

lower crustal rocks: 

could explain both 

trace element 

B7sr;sssr of the 

trachytes. Preferential melting of alkali feld

spar from an older igneous rock would lead to high 

concentrations of Si, Al, K, Na, Ba and Pb in the 

melt which would be depleted in Ca, ferromagnesian 



elements and, to a lesser extent, Sr. The in

compatible elements would favour the melt phase. 

The REE pattern is also explained on this model. 

The high initial 87Sr/ 86 sr would reflect the 

higher content of radiogenic strontium in the 

older parental rock. 
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(iv) If the trachyte liquid could be separated at an 

early stage in the volcano's history and held 

isolated in a crustal magma chamber for a period of 

time sufficient for radiogenic strontium to increase 

to an appropriate level then the higher initial 

ratio of the resultant rocks would be explained. 

Grant et.al. (1973) have suggested a similar 

time dependent model to explain the high initial 

ratios of trachytes and phonolites in comparison 

with other rock types, on St.Helena. 

Anomalously high contents of radiogenic strontium have 

been reported for differentiated rocks in other igneous rock 

suites. Noble & Hedge (1969) studied five Cenozoic ash 

flow sheets in the southern Great Basin, U.S.A. They found 

that there is a systematic vertical change in initial 87sr/ 
86sr through each of the ash flow sheets. The basal units 

of the ash flow sheets (rhyolite) contain more radiogenic 

Sr than the overlying units (porphyritic quartz latite). 

The writers attribute the chemical and isotopic zonations 

in the ash flow sheets to zonation in the magma chambers from 

.which the volcanics were erupted. Since the upper portions 

of a zoned magma chamber might be expected to be erupted first, 

the ash flow sheetsactually represent an inverted sample of 

the zoned magma chambers from which they derived. The high 

content of radiogenic strontium in the upper portions of the 

magma chamber was attributed by Noble & Hedge to incorpora

tion of radiogenic sialic material by the upper parts as the 

magmas ascended into the crust. The upper portions of the 

chambers and the lower, less contaminated portions were 

never fully mixed although feldspar phenocrysts crystallizing 

in the upper portions of the chamber settled into the 

lower portions. Feldspar phenocrysts in the quartz latites 



151 

contain more radiogenic strontium than their host rock. 

Heier & Brooks (1966) in a study of the Heemskirk Granite, 

Tasmania, invoke a similar mechanism of selective contamina

tion of one granite phase to explain its abnormally high 

87srj 86sr ratio. A similar model could explain the 

abnormally high initial ratios of the Dunedin quartz-normative 

trachytes, with the reservation that, since the trachytes 

are underlain by extensive flows of basalt and the sequence 

in which the Dunedin lavas have erupted is not compositionally 

simple, a model involving a simple compositionally zoned 

magma chamber is probably not appropriate. 

Dickinson & Gibson (1972) examined a suite of lavas from 

Fantale Volcano in the Ethiopian Rift. They found that 

highly differentiated (~pairt~ff~i~) lavas are anomalously 

enriched in radiogenic strontium and that all the rocks 

taken together give an anomalously old Rb/Sr age. They 

also found that feldspar phenocrysts in pitchstones are 

enriched in radiogenic strontium compared with their host 

rocks. Dickinson & Gibson proposed the following explana

tion for their results: The magmas represented developed 

by differentiation involving removal of feldspar from the 

parental materials within a crustal magma chamber which 

consequently became compositionally zoned. The end products 

of this process were the pantelleritic lavas which are 

enriched in rubidium and strongly depleted in strontium. 

The high rubidium content of these melts mean~ that radio

genic strontium produced by rubidium decay was preferentially 

added to them while they were held in the zoned magma chamber. 

Since the compositional zoning of the chamber involved 

enrichment in rubidium and depletion in strontium towards 

the top, the upper levels became enriched in radiogenic 

strontium relative to the lower levels. Dickinson & Gibson 

.follow Noble & Hedge (1969) in explaining the radiogenic 

feldspars, which they considered to have settled from 

higher more radiogenic levels of the magma chamber into a 

less radiogenic environment. 

Although the model proposed by Dickinson & Gibson is 

cer;tainly plausible a more convincing example could be chosen. 
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The isochron obtained by regressing all the data gives an age 

of 2.6 ± 0.8 m.y. and the writers make a great deal out of 

the apparently anomalous nature of this age. However, the 

true age, of about 1 m.y., determined rather vaguely from 

"geological evidence'', and the Rb/Sr age are in reality 

very similar, when the error on the latter age is considered. 

What is important is that the feldspar phenocrysts in the 

pitchstones are anomalously enriched in radiogenic strontium 

compared with their host rocks. It would be interesting to 

see the Fantale data regressed in different ways - for 

example data on rocks and phenocrysts from supposedly 

similar original levels in the magma chamber regressed 

independently to see if they give a Rb/Sr age consistent 

with the true age. Certainly there is good evidence at 

Fantale supporting a model involving evolution of the lavas 

in a single compositionally zoned, subvolcanic, magma chamber. 

The presence of a large caldera collapse structure indicates 

a large structurally simple magma chamber, and the continu

ous change in chemistry of the eruptives with time implies 

that this chamber was compositionally zoned. However, 

Dickinson & Gibson do not provide unique evidence to support 

their model in preference to others; for example, the model 

proposed by Noble & Hedge (1969) could be applied to the 

data from Fantale. 

SUMMARY 

The strontium isotope data available for rocks from the 

Dunedin Volcano imply: 

(a) That for most of the rocks, crustal contamination has 

been of minor importance in their evolution. 

(b) Most of the rocks are comagmatic and should be related 

by a common source. The quartz normative trachytes 

have anomalously high initial 87 srjB 6sr compared with 

other rocks and this may be explained by one of the 

following: 

(i) Preferential contamination of the trachytes by 

either crustal material or by sea water. 
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(ii) 

(iii) 

Derivation of the trachytes from a source 

different to the source of the other rocks, 

e.g. by partial melting of older rocks. 

Following Dickinson & Gibson (1972) and Grant 

et.al. (1973) the trachytes could have high 

contents of radiogenic strontium because the 

melts from which they formed separated from 

the other magmas at a time considerably before 

eruption. The trachyte magma could then have 

been held in an isolated chamber where natural 

decay of rubidium over a perio<;l of time 

enriched the magma in radiogenic strontium . 
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These suggestions will be considered further in a later chapter. 
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CHAPTER 7 

EVIDENCE FOR A HIGH PRESSURE ORIGIN 

OF DIFFERENTIATED MAGMAS 
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In 1966 Wright described a phonolite from the Waipiata 

Volcanics (North Otago) which contains nodules of lherzolite. 

Recognizing the high pressure mineralogy and xenolithic 

nature of the lherzolite inclusions, Wright regarded them 

as evidence that the host magma was generated in sub-

crustal levels. This is the only known occurrence in the 

East Otago province of lherzolite nodules within a host other 

than basalt or basanite. In general such nodules occur 

within undersaturated (basanitic) hosts; a feature in common 

with other alkalic provinces (e.g. Hawaii; White, 1966). 

This chapter is an attempt to examine the significance of 

lherzolitic inclusions in relatively differentiated host 

rocks. An effort is made to assess the importance of 

sub-crustal processes in the generation of differentiated 

alkalic lavas. 

The general significance of lherzolite nodules 

Green and Hibberson (1970) studied the stability of 

plagioclase in peridotite compositions at high pressures 

and found that t~e assemblage olivine-orthopyroxene

clinopyroxene-spinel was stable, relative to the plagioclase

bearing assemblage, at pressures in excess of 7 kb at 

temperatures greater than 800°C. Lherzolite then is 

stable at d~pths in excess of 25 km and, since lherzolite 

nodules are so much denser than their hosts, their presence 

indicates rapid movement of the host melt from depths 

greater than 25 km, without the opportunity for crystal 

fractionation. 

Although White (1966) suggests that lherzolite nodules 

and their host basalts are genetically related in the 

Hawaiian province, there is a considerable body of recent 

data to suggestthat the nodules are in fact accidental 
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inclusions genetically unrelated to their hosts (Green et.al., 

1968; Kleeman & Cooper, 1970; Laughlin et.al., 1971; and Kudo 

et_~l·, 1972). Lherzolite nodules would appear to be accideni::al 

inclusions of depleted mantle material (Green et.al., 1968). 

Their presence, although implying an origin for the host melt 

within the mantle or lower crust, does not necessarily 

indicate that the host has ever been in equilibrium with 

mantle material. The recognition of a primary magma 

derived directly from mantle material by partial fusion can 

be based on the function Mg X 100/Mg + Fe 2+. Roeder & 

Emslie (1970) have quantified the distribution behaviour of 

Fe and Mg between olivine and coexisting liquid for synthetic 

melts, and lunar and terrestrial basalts. Recent estimates 

of the chemical composition of undepleted upper mantle (Carter, 

1970; Ringwood, 1966; Nicholls, 1967) suggest that 100 X 

Mg/Mg + Fe 2+ for the upper mantle should be in the range 

87.4 - 89.3. Olivine in the mantle might be expected to 

have a similar ratio. If the broader range Fo 86 - Fo 91 is 

considered as reasonable for mantle olivine, application 

of the Roeder & Emslie (1970) distribution function 

suggests that liquids in equilibrium with mantle material, 

that is, unmodified primary melts, should have 100 X Mg/Mg X 

Fe2+ in the range 65 - 75. This function can thus provide 

a convenient test of whether a melt is primary or derivative 

(Irving, 1971; Green, 1971; Price & Green, 1972). 

Although problems arise in estimation of Fe2+ in an oxidized 

rock, the effect of oxidation is to increase Fe 3+ at the 

expense of Fe 2+ so that the value of .Mg X 100/Mg + Fe 2+ is 

artificially increased, making a rock appear more "primitive" 

than is actually the case. 

THE PIGROOT LOCALITY 

The phonolite described by Wright (1966) lies at the head 

of the Waihemo Valley about 76 km north-west of Dunedin 

(Plate 7 .1). 'l'he body is in part an extrusive plug and in 

part a flow (Fig. 7.1) emplaced upon Tertiary sediments 

which overlie a basement of quartzo-feldspathic schists. 

Immediately below the phonolite, and overlying the Tertiary 
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sediments, is a thin veneer of fine pyroclastics (see also 

Bishop, N.Z.G.S. 1 mile map series, in prep.) 

Olivine nodules are concentrated in areas of steeply 

dipping flow surfaces, i.e. they are restricted to the 

feeder dykes or the main extrusive plug. Outside the 

dykes and plug the olivine nodules are relatively scarce; 

only a few small examples being observed, within the flow. 
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The nodules range in size from a few mm up to 30 em, are 

generally rounded, and consist of olivine, orthopyroxene, 

chrome-diopside, and translucent, yellow-brown spinel (Wright, 

1966). The host rock is composed of alkali feldspar 

(Ab
62

-or
37

-An
1

) , colourless clinopyroxene and nepheline as 

the major phases, together with common olivine (Fo 57 ) and 

abundant fine-grained titanomagnetite (Usp 62Mt 38 ). 

Aenigmatite is a groundmass phase in some samples and minor 

zeolite (natrolite) occurs in the groundmass and as a 

vesicle-filling. Clinopyroxene phenocrysts are zoned 

towards aegirine-augite rims. Xenocrysts of'clinopyroxene, 

orthopyroxene and olivine, from attrition of the lherzolite 

nodules, and kaersutite, are co~~on. 

Geochemistry 

Major and trace element analyses of the Pigroot "mafic 

phonolite" are presented in Table 7.1 and the CIPW norm is 

listed in Table 7.2. Also listed in Tables 7.1 ana 7.2 is 

an analysis of one of the lherzolite nodules included in 

-the "mafic phondlite" and analyses of the Saddle Hill 

basanite and a typical Dunedin phonolite. 

Compared with the basanite, the "mafic phonolite" is 

~nriched in Si0
2

, Na
2

o and K
2
o, and depleted in MgO and CaO. 

The basanite has Mg X 100/Mg + Fe 2 + = 66.9 which is 

consistent with a primary origin from mantle material. 

The 'mafic phonolit~'has Mg X 100/Mg + Fe 2+ = 55.9 implying 

either partial melting of source rocks with Mg X 100/Mg + Fe 2 + = 
80, or an origin by crystal fractionation from a parental 

basanite or basalt more rich in Mg. In terms of trace 

element chemistry the following comparisons can be made: 
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TABLE 7.1: Majoi and trace element chemistry of Pigroot 
'mafic phonolite', compared with Dunedin lavas. 

1 2 3 4 

Si0 2 42.96 46.70 55.70 43.22 

Ti02 
2.91 2.21 0.09 0.02 

Al2o3 13.33 13.55 19.86 0.98 

"'-' Fe2o3 3.08 4.05 4.08 0.57 

FeO 9.36 7.78 1.50 7.52 

MnO 0.22 0.19 0.21 0.14 

MgO 10.60 5.52 0.14 43.76 

·" CaO 11.56 6.82 1.09 0.75 
~' Na2o 3.31 6.26 9.42 0.05 

K
2
o 0.84 2.79 5.26 0.01 

P205 0.55 1.09 0.02 

H o+ 
2 1.27 2.02 0.81 0.46 

H2o 0.36 0.61 0.95 0.16 

co
2 

0.20 0.13 0.07 0.14 

s 0.02 0.08 

C1 0.10 0.50 

TOTAL 100.55 99.82 99.72 97.86 

CORRECTED 100.55 99.80 99.60 97.82 

Mg X 100/Mg + Fe 2 + 66.88 55.85 14.27 91.20 

K/Rb 583 341 196 

Ba 388 760 9 15 

Rb 12 68 223 

Sr 658 1558 73 3 

Pb 4 8 23 

Th 3 12 44 
'? u 2 4 11 

Zr 214 633 1031 

Nb 67 124 254 

y 25 24 44 

v 253 61 23 

Cr 270 93 1755 

Ni 212 86 2831 

Cu 73 16 2 156 

Zn 102 195 253 39 

Ga 19 30 38 1 
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Explanati~n of Table 7.1 

1. 

2. 

3. 

Basanite (30430) Saddle Hill, East Otago. 
(Sl63/031673). 

'Mafic Phonolite' (30424) Trig L., Pigroot, East Otago. 
(Sl35/060544). 

Phonolite (30456) Leith Valley Saddle, East Ota.go. 
(Sl64/167809). 

4. Lherzolite Nodule from 'Mafic phonolite', (see 2 above). 

158 

. ' 
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TABLE 7. 2: CIPW norms for analyses listed in Table 7 .1. 

1 2 3 4 

Or 4.96 12.94 31.08 0.06 

Ab 8.80 25.49 33.00 0.43 

An 19.03 2.40 2.47 

Ne 10.40 14.89 21.60 
;-. 

Hl 0.82 

Ac 2.77 

Di 26.91 19.08 4.47 0.34 

Hy 18.71 

" 
01 17.09 8.81 77.63 

il 5.53 4.20 0.17 

Mt 4.47 5.87 4.53 0.04 

ap l. 27 2.53 0.05 ., 

~' cc 0.45 0.30 0.16 0.32 

An 
9- 68.38 8.62 85.17 

An+Ab o· 

" DI 24.17 53.32 85.68 0.49 



(i) Rb, Pb, Ba and Sr are all strongly enriched in 

the "mafic phonolite" relative to the basanite. 

In contrast the phonolite listed in Table 7.1 

is strongly depleted in Ba and Sr and enriched 

in Rb and Pb. 

(ii) Zr, Nb, U and Th are all enriched in the mafic 

phonolite and lo~ in abundance in the basanite. 

The phonolite shows further enrichment in these 

elements relative to the "mafic phonolite". 

{iii) Ni, Cu, Cr and V are enriched in the basanite, 

depleted in the "mafic phonolite 11
, and strongly 

depleted in the phonolite. 

1.60 

In Table 7.3 rare earth element analyses are presented 

for a basanite, the "mafic phonolite" and a Dunedin phonolite, 

while in Fig. 7.2 the chondrite normalized rare earth element 

patterns for the 11 mafic phonolite 11 and the basanite are 

compared. The REE analysis of the "mafic phonolite" is 

from Philpotts et.al. (1972), but the pattern has been 

normalized using Taylor's chondritic abundances (see for 

example Price & Taylor, 1973). The normalized REE patterns 

of the "mafic phonolite" and the ~asanite are very similar, 

although the "mafic phonolite" does show enrichment, 

relative to the basanite, in the light REE. _ The pattern 

for the "mafic phonolite" contrasts strongly with the 

patterns of Dunedin phonolites (Chapter 5) which are character

ized by strong depletions in Eu. The REE patterns for the 

,basanite and "mafic phonolite" suggest a derivation of the 

latter from the former by a crystal fractionation process 

involving the phases clinopyroxene and olivine, or 

possibly kaersutite. Unlike the more evolved Dunedin 

phonolites, the Pigroot "mafic phonolite" is not depleted 

in Eu relative to the other REE, so feldspar has not been 

an important phase in its evolution. Enrichment of the 

"mafic phonolite" in alkalis, Rb, Pb, Ba, Sr, Zr, Nb, U, 

Th and depletion in CaO, MgO, Ni, Cu, Cr, and V is consistent 
j i 

with a crystal fractionation model involving removal of 

clinopyroxene and olivine (possibly kaersutite) from a 

basanite parent. 
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TABLE 7. 3: 

Yb 

Er 

Ho 

Dy 

Tb 

Gd 

Eu 

Sm 

Nd 

Pr 

Ce 

La 

Basanite 

Rare earth elements in the Pigroot 'mafic 
phonolite'. 

Basanite Pigroot "Phonolite" 

p.p.m. normalized p.p.m. normalized 
------

2.14 10.68 1. 04 5.2 

2.75 13.09 1. 96 9.3 

1.14 15.83 

6.38 20.57 6.41 20.7 

1. 22 24.83 

9.70 32.33 11.1 37.0 

3.04 40.94 4.24 57.3 

10.06 48.02 14.0 67.1 

52.5 90.66 78.0 134.5 

15.09 125.78 

188 223.8 

56.96 189.88 

from Black Head - Dunedin District (Price & 
Taylor, 1973) 

"Phonolite" Pigroot intrusion (Philpotts et.al., 1972) 
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FIGURE 7.2: Chondrite normalized REE patterns for 1mafic 
phonolite• from Pigroot, North Otago, and 
Dunedin basanite. 
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OTHER DIFFERENTIATED LAVAS OF HIGH PRESSURE ORIGIN 

Hawaiite: North-east New South Wales 

Wilkinson and Binns (1969) reported the occurrence of 

a "mafic hawaiite" at Kyogle in far north--eastern New South 

Wales, which contains lherzolite nodules and an abundance 

of large pyroxene megacrysts. An analysis of the Kyogle 

hawaiite, from Wilkinson & Binns (1969) is given in 

Table 7.4 along with an analysis of an hawaiite from 

Walcha in the same province (Binns et.al_., 1970). Although 

lherzolite nodules do not occur at the latter locality, 

there is an abundance of clinopyroxene, orthopyroxene, and 

spinel megacrysts indicating a high pressure origin for the 

host. Both t.he Kyogle and Walcha hawaiites have Hg X 100/ 

Mg + Fe 2+ < 65, indicating that they are derivative rather 

than primary melts. They have moderately high Ni contents 

(200 ppm for the Kyogle locality, 400 ppm for the Walcha 

locality) and this feature, along with the higher Mg X 100/ 

Mg + Fe 2 + numbers indicate that they are less evolved than 

the Pigroot "mafic phonolite". 

!'Jepheline hawaiite and nepheline mugearite from the Newer 
Volcanics, Victoria 
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Irving (1971) examined a number of evolved alkalic lavas 

from the Newer Volcanics of Victoria, which contain 

lherzolite nodules. Analyses of two of these localities 

are listed in Table 7.4. Again the derivative nature of 

the lavas is indicated by the function Mg X 100/Mg + Fe 2 + • 

Trachyte: Jos Plateau, Nigeria 

Wright (1969) described a "trachyte" plug at Bokkos on 

the Jos Plateau, Nigeria, which contains an abundance of 

lherzolite and pyroxenite nodules. The trachyte is composed 

of alkali feldspar, a few titanaugite phenocrysts, aegirine 

or aegirine-augite in the groundmass, opaque oxide, and 

zeolite (natrolite). In samples examined during the 

present study, aenigmatite and nepheline were noted in the 

groundmass. According to Wright (1969) the lherzolite 

nodules vary in size from a few ~n up to 15 em and are 
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TABLE 7. 4: Analyses of differentiated lavas of apparently 
high pressure origin. 

1 2 3 4 

Sio2 49.05 46.55 48.34 50.31 
Tio

2 
2.02 2.18 2.35 2.19 

Al2o 3 15.40 14.70 13.41 15.40 
, 

Fe 2o 3 3.08 2.68 1. 89 3.46 

FeO 7.41 9.72 9.44 6.92 
MnO 0.13 0.19 0.17 0.17 

MgO 6.75 9.62 8.88 6.56 

CaO 6.21 7.82 9.58 6.67 

Na2o 4.28 3.03 3.69 5.64 

K
2

o 1.61 1.21 1.68 2.04 

P205 0.68 0.66 0.57 0.64 
l' H o+ 2.01 1.34 2 

H2o 1. 31 0.42 

C0 2 

99.94 100.12 100.00 100.00 

CIPW Norms 

Or 9.51 7.15 9.94 12.07 

Ab 36.22 25.64 20.81 31.98 

An 18.06 22.94 15.08 10.63 

Ne 5.62 8.54 

Di 6.71 9.35 23.30 14.69 

Hy 2.36 2.37 

01 13.88 21.36 16.69 11.41 

Mt 4.46 3.88 2.74 5.02 

I1 3.84 4.14 4.47 4.15 

Ap 1.59 1. 54 1. 35 1.51 

Cc 

DI 45.7 30.1 36.4 52.6 

100XAn/Ab+An 33.2 47.2 42.0 25.0 

100XMg/Mg+Fe 2+ 61.9 63.8 62.6 62.8 
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Explanation of Table 7.4: Analyses of differentiated lavas of apparently 
high pressure origin. 

1. Hawaiite; Kyogle, N.S.W. (Wilkinson & Binns, 1969). 

2. Hawaiite; Walcha, N.S.W. (Binns et. al., 1970). 

3. Nepheline Hawaiite; Mt. Gambier, Victoria (Irving, 1971). 

4. Nepheline Mugearite; East Anakies, Victoria (Irving, 1971). 

Analyses 3 and 4 have been recalculated on a water free basis. 

\ 

\ 
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TABLE 7. 5: Analyses of Bokkos 'trachyte' and Heldberg phonolite 
(1-3, separate samples of Bokkos material; 4 1 

analysis of Heldberg phonolite). 

1 2 3 4 

Si02 56.18 55.19 53.51 55.91 

Tio2 0.48 0.58 0.83 0.60 
Al2o

3 
19.23 18.69 17.94 21.58 

Fe2o 3 
2.87 3.41 2.33 2.19 

FeO 1. 96 1.75 3.65 0.43 

MnO 0.16 0.17 0.16 
(', MgO 1.14 2.02 3.45 1. 22 

cao 2.40 2.88 4.32 3.18 

Na2o 8.55 7.03 5.94 9.93 

K20 4.68 4.33 4.28 3.03 

P 2o~ 0.18 0.21 0.30 0.08 

H20 1.29 2.38 2.50 1.22 
-H20 0.45 0.98 0.48 0.24 

C02 0.24 0.22 0.08 

TOTAL 99.81 99.84 99.77 99.61 

Or 27.66 25.59 25.30 17.91 

Ab 38.54 41.52 32.75 41.38 

An 0.27 6.66 9.65 5.37 
..... 

Ne 18.32 9.73 9.49 23.10 

" Wo 3.73 2.03 3.89 3.52 

Di En 2.69 1.76 2.53 3.04 

Fs 0.70 1. 09 

Wo 0.44 

Fo 0.10 2.29 4.25 
01 Fa 0.03 '2. 02 

Mt 4.16 4.52 3.38 

I1 0.91 1.10 1.58 0.91 

Hm 0.30 2.19 

Ap 0.39 0.46 0.66 0.18 

Cc 0.55 0.50 0.18 

Pf 0.21 

An/An+Ab% 0.7 13.82 22.76 11.5 

DI 84.5 76.8 67.5 83.8 

MgX100/Mg+Fe 
2+ 

50.9 67.3 62.8 83.5 



composed of magnesian olivine, enstatite, chrome-diopside, 

and red-brown chrome spinel. Wright also noted the 

occurrence of pyroxenite and syenite xenoliths within the 

trachyte. 

Three samples of the Jos Plateau ·trachyte were very 

kindly provided by Dr T. Frisch and unpublished analyses 

by Dr B.W. Chappell are presented in Table 7.5. The 

•trachyte• is heterogeneous with a range in differentiation 

index and normative nepheline between the three samples. 

Two of the samples can be classified as phonolite and one 

can be termed nepheline benmoreite. The Jos Plateau 
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material is more differentiated that the Pigroot "mafic 

phonolite 11 and shows a close resemblance to Dunedin phonolites. 

Values for Mg X 100/Mg + Fe 2 + for the Jos Plateau material 

range from 50.90 - 67.29. All samples have a high Fe2o3/Fe0 

ratio and Mg X 100/Mg + Fe 2 + has probably been over-estimated. 

The Jos Plateau phonolite thus represents a derivative and 

not a primary magma. 

Phonolite: Heldberg, East Germany 

Another locality publicized by Wright (1966) is the 

occurrence of lherzolite nodules within a phonolite at 

Heldberg in East Germany. Very little information is 

available on this locality, but Dr A.J. Irving has kindly 

provided an analysis {Table 7.5) by Jung {Chemie, der Erde 4 

23-26, 1930). The Heldberg phonolite is similar to the 

Jos Plateau phonolite. The function Mg X 100/rlJ.g + Fe 2 + 

is very high {83.49), but the analyzed sample appears to be 

oxidized (FeO is very low in comparison with Fe2o3). In 

fact Mg X 100/Mg + Fe 2 + is so high for the Heldberg phonolite 

that the conclusion must be drawn that the analyzed sample 

is extremely oxidized. As pointed out in the introduction 

to this chapter, the function Mg X 100/Mg + Fe 2 + should 

have a value of 65-75 for primary melts. Mg X 100/Mg + Fe 2 + 

in excess of 75 implies that the sample is excessively 

oxidized. 
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SUMMARY AND CONCLUSIONS 

The following observations are relevant to the discus

sion which follows: 

(i) Compositions covering the range from under-

saturated nepheline hawaiite and nepheline 

mug~arite to phonolite and saturated hawaiite 

have been observed to contain lherzolite 

nodules or other evidence of high pressure 

origin. 

(ii) 

(iii) 

Such occurrences are of limited number, and 

the host bodies for the nodules are of limited 

extent and volume (less than 1 km in diameter, 

of the order of ~ to 2 km3 in volume) . 

Except for the Heldberg sample, where the 

analyzed sample appears to be excessively 

oxidized, all the nodule bearing differentiated 

rocks have Mg X 100/Ng + Fe 2+ suggestive of 

derivation from a source other than undifferenti

ated mantle material. They are derivative and 

not primary melts. 

(iv) Since the Jos Plateau "trachyte" is in fact a 

phonolite, there is no instance known of a 

saturated or over-saturated trachyte containing 

evidence of a high pressure origin. 

Wright (1969), following a suggestion by Bailey (1964) 

advocated the derivation of differentiated alkalic lavas 

by partial melting_of upper mantle material. The process 

is supposedly controlled by crustal warping which causes 

pressure release in sub-crustal regions leading to partial 

melting. Bailey (1964) introduced the concept to 

explain the bimodal makeup of the African alkalic province, 

i.e. the absence of intermediate rock types. Although the 

presence of lherzolite nodules does imply the rapid rise of 

the host melt from lower crustal or upper mantle regions, 

the Mg X 100/Mg + Fe 2 + ~alues .of the rocks discussed above 

indicates that they are in reality derivative liquids. 

The nodule-bearing differentiated alkalic rocks demonstrate 

that crystal fractionation processes can operate within the 
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upper mantl~. The "mafic phonolite" from the Pigroot 

locality may have resulted from high pressure crystal 

fractionation of parental basanite. Irving (1971} has 

demonstrated experimentally that nepheline hawaiite can 

be derived by crystal fractionation processes operating 

on a basanitic parent under high pressures, consistent 

with the upper mantle. The highly differentiated 

Jos Plateau and Heldberg phonolites indicate that high 

pressure fractional crystallization can be an extensive and 
•• I f ' 
eff1c1ent process. The follow1ng features may be used to 

distinguish high pressure derivative liquids from those 

derived at moderate to low pressure. (Obviously there 

will be overlap between 'high' and 'low' pressure 

derivative liquids, since differentiation may occur at any 

level in the crust} : 

(i) The involvement of feldspar in the fractiona

tion of a derivative liquid will occur at 

relatively low (crustal} pressures (Bultitude & 

Green, 1971; Thompson, 1972; Irving, 1971) and 

evidence for feldspar involvement is evidence of 

relatively low pressure fractionation. In this 

respect the following trace elements are 

important indicators of relative levels of magma 

evolution: 

(ii) 

(a} Ba, Sr, Pb 

{b) REE, and in particular Eu. 

'High pressure' megacrysts or xenocrysts and high 

pressure xenoliths are the most obvious indicators 

of genesis at deeper levels. Lherzolite nodules, 

aluminous pyroxene and amphibole xenocrysts, 

particularly magnesian olivine etc. may give 

evidence of origin at depth. Xenoc~ysts are 

not always obvious, and often only detailed 

examination of the chemistry of phenocrysts 

within a rock reveals anomalies which record the 

higher pressure event in the history of the rock. 
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PLATE 7.1: Trig. L nodule-bearing •mafic phonolite• body viewed from 
the east. The body is a composite endogenous dome (l), 
at Trig L, ~nd flow (2), above the Red Slip Pass on Highway 
85. Pigroot Creek, which drains into the headwaters of 
the Waihemo (Shag) River is indicated by the arrow. 
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CHAPTER 8 

PETROGENESIS 

BASAL'I'IC ROCKS 

Although there is some controversy over the specific 

nature of the parental mat.erial (see for example discussion 

between M. J .. o'Hara, and D. H. Green in Green, 1971) the 

opinion is generally held that basaltic melts arise by 

partial melting of mantle material (e.g. Yoder & Tilley, 

1962; Reay & Harris, 1964; Green and Ringwood, 1967; 

1968; O'Hara, 1968; Green, 1969; Green 1970; 
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Green, 

O'Hara, 1970; Green, 1971; Kushiro ~t. a :I.:_. , 1972). Whe-cher 

a model mantle composition of garnet lherzolite (O'Hara, 

1968) or "pyrolite" (Ringwood, 1962, 1966) is assumed, the 

following processes appear to control the composition of 

basic magmas (Green, 1969): 

(i) The degree of partial melting and the P, T, PH 
0 

conditions at which the magma segregates from 2 

residual crystals. 

(ii) Crystal fractionation processes operating as the 

magma moves towards the surface. Fractionation 

processes may be important under a range of 

pressures from high (subcrustal) to low (crustal) . 

(iii) Wall rock reaction processes. As the magma moves 

upwards it may preferentially remove 'incompatible' 

elements from the wall rocks by some process such 

as '·zone refining' (Harris, 1957). 

As the process of partial melting and magma separation 

and fractionation proceeds, the area of magma generation, 

and the overlying column of crustal material become a complex 

region of mobile separated melts, frac·tionating magma 

chambers, depleted residua, and crystal cumulates (Green, 

1971). 

As Coombs & Wilkinson_ (1969) have suggested, the range 

of basic compositions observed in the East Otago alkalic 

province, from rare nephelinite through basanite to mildly 
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feldspathoidal basalt, can be regarded as a spectrum of 

compositions produced in t.he upper mantle by partial melting 

processes at depths somewhere in the broad range 30 to 120 km 

(Green, 1971). The more undersaturated melts represent 

smaller proportions of partial melting, and segregation of 

·the melt under conditions of higher partial pressure of 

H2o, at greater depths in the mantle. Fig. 8.1 which is 

based on a diagrammatic summary by Green (1971) shows how 

variation in depth of partial melting, degree of partial 

melting and partial pressure of H
2
o could develop a spectrum 

of basic magmas. Additional factors causing differences 

between primary basic magmas might be wall rock reaction 

effects, and local inhomogeneity in the parental mantle 

material. 

For the alkalic basaltic rocks in East Otago Mg X 100/ 

Mg + Fe 2 + is generally less than 65, (Fig. 5.9) indicating 

that the majority of basaltic rocks have suffered some 

degree of crystal fractionation. As O'Hara (1965) 

emphasises, it is highly probable that very few primary melts 

reach the earth's surface unmodified by crystal fractionation 

processes. Within the Dunedin Volcano, the general absence 

of lherzolitic xenoliths, the low values of Mg X 100/Mg + Fe 2 +, 

and the occurrence of syenite, clinopyroxene-hornblende, and 

feldspar-rich cognate inclusions within basaltic rocks 

indicates that they have, in general, suffered some modifi

cation by crystal fractionation processes during the rise 

from their source regions. 

DERIVATIVE ~ffiGMAS 

The strontium-isotope geochemistry (Chapter 6) suggests 

that all the undersaturated alkalic rocks of the Dunedin 

Volcano are broadly co-magmatic and, since Mg X 100/Mg + Fe 2 + 

is less than 65 for all but one of the intermediate and more 

highly evolved rock types, all rocks except some of the more 

primitive basalts and basanites are in some sense representa

tive of derivative liquids. Ultimately the parental 

materials for these liquids must have been primary basaltic 
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melts. Coombs & Wilkinson (1969) have suggested a number 

of lineages or liquid lines of descent as· the basis for a 

model explaining the diversity of rock types within the 

Dunedin Volcano. In essence they suggest that the variety 

of rock types observed within the Volcano is the result of: 

(i) the nature of the parental material 

(ii) the crystal fractionation processes which operate 

on parent and successive derivative liquids. 
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The findings discussed below are in essential agreement 

with the Coombs & Wilkinson (1969) model. More extensive 

data permit the model to be carried further and details of 

crystal fractionation processes can now be outlined. As 

Coombs & ~'Vilkinson ( 19 6 9) emphasise, the crystal fractionation 

process, or the path from parent to derivative liquids is 

essentially similar in different lineages. It is the nature 

of th~ parental materials and the physical conditions pre

vailing during fractional crystallization which establish 

the divergence observed between lineages. 

Basalt-Hawaiite-Mugearite-Benmoreite 

From basalt through intermediate compositions to mugearite 

there is a continuous enrichment in Sio2 Al 2o 3 , Na2o, K2o, 

P 2o 5 , Sr, Cs, Ba, Rb, Pb, Th, U, Zr, Nb, Sn and the REE. 

In the case of the REE the chondri te norma·lized patterns for 

the rocks basalt to mugearite are essentially the same 

shape. These enrichments are accompanied by depletions in 

CaO, MgO, total iron, Tio2 , Cr, V, Ni, and Cu. These geo

chemical features are best explained in terms of a model 

involving fractional crystallization of olivine, clinopyroxene, 

and titanomagnetite. The benmoreites appear to continue the 

trend observed in the less differentiated rocks except in the 

case of a few elements. From mugearite to benmoreite, there 

is a depletion in P2o 5 , Sr and the REE. It is suggested 

that the benmoreites have evolved by a continuation of the 

olivine-clinopyroxene-titanomagnetite fractional crystalliza

tion process from a mugearite or hawaiite parent with the 

addition of apatite as an important liquidus phase controlling, 

by its selective removal, the path from mugearite to benmoreite, 
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for the elements phosphorous, st:rontium, and the rare earths. 

Presumably apatite will crystallize at an earlier stage in 

successive melts as the concentration of phosphorous increases 

and saturation of the melt in that element occurs at success

ively earlier stages. 

The clinopyroxene and feldspar fractionation trends 

(Chapter 4) support the suggestion that the series basalt

benmoreite represents a crystal fractionation series and the 

former indicate that the process has taken place under 

conditions of low partial pressure of oxygen. The basalt

hawaiite-mugearite-benmoreite liquid line of descent is well 

established by work on other alkalic provinces (e.g. Bowen, 

1928; Nockolds & Allen, 1954; Tilley & Muir, 1961; Muir & 

Tilley, 1964; Abbott, 1969; Flower, 1971; Thompson et.al., 

1972). Thompson ~t.al. (1972) show convincingly that low 

pressure melting data support a crystal fractionation process, 

controlled by low pressure crystallization of olivine, clino

pyroxene, and titanmagnetite, for the derivation of the 

series basalt-hawaiite-mugearite-benmoreite (see also 

Thompson & Flower, 1971; Thompson, 1972). 

Basanite-Nepheline Hawaiite-Nepheline Mugearite-Nepheline 
Benmorelte 

Coombs & Wilkinson (1969) suggest an ultra-alkalic vari-

ant of the ba~alt-benmoreite series. From basanite through 

to nepheline benmoreite Sio2 , Al 2o 3 , Na2o, K2o, Sr, Cs, Ba, 

Hb, Pb, Th, U, Zr, Nb, Sn increase continuously while P2o 5 
contents remain approximately constant and CaO, MgO, total 

iron, Tio2 , Cr, V, Ni, Cu are continuously depleted. The 

normalized REE patterns for all the ultra-alkalic rocks are 

very similar, but successive members of the series from 

basanite to nepheline benmoreite show a continuous enrich

ment in the light and heavy REE. Kaersutite fractionation 

could explain the REE patterns, and the extreme enrichment 

in Sr and Ba (Kesson & Price, 1972; Gunn, 1972, Chapter 4 

of this thesis). It is suggested that the series basanite 

to nepheline benmoreite is a high PH 0 analogue of the 

basalt-benmoreite series, controlled2by fractional crystalli-
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zation processes involving olivine, clinopyroxene, kaersutite 

and titanomagnetite. The abundance of kaersutite-olivine

clinopyroxene bearing cognate xenoliths and microxenoliths 

within members of the series supports the suggestion. 

Kaersutite megacrysts and kaersutite bearing cognate 

xenoliths occur in nepheline hawaiite (30418), and nepheline 

benmoreite (30449) but have not been recorded in basanite. 

As shown in Fig. 8.1 (Green, 1971) highly undersaturated 

magmas tend to be characterized by higher P at the time 
H 0 

of segregation of the partial ~elt in the ma~tle source 

regions. Basanites might be expected to be "wetter" than 

basalts at the time of primary segregation. 

The occurrence of olivine, clinopyroxene, and plagio

clase megacrysts in nepheline benmoreite (Chapter 4) indi

cates a crystallization event under higher pressure conditio~s. 

The Pigroot "mafic phonolite" is very similar chemically to 

Dunedin nepheline benmoreites and it has been suggested in 

Chapter 7 that the "mafic phonolite" has evolved by high 

pressure fractional crystallization from a basanite parent. 

Thus it is probable that the Dunedin nepheline benmoreites 

have developed by high-pressure fractional crystallization 

from basanitic parents and the series basanite-nepheline 

hawaii·te-nepheline mugeari te-nephel.ine benmoreite represents 

a high pressure analogue of the basalt-hawaiite-mugearite

benmoreite series. Irving (1971) has convincingly demonstra

ted experimentally that high pressure (15-20 kb) fractional 

crystallization of a basanite ~nder hydrous conditions, could 

lead to the formation of a nepheline mugearite derivative 

liquid. Irving's experiments also show that such a process 

is controlled in large part by kaersutite separation. 

Moderately potassic series 

The series basalt-trachyandesite, and basanite-nepheline 

trachyandesite can be regarded as more potassic variations 

of the series basalt-benmoreite, and basanite-nepheline 

benmoreite. As Coombs & vlilkinson (1969) have suggested 

the difference between the sadie and potassic series could 

arise because of fundamental differences between the parental 
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basaltic magmas. Wall rock reactions following magma 

generation lead to the formation of a more potassic basanite. 

or basalt which gives rise to a moderately potassic lineage. 

From basanite to nepheline trachyandesite the following 

geochemical trends occur: 

(a) Si0
2

, Al
2

o
3

, Na2o, K
2
0, Cs, Ba, Sr, Rb, Pb, Th, U, 

Zr, Nb, Sn, Zn~ Ga, all increase in abundance from 

basanite to nepheline trachyandesite. 

(b) MgO, CaO, total iron, Tio 2 Cr, V, Ni, Cu all 

decrease in abundance. 

(c) The REE pattern for nepheline trachyandE"..;si te is 

very similar to that of a nepheline benmoreite. 

(d) Mineral fractionation trends for nepheline trachy

andesite are similar to those of nepheline 

benmoreites, and homogeneous titanomagnetites and 

indirect calculations (Chapter 4) suggest that 

P0 conditions were low during crystallization of 

ne~heline trachyandesite. 

The occurrence of kaersutite phenocrysts, and kaersutite

olivine-clinopyroxene cognate xenoliths in nepheline trachy

andesite suggest that kaersutite, olivine, and clinopyroxene 

have played an important role in the development of nepheline 

trachyandesite magma. The nepheline trachyandesites would 

thus appear to have an origin similar to the nepheline 

benm6reites, and can be regarded as magmas derived by crystal 

fractionation from a potassic-basanite parent. Similatly 

the trachyandesites may be derived by olivine, clinopyroxene, 

titanomagnetitecrystal fractionation from a potassic basalt, 

and are analogous to the hawaiites and mugearites. 

The more potassic benmoreites and nepheline benmoreites 

{more properly termed 'tristanite' and 'nepheline tristanite') 

are members of the moderately potassic series. Continuation 

of the crystal fractionation process would lead from 

trachyandesite to K-benmoreite {tristanite). Although it 

is possible to readily identify potassic or moderately 

potassic variations at low differentiation index, by the 

appearance of potassic feldspar, at higher differentiation 
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index the distinction becomes more difficult. It should be 

emphasised that the transition between moderately potassic 

and sadie rock series is gradational and transitional 

rock types are difficult to assign to a particular rock 

series. 

PHONOLITE 

Crystal fractiona~ion at low pressure 

Strontium isotopic characteristics indicate t:hat the 

phonolites are co-magmatic with the alkalic and ultra

alkalic lavas of the volcano. In summary the following 

geochemical features characterize the phonolitic rocks. 

(a) Strong depletion in MgO, CaO, total iron, Ti0 2 , 

P2o 5 , Ba, Sr, Cr, V, Ni, Cu. 

(b) Strong enrichment in Sio2 , Al 2o 3 , Na2o, K2o, Cl, 

Cs, Rb, Pb, Th, U, Zr, Nb, Sn, Hf, Ga, Zn. 

(c) Enrichment in the REE and striking selective 

depletion in Eu. 

(d) Relatively low K/Rb ratios. 
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The phonolites thus appear to be extr~mely fractionated rocks 

and the striking depletion in Eu and in Sr and Ba can only be 

attributed to the removal of feldspar (Haskin et.al., 1966; 

Philpotts & Schnetzler, 1968; Noble et.al., 1969). Most 

phonolites in the Dunedin Volcano have evolved by crystal 

fractionation dominated by plagioclase, or, in the case of 

more extreme differentiates, alkali feldspar. The feldspar 

is accompanied by clinopyroxene, kaersutite, titanomagnetite 

and apatite. Th~ occurrence of plagioclase, clinopyroxene, 

and kaersuti te megacrysts, and feldspar--clinopyroxene

kaersutite cognate xenoliths in many phonolites, benmoreites, 

nepheline benmoreites, nepheline trachyandesites, and 

trachyandesites supports the suggestion that feldspar, 

clinopyroxene, and kaersutite have been intimately involved 

in the evolution of the highly fractionated phonolitic rocks. 
1" 

Phonolitic rocks compositionally approach the system 

Q-Ne-Ks. If Dunedin phonolite analyses are recalculated 



in terms of these three normative components, about· 80% of 

the total composition is accounted for. In Fig. 8.2 

phonolite analyses are plotted in the Q-Ne-Ks system, 

following Hamilton & MacKenzie (1965) . Also shown are 
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the experimental minima in the system determined by Schairer & 

Bowen (1935), for the dry system, and Hamilton & MacKenzie 

(1965) at 1 kb PH 0 . Although there is a spread in the 

points, the analy~es plot from the approximate position of 

the feldspar minimum down along the .low temperature trough, 

compai::ible with a trend controlled by alkalic feldspar 

crystallization. A feldspathoidal trachyte is plotted and 

is shown to fall on the "thermal divide" of the system. 

Such a rock would be transitional between the benmoreites, 

trachytes and nepheline benmoreites, and lies on the line 

of descent from benmoreite to phonolite. It would seem 

that both mildly undersaturated, and ultra-alkalic magmas 

will, with continued crystal fractionation, eventually pro

duce phonoltic melts which approximate closely to the Q-·Ne-Ks 

system. For undersaturated alkalic magmas this system is 

indeed "Petrogeny's Residua System" (Bowen, 1937). 

The phonolite analyses distributed along the low 

temperature trough in the system represent the points at 

which various liquids arrive within the system. Various 

parental liquids will, by perhaps quite different processes, 

arrive within the trough as crystal fractionation proceeds 

and the composition approaches the simple system. Once 

within the low temperature trough further fractionation of 

the residual liquids involves feldspar and the liquids move 

towards the minimum in the system. Further flexibility 

in the path of descent into the Q-Ne-Ks system is provided 

if PH 0 varies between melts. Variation in PH 0 results 

in va~iation in the position of the thermal divfde, the low 

temperature trough, and the minimum in the system (Fig. 8.2). 

There is strong evidence that phonolites in other alkalic 

provinces have evolved by processes involving feldspar 

fractionation. Hamilton & MacKenzie (1965) plotted a large 

number of phonolitic rocks in the system Q-Ne-Ks and showed 

that they conform approximately to the "thermal valley" in 



... ~. 

FIGURE 8.2: Dunedin phonolites, feldspathoidal trachyte, quartz 
trachyte plotted in the system Q-Ne-Ks. R = 
Reaction point, M = temperature minimum at 1 kb 
PH 0 (Hamilton & MacKenzie, 1965); R1 and M1 are 

2 
same points under dry conditions at 1 atmosphere 
(Schairer & Bowen, 1935). 
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the system. Carmichael (1964) demonstrated that for calcic 

compositions and peralkaline compositions the minimum in the 

Q-Ne-Ks system is displaced towards more pot.assic compositions. 

If account is taken of this projection phenomenon there is 

very good agreement between the distribution of natural 

rocks (Hamilton & MacKenzie, 1965) and the position of the 

"thermal valley". Gill (1972), Flower (1971), and Zielinski & 

Frey (1970) demonstrate t.he importance of feldspar 

fractionation in the development of phonolitic and trachytic 

rocks in alkalic associations of Greenland, the Western 

Indian Ocean, and the Atlantic alkalic islands respectively. 

Wilkinson (1966) shows that residual glasses in basaltic 

rocks approach phonolite in composition and the degree of 

undersaturation of the parent controls the degree of under

saturation of the residual liquid. Small quantities of 

phonolitic liquid could arise directly from low pressure 

fractional crystallization of a basaltic magma. Develop

ment of a phonolitic liquid may not always require the 

continuous descent via intermediate members from an initial 

basaltic parent. In the residual stages of crystallization 

the liquid remaining approaches the Q-Ne-Ks system. 

Crystal fractionation at high pressure 

In Chapter 7 it was shown that at least two examples 

are known of phonolites containing evidence of derivation 

at high pressure. Unfortunately only major element 

information is available on the Heldberg and Bokkos phonolites, 

but the data available for the Pigroot "mafic phonolite" and 

the Victorian nepheline mugearites suggest that there exists 

at high pressure (depths in excess of 25 km) a line of 

descent from basanite through nepheline mugearite and 

nepheline benmoreite to phonolite. Evidence from megacryst 

and cognate xenolith assemblages (Binns et.al., 1970; 

Irving, 1971; Chapter 7 of this thesis) and experimental 

evidence (Irving, 1971) suggest that the lineage basanite

phonolite at high pressure is controlled largely by crystal 

fractionation processes involving amphibole, clinopyroxene 

and olivine. The attainment of a phonolitic derivative at 
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high pressure would appear to be a relatively rare occurrence, 

and volumes of such magmas actually reaching the surface are 

small. 

Bailey (1964) , Bailey & Schairer (1966) , and Wright 

(1971) favour the development of trachytic and phonolitic 

liquids by partial melting processes involving deep 

crustal or mantle material. Mg X 100/Mg + Fe 2 + values for 

Dunedin lavas demonstrate that mantle material is an un

likely direct source for the phonolites or, for that matter, 

many of the other lavas making up the volcano. The geo-

chemical evidence cited above is felt to give strong support 

for crystal fractionation as a process leading to the 

formation of phonolites. Plagioclase has obviously played 

an important role in the evolution of most phonolitic rocks 

in the Dunedin Volcano so the fractionation process must 

have taken place at relatively low (crustal) pressures. 

Immiscible liquids and the origin of phonolite_ 

Bowen (1928) argued very strongly against liquid immisci

bility as a viable process for generation of magma series. 

Arguing from a petrological view point, and supported by 

experimental work by Greig (1927), Bowen showed that: 

(i) if liquid immiscibility is an important process in 

igneous petrogenesis chilled droplets, or ocelli, 

of one fraction in another should be common. 

{ii) if two liquids are co-existing and in equilibrium 

then they should both be in equilibrium with any 

other co-existing phase. Thus a phase crystalliz

ing simultaneously in both liquids should be in 

equilibrium with both. 

{iii) Greig's (1927) field of liquid immiscibility in a 

synthetic silicate system was very small, and did 

not coincide in any way with normal rock series. 

These arguments have generally been considered to discredit· 

liquid immiscibility as an extensive or important petrogenetic 

process. Ocelli are often found in alkalic igneous rocks, 

but they are generally attributed to crystallization in 



vesicles of late stage fluids, or filling of vesicles by 

residual liquid (Smith, 1967; MacKenzie & White, 1970; 

Nakamura & Coombs, in prep.). Researchers examining 

lamprophyric associations have recently revived the liquid 

immiscibility model. Lamprophyric dyke swarms, such as 

that described by Cooper (1970) from the West Coast of 

Sou·th Island, New z"ealand, often show a relative deficiency 

in intermediate rock types. Trachytes, or phonolites, and 

basic rock types are present and often form composite 

intrusions. Ocelli are common in rocks of lamprophyric 

associations. Philpotts & Hodgson (1968) suggested that 

ocelli in lamprophyric dykes actually represent immiscible 

liquid droplets which reflect a larger scale process of 

magma unmixing which could give rise to the end members of 

the lamprophyric association. The model has been 

supported by quantitative mineral data, and experimental 

production of immiscible liquids by Ferguson & Currie (1971) 

who worked on ocelli bearing lamprophyres from the Callander 

Bay alkalic complex, Ontario. Ferguson and Currie ou·tline 

a process by which a carbonated nephelinitic liquid could 

give rise to successive immiscible liquids of carbonatite, 

mel·teigi te, and nepheline syenite composition. Their 

experiments show that over a limited temperature interval a 

nephelinitic liquid in the presence of a vapour phase 

segregates into two immiscible liquids; the process appar

ently being triggered by a reduction in pressure. By 

analyzing phases in the ocelli and in the host rock Ferguson 

and Currie attempted to show that Bowen's (1928) equilibrium 

criterion (ii above) is fulfilled. They show that phases in 

the host and in the ocelli appear to have similar ranges of 

composition. Unfortunately Ferguson & Currie (1971) fail 

to describe their experiments in fine enough detail. The 

phenocrysts which they examined cutting the boundaries of 

ocelli are strongly zoned and it is unclear which portion 

of the phenocrysts were analyzed. If Bowen's criteria is 

to be met, then equilibrium should be evident at all stages 

of growth of the phenocrysts developed in matrix and ocelli. 

Ferguson and Currie provide a tantalizing glimpse of what 

may be an important series of experiments and observations. 
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Thus at the present time the liquid immiscibility 

question has been thrown open once again. There is 

reasonable evidence suggesting that liquid immiscibility 

may be an important process in the development of rock 

types composing lamprophyric associations. Pco appears 

to be a controlling factor in the development of2liquid 

immiscibility in alkalic rock series and Greig's (1927) 

experiments did not take co 2 or H2o effects into account. 

In the case of the Dunedin Volcanics, which are not 

carbonated to any extent, liquid immiscibility has not been 

an important petrogenetic process, as evidenced by the 

absence of ocelli, the absence of crn~osite intrusive or 

extrusive units, a continuous range in rock compositions 

from basaltic to phonolitic end members, and a continuous 

and gradual variation in chemistry between the end member 

compositions. 

QUARTZ NORMATIVE TRACHYTES 

Several features mark the quartz trachyte as distinct 

from other lavas of the volcano. Although enriched in REE 

relative to chondrites it is depleted compared with other 

rocks, and has a distinctive positive Eu anomaly. There 

is a depletion in Sr, .while Ba and Pb are highly enriched; 

Th, U, Zr, Nb and Sn show moderate enrichment and Ni, V, and 

Cr are presen·t in low concentrations. The quartz 

trachytes have distinctly higher 8 7srj 8 6sr ratios than other 

Dunedin lavas. The petrogenesis of the quartz normative 

trachytes may not have a unique solution at this stage. 
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The REE pattern, depletion in Ca, Sr, Fe, Mg, Ti, etc and 

enrichment in K, Sio2 , Al2o 3 , Ba, Pb, Th, U etc might suggest 

that the trachyte contains an accumulation of K feldspar. 

However, the distinct Sr87 ; 86 ratio is not explained by such 

a model and additional effects need to be introduced. 

Alternatively the higher initial ratios and other geochemical 

features might indicate that the trachytes have derived by 

partial melting of the felsic portion of quartz-free crustal 

rocks; alkali feldspar being the important melting phase. 

Partial melting at the lower crust could have been induced 



by the rising geothermal gradient produced as basaltic melts 

rose into the crust from the mantle. With the exception 

of the Careys Bay basalts, the quartz normative trachytes 

are the earliest lavas erupted from the Dunedin centre, and 

they do not appear later in the volcano's activity. 

The origin of the quartz normative trachytes may be 

intimately involved with the origin of the "kaiwekite" and 

with quartz normative trachyandesites. The kaiwekite is 

essentially a quartz normative trachyandesite contaminated 

with kaersutite, feldspar and clinopyroxene megacrysts. It 

has an initial strontium isotopic composition intermediate 

be·tween the quartz trachytes and the feldspathoidal rocks. 

A moderately potassic oversaturate~ line of descent from 

basalt through trachyandesite, and benmoreite (tristanite), 
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to trachyte may be present in the Dunedin Volcano. The 

strontium-isotope anomalies could be accounted for by a time 

dependence model such as that suggested by Grant et.al. (1973) 

for anomalously high initial ratios in St.Helena trachytes, 

but the positive Eu anomaly can only be explained by the 

addition of feldspar. The quartz normative trachyte and 

kaiwekite may represent samples from zoned differentiating 

magma columns initially composed of trachyandesite magma. 

The columns remained undisturbed for a period of time 

sufficient to build up the concentration of radiogenic 

strontium as rubidium decayed. As crystallization proceeded· 

feldspar, kaersutite, clinopyroxene, titanomagnetite and 

apatite separated. The denser phases such as clinopyroxene, 

plagioclase, kaersutite etc would sink under the influence 

of gravity while alkali. feldspar floated towards the top of 

the differentiating column. The result is a zoned chamber 

with trachyte near the top, contaminated with alkali feldspar, 

and trachyandesite contaminated with kaersutite, plagioclase, 

clinopyroxene etc., near the base. An important complica

tion which the model cannot overcome in a simple way is the 

occurrence of extensive flows of basalt and feldspathoidal 

trachyte between the quartz normative trachytes and the 

kaiwekite at North Head. Eruption of quartz trachyte and 

kaiwekite was widely separated in time. The uncertainty in 

the Rb-Sr age determinations, and the lack of detailed 
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strontium-isotopic data on mineral . phases prevent a detailed 

assessment of the model. 

Benson (MS) proposed that the kaiwekite is of hybrid 

origin, produced by mixing of partially crystalline quartz 

normative trachyte and partially crystalline basalt. 

Concluding remarks 

The quartz normative trachytes and trachyandesites belong 

to a separate magmatic group or groups, and special circum-

stances must be invoked for their origin. 

Two suggestions are made here. Either the trachytes 

derive at the lower crust by partial melting involving 

alkali feldspar, or they represent the end product in a 

long process of crystal fractionation in an isolated crustal 

magma chamber. The former model raises problems regarding 

the nature of the parental material, and the latter requires 

some form of preferential feldspar contamination to account 

for the REE pattern and other peculiarities of the chemistry. 

EVOLUTION OF DUNEDIN ALKALIC LAVAS 

Fig. 8.3 is a revi~ion oi the lineages recognized by 

Coombs & Wilkinson (1969) for East Otago alkalic rocks, 

based on the conclusioiE drawn above. 

The lavas are the result of fractional crystallization 

processes acting upon mantle derived basaltic magmas at 

various levels in the upper mantle and crust. A diversity 

among parental materials and operation of the fractionation 

process at varying levels in the crust and mantle, under 

varying conditions of PH 0 has resulted in a bewildering 

diversity of rock composftions. Oxygen fugacity has re

mained generally low in all stages of magma generation, 

although an increase in oxygen fugacity apparently occurred 

with continued fractionation. The complexity of the 

volcanic substructure probably accounts for the intimate 

association of widely divergent rock compositions, as 

suggested by MacDonald (1949) for the Hawaiian volcanoes. 
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The geochemistry of the Dunedin Volcano demonstrates 

that lineages in igneous petrogenesis commonly overlap and 

the term "line of descent'' is singularly inadequate to 

describe a complex spectrum of overlapping and subtlely 

different processes, giving rise to a continuum of rock 

compositions. 
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APPENDIX A 

STA'l'ISTICAL ASSESSMENT OF ROCK NOMENCLATURE 

The similarity of samples and the validity of the rock 

nomenclature used in this thesis have been e~amined 

statistically by applying classificatory procedures 

Al 

normally used in biometric analysis (Sokal & Sneath, 1963). 

The methods used are those developed by Rhodes (1969a, 1969b) 

and used by him during mapping of granitic rocks in the 

Hartley area, New South Wales. Rhodes' (1969a) computer 

programme, modified for the present task by M.r P. Graham, 

was utilized during this study. The method uses a simple 

distance function in n·-dimensional space, where n is the 

number of variables (Sokal & Sneath, 1963; Rhodes, 1969b). 

Similarity matrices are prepared which illustrate the 

resemblance, in terms of taxonomic distance, between samples. 

The agglomerative weighted-pair group method described in 

detail by Sokal & Sneath (1963) is then used to cluster the 

distance coefficients. The similarity matrix is used to 

group samples according to resemblance, and then the groups 

of similar samples are compared with each other. In this 

way a two dimensional dendrogram can be prepared which 

illustrates the degree of resemblance between samples. 

Because the dendrogram is a two dimensional figure, it 

suffers from disadvantages which result from distortion 

during projection and it should be checked using the 

·similarity matrix (Rhodes, 1969b). 

The method assumes that all variables are orthogonal 

and thus non-correlated which is hardly true for most 

g~ological situations. However, Rhodes (1969b) shows that 

the use of correlated variables does not greatly affect the 

clustering. 

Dendrograms are shown here for analyses from the Dunedin 

Volcanics grouped in two ways, as Figs.A.l and A.2. 

Similarity matrices, on which the dendrograms are based are 

presented as Tables A.l and A.2. The matrices and dendro

grams were prepared by using only nine variables because of 



Figure A. 1: Dendrogram for a suite of 38 Dunedin alkalic 
volcanics. Symbols as in Table 5.11. One and 
two digit numbers are O.U. catalogue numbers 
prefixed by 1 3040 1 and 1 304 1 respectively. 
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limited computer capacity at the time the calculations were 

made. Fig. A.l shows that the nomenclature used during 

this study is chemically sound; established classes group 

well. Fig. A.2 illustrates that the subdivisions made 

within the phonolitic rocks result in statistically sound 

chemical groupings of the rocks. 

The method has potential as a nomenclatural tool. If 

classes were established using "type rocks" then samples 

could be placed into a named class on the basis of quantita

tive similarity with the type specimens. 
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TABLE A. 1 SIMILARITY MATRIX USING TAXANOMIC DISTANCE FOR 4o DIVERSE DUNEDIN LfWAS. 

4o2 4o3 4o4 4o8 411 413 414 416 418 421 422 424 426 427 429 430 431 434 436 437 438 44o 442 443 444 450 454 457 458 22553 24023 644 658 664A 677A 677B 694 

402 .oo 

4o3 .19 .oo 

4o4 .10 .16 .oo 

40S ,24 .20 .20 .00 

411 .45 .63 .49 .63 .oo 

~3 .~.Wd3.~ .~~0 

~4 .%.0.~ .0.~.~.00 

416 ,11 .-12 .06 ,17 .55 .18 .54 .oo 

418 .23 ,41 .28 .43 .25 .47 .27 .32 .00 

't21 ,17 .27 ,16 .18 .47 .31 .46 .18 .27 ,OJ 

422 .13 .08 .13 .21 .57 .13 .59 .10 .35 .23 .oo 

424 .25 .44 .31 .43 .27 .48 .27 .34 .10 .27 .37 .oo 

426 ,26 .44 .30 .45 .25 .so .28 .35 .o6 ,29 .38 ,11 .oo 

427 ,20 ,10 ,14 .12 .63 ,14 .63 .10 .41 .23 .14 .43 .44 .00 

429 .15 .32 .17 ·3'+ .33 .38 .35 ,21 .14 ,21 .26 .20 .17 .31 .oo 

~0 .~.~~4.0.~·"·<>6~8.~.~ .~.~.~.0·"·00 

431 .03 .18 .11 .25 .47 .23 .48 .11 .25 .19 .11 .26 .28 ,20 .17 .51 .oo 

434 .49 .~ .s4 .65 .16 .73 .as .57 .32 .49 .62 .30 .33 .66 .4o .11 .51 .oo 

436 .44 .63 .49 .62 ,11 .69 .05 .53 .25 .45 .57 .25 .25 ,62 .34 ,08 .46 .09 .oo 

437 .OS .17 .05 .21 .47 ,24 .49 .07 ,26 ,15 ,13 .29 .29 ,16 .15 ,52 .09 .52 .47 .oo 

438 .22 .13 .18 .09 .65 ,13 .65 .15 .42 .21 .15 .43 .45 .09 .34 .69 .21 .67 .63 .19 .oo 

44o .33 .25 .30 .21 .71 ,25 .71 .27 .so .33 .27 .51 .52 .23 .42 .75 .32 .74 .70 .31 .20 .oo 

442 .47 ,66 .52 .65 .12 .71 .16 .56 .26 .49 ·59 ,26 .27 .65 .36 .13 .49 .23 ,17 .50 .66 ·73 .oo 

443 .37 ·55 .41 .55 ,11 .61 .15 .45 .17 .38 .49 .21 .18 .54 .25 .18 .39 .22 .15 .39 .56 .63 .17 .oo 

444 ,47 .66 ,52 .65 ,06 , 72 ,10 ,56 .26 .48 .60 .28 .26 .65 .35 ,09 .49 .17 ,11 .50 .67 • 73 ,10 ,13 ,OJ 

450 .42 .61 .47 .59 .OS .67 .D5 .50 .23 .43 .55 .22 .23 .60 .31 ,09 ,44 .11 .06 .45 .61 .~ .15 .12 .09 .oo 

454 .o6 .14 ,10 .22 .51 .19 .52 .08 .28 .19 .w .30 .31 .16 .20 .55 .o4 ·55 .50 .08 .17 .29 .53 .43 .53 .48 .oo 

457 ,22 .08 ,19 .15 .66 .OS .67 ,14. ,44 ,26 .12 .45 .46 .OS .35 ,70 .21 .69 .65 .20 .07 ,21 .68 .58 .68 .63 .17 .oo 

458 .25 .10 .21 ,,4 .69 .10 .69 .17 .46 .28 .16 .48 .49 .10 .37 ,73 .24 .72 .68 .22 .OS ,17 .70 .60 ,71 .65 .20 .06 .oo 

22553 .4o .36 .39 .31 .73 ·35 .73 .37 .54 .39 .37 .54 .56 .34 .48 .76 .40 .75 .72 .39 .31 .13 .74 .66 .75 ·70 .38 .}3 .29 .oo 

.W ,22 .12 .29 ,42 ,28 .45 .14 .21 .21 .16 ,25 .25 .23 .12 .47 ,07 ,48 ,43 ,09 ,26 ,36 ,45 ,35 ,45 .41 .10 .25 .28 .43 .00 

24o23 .35 .27 ,30 ,14 .73 .26 .72 .28 .53 .28 .3-o .54 .56 .21 .45 .77 .36 .75 .71 .32 .18 .27 .75 .64 .75 .69 .32 .23 .21 .36 .l+o .oo 

2<>644 .12 .30 .17 .31 .34 .36 .35 .zo .15 .18 .25 .17 .19 .29 .OS .38 ,14 .38 .33 .15 .31 .4o .37 .27 .36 ,31 .18 .32 .35 .46 .12 .42 .oo 

2o658 .5o .69 ;56 .68 .13 • 75 .o9 .59 .31 .51 .63 .29 .31 ,68 ,4o .o6 .52 .1o .1o .53 .69 .75 . 16 .21 .12 .1o .56 • 71 .74 .77 .49 • 78 .39 .oo 

2o664A .31 .48 .34 .49 ,19 .55 .24 .38 .15 ,3t, .43 .20 .18 .47 .18 .26 ,}3 .30 .23 .32 .50 .57 .22 .13 .21 .20 .37 .51 .53 .61 .28 .59 .21 ,28 ,00 

2o677A .4o .58 .44 .58 .09 .-64 .14 .48 .20 .42 .52 ,21 ,21 .57 ,28 ,14 .41 ,20 ,14 .42 .59 .66 .13 .11 • 11 .11 .45 ,61 .-63 .68 .37 .68 .29, 16 ,12 .00 

2o677B .34 .51 .37 .51 .19 .58 .23 .41 .19 .36 .% .22 .21 .50 .21 .25 .}6 .29 .24 .35 .52 .59 .21 ,14 .20 .20 .4o .54 .56 ,63 .31 ,-61 ,24 .27 .04 .12 .00 

20694 .15 .31 .15 .31 .·36 .37 .37 .20 .14 .17 .26 .20 .17 .29 .w .41 .17 ,42 .36 .14 .31 .-40 .38 .26 .37 .:3 .20 .33 .}5 .46 .14 .41 ,10 .43 .21 .31 .24 .oo 

NUMBER WITH ONLY 3 DIGITS REFER TO 0, U. CATALOGUE NUMBERS 30401 - 30460, 

~ 
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TABLE A. 2: SIMILARITY MATRIX USING TAXONAMIC DISTANCE. . PHONOLITIC ROCKS. 

01 02 03 08 12 13 24 27 28 31 37 38 39 40 45 49 53 54 56 57 58 22553 16 

01 0.0 

02 0.31 0.0 

03 0.12 0.35 0.0 

08 0.28 0.46 0.33 0.0 

12 0.31 0.23 0.34 0.31 0.0 

13 0.17 0.46 0.15 0.37 0.46 0.0 

24 0.70 0.41 0.75 0.78 0.52 0.85 0.0 

27 0.17 0.37 0.18 0.20 0.28 0.25 0.75 0.0 

28 0.13 0.41 0.17 0.20 0.33 0.18 0.78 0.13 0.0 

31 0.30 0.05 0.32 0.46 0.25 0.43 0.44 0.37 0.39 0.0 

37 0.31 0.15 0.32 0.39 0.15 0.45 0.48 0.31 0.37 0.16 0.0 

38 0.16 0.42 0.21 0.16 0.33 0.22 0.78 0.15 0.05 0.41 0.38 0.0 

39 0.26 0.51 0.28 0.25 0.43 0.27 0.86 0.24 0.18 0.49 0.46 0.18 0.0 

40 0.28 0.51 0.30 0.26 0.43 0.29 0.85 0.26 0.20 0.50 0.47 0.21 0.03 0.0 

45 0.19 0.16 0.19 0.39 0.24 0.31 0.56 0.26 0.29 0.13 0.17 0.31 0.39 0.40 0.0 

49 0.30 0.06 0.32 0.46 0.25 0.44 0.44 0.37 0.40 0.03 0.14 0.42 0.50 0.50 0.13 0.0 

53 0.09 0.40 0.14 0.28 0.37 0.12 0.78 0.19 0.09 0.38 0.38 0.13 0.22 0.24 0.27 0.38 0.0 

54 0.21 0.11 0.24 0.40 0.23 0.35 0.51 0.29 0.31 0.09 0.16 0.33 0.42 0.42 0.07 0.09 0.29 0.0 

56 0.15 0.45 0.15 0.28 0.41 0.11 0.83 0.18 0.10 0.43 0.42 0.14 0.19 0.22 0.31 0.43 0.08 0.35 0.0 

57 0.11 0.41 0.14 0.26 0.37 0.13 0.80 0.15 0.08 0.40 0.38 0.12 0.21 0.23 0.28 0.40 0.07 0.31 0.05 0.0 

58 0.17 0.46 0.17 0.24 0.40 0.16 0.84 0.16 0.08 0.44 0.42 0.12 0.15 0.17 0.32 0.44 0.12 0.36 0.07 0.08 0.0 

22553 0.37 0.55 0.41 0.35 0.49 0.39 0.86 0.38 0.32 0.54 0.53 0.31 0.17 0.15 0.47 0.55 0.34 0.48 0.34 0.35 0.31 o.o 

0.40 0.12 0.40 0.54 0.29 0.53 0.39 0.44 0.49 0.12 0.17 0.51 0.58 0.58 0.22 0.11 0.48 0.19 0.53 0.49 0.53 0.63 0.0 

0.10 0.41 0.12 0.30 0.39 0.09 0.79 0.19 0.11 0.38 0.39 0.15 0.23 0.26 0.26 0.39 0.05 0.30 0.06 0.06 0.11 ·0.36 0.48 0.0 

16 0.20 0.20 0.22 0.32 0.18 0.34 0.57 0.19 0 .. 27 0.20 0.14 0.28 0.37 0.38 0.13 0.20 0.28 0.15 0.31 0.27 0.31 0.46 0.26 0.28 0.0 

Explanation: Numbers are last 2 digits of O.U. catalogue numbers. Table includes two unnumbered duplicate analyses from Mt. Cargill. 

~ 
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APPENDIX B 

.ANALYTICAL METHODS AND COMPARISONS 

1. Analytical conditions used during X-ray fluorescence 

analysis at the Geology Department, Australian National 

University are given in Table B.l. 

2. In Table B.2 comparison is made between analyses of 

standard rocks undert~ken at the Australian National 

University, and elsewhere. 

3~ Table B.3 is a comparison between analyses by X-ray 

fluorescence, mass spectrography, isotope dilution, 

(this study) , and emmision spectrography (A. Reay) . 

Bl 
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TABLE B.l: Analysis conditions for X-ray fluorescence. 

Element 
X-ray Analyti-

Crystal 
Colli- Detec- Absorption 

tube cal line mator tor Coefficient 

Si02 Cr Ka PE Coarse F.C. 

Ti0
2 

Cr Ka LiF(200) Coarse F.C. 

Al2o
3 Cr Ka PE Coarse F.C. 

Fe2o3 * w Ka LiF'(200) Coarse }, . c. 
> 

MnO w Ka LiF(200) Coarse F.C. 

MgO Cr Ka ADP Coarse F.C. 

.:> ,'"- CaO Cr Ka Li:b' ( 2 0 0) Coarse F.C. 

K20 Cr Ka LiF(200) Coarse F.C. 

P205 Cr Ka Ge Coarse F.C. 

. " Ba w LSl LiF (220) Coarse F.C. Fe 

Rb Mo Ka LiF(200) Fine S.C. Rb 

Sr t-io Ka LiF (2 00) Coarse S.C. Sr 

Pb Mo LSl LiE' ( 2 0 0) Fine S.C. Rb 

Zr Ag I< a LiF (200) Coarse S.C. Sr 

Nb Ag Ka LiF (2 00) Fine S.C. Sr 

y Mo Ka LiF (200) Coarse S.C. Sr 

v w Ka LiF (220) Fine F.C. Fe 

Cr w Ka LiF(200) Fine F.C. Fe 

Ni Au Ka LiF ( 20 0) Coarse S.C. Zn 

Cu Au Ka LiF (200) Coarse S.C. Zn 
-( 

Zn Au Ka LiF (200) Coarse S.C. Zn 

Ga Mo Ka LiF(200) Coarse S.C. Zn 
h 

*Total iron expressed as Fe 2o3 . 
)o 

: F.C. = Flow counter 

S.C. == Scintillation counter 

Coarse Collimator = 450]1; Fine Collimator = 150]1 
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TABLE B.2: Chemical analyses of two standard rock samples. 

Granite Diabase 
G-1 W-1 

Accepted 
PSU ANU Accepted PSU ANU value value 

Si02 72.64 72.52 72.78 52.64 52.58 52.40 

Al2o3 14.04 14.08 14.18 14.85 14.94 14.95 
-'0' 

Fe2o
3 

1 1. 94 1. 90 1. 89 11.09 11.10 11.10 

MgO 0.38 0.35 0.32 6.62 6.52 6.54 

CaO l. 39 l. 36 1.. 28 10.96 10.92 11.01 

K20 5.48 5.52 5.54 0.64 0.63 0.66 
.>- ~ 

Ti0
2 

0.26 0.26 0.26 1.07 1. 08 1.07 

P205 0.09 0.09 0.08 0.14 0.14 0.14 

MnO 0.03 0.03 0.03 0.17 0.17 0.17 

- ' 
Accepted value: that recommended by Fleischer (1969) 

;., .. PSU: Analyses at Pennsylvania State University 
(Ingamel1s & Suhr, 1963) 1 quoted by 
Fleischer (1965). 

lTotal Fe expressed as Fe2o3 . 

,., 
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TABLE B.3: Comparison of XRF analysis with other techniques. 

Sample Element XRF Mass Spec. Isotope Emission* 
(ANU) (ANU) Dilution Spec. 

(ANU) (Leeds) 

22487 Ba 699 807 660 

Nepheline Rb 54 42 32 

Hawaiite Sr 959 1168 740 
'!·"':"" 

Pb 6 6.4 <10 

Zr 323 417 397 

Nb 93 136 151 
y 30 11 28 

v 93 123 

Cr 4 

Ni 6 <10 

- 'r 
Cu 18 

Ga 23 38 

;;-.., 22523 Ba 588 590 

Nepheline Rb 49 102 

Hawaiite Sr 739 890 

Pb 6 102 

Zr 281 380 

Nb 75 105 

y 29 58 

v 162 191 

Cr 5'4 89 

Ni 32 35 

Ga 21 35 
' ·' 

30439 Ba 47 79 
}. Phonolite Rb 214 213.9 ) 

Sr 12 12.3 12.2 

Pb 20 38.1 

u 9 7.1 

Th 36 27.4 

Zr 865 807 

Nb · 200 222 

y 41 44.9 

22553 Rb 269 265.7 

Phonolite Sr 9 7.7 8.5 

* Analysis by Dr A. Reay (University of Otago) . All other 

analysis by R.C.P. 
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APPENDIX C 

AN EXPERIMENT IN RADIOACTIVE TRACING DESIGNED TO CALIBRATE 

ION EXCHANGE COLUMNS FOR Ml\.XH1UM YIELD OF STRONTIUM FROM 

DUNEDIN PHONOLITES 

During the course of routine strontium separations 

preparatory to mass spectrometric determination of strontium, 

problems were encountered with strontium separation from the 

Dunedin phonolites. A simple radioactive tracing experiment 

was undertaken to discover where strontium was being lost. 

The following description will serve to clarify chemical 

preparation procedures for mass spectrometrid methodi used 

during the isotope study described in Chapter 6. 

Description of the Method 

Since for most samples rubidium and strontium \vere de

termined by X-ray fluorescence, only unspiked mass spectra

. metric runs were required to determine the 8 7srj86sr ratio. 

0.1 to 0.2 g aliquots of sample were dissolved in 5 - 7 mls 

of HF in a platinum dish or teflon beaker. The sample was 

evaporated to dryness and 2 - 3 drops of perchloric acid 

added. A further evaporation followed. 2 mls of 6N HCl 

were added and the sample again evaporated to dryness. 

When dry, the salts were taken up in 2.5 N HCl and the 

sample was transferred to a 30 ml beaker using 2.5N acid . 

. A rough separation of strontium was made using a large 

capacity ion exchange column, and then a final purification 

was made using a small (lg) ion exchange column. For most 

samples this procedure yielded sufficient strontium, but for 

some of the more evolved phonolites strontium yields were 

exceedingly low. It became apparent that the unusual 

chemistry of the phonolites upset the ion exchange reactions 

taking place in the columns - strontium was being held in the 

columns with slightly more or slightly less tenacity and the 
-
normal cut following elution failed to recover the strontium. 

It was decided to recalibrate the columns for the Dunedin 

phonolites. To ensure freedom from contamination the 

Cl 
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separations were carried out in the dust free ervironment 

of the Lunar laboratory, at A.N.U. and only small (lg) 

columns were used. As a precaution against interference 

in the column by R
2
o

3 
group elements, a "bake and leach" 

procedure was introduced - the R2o
3 

group elements were 

precipitated as insoluble oxides and the soluble por·tion 

of ·the sample leached using acid solution. The insolubles 

were removed by repeated cen-trifuging in teflon tubes. 

Strontium was traced through all stages of the 

separation procedure by set time counting with a geiger 

counter. By standardizing the counting geometry at each 

counting it was possible to roughly quantify ~he counting 

procedure. The following measurements were made on each 

sample: 

(i) The platinum dish with sample and ·tracer was 

counted after baking and leaching. 

(ii) The platinum dish was counted after removal of 

the sample. 

(iii) The centrifuge tube + total sample was counted. 

(iv) The centrifuge tube + dry precipitate was 

counted. 

(v) The dried soluble fraction was counted after acid 

leaching. 

(vi) The dried strontium cuts were counted. 

C2 

The elution procedure in small columns was normally as follows: 

(i) Add sample with 10 drops of lN HCl. 

(ii) Allow sample to sink into ·the column and then 

add another 10 drops of lN HCl. 

(iii) There follows 15 mls of lN HCl. 

(iv) Rubidium is collected at this point by passing 

further 6 mls of lN HCl. 

(v) 6 mls of 2.5 N HCl are added. 

(vi) Strontium is collected by passing another 4 mls 

of 2.5 N HCl through the column. 

a 

This procedure was followed in the tracing experiment, but 

the strontium cut was taken in 4 separate 1 ml aliquots, and 

each aliquot was dried and counted so that the strontium 



elution curve could be constructed. 

Results 

Fig. B.l illustrates the shape of the strontium elution 

curves for three Dunedin phonolites. The peak of strontium 

elution falls in the 1 - 2 ml range of the normal strontium 

cut, and the last 1 ml of the elution serves only to dilute 

the strontium yield, while the initial cut was obviously 

taken too soon. 

By shifting the strontium cut to bracket the elution 

curve, and by reducing the span of the cut, it was possible, 

using the additional precaution of ''bake and leach" to 

increase the strontium yield. 

C3 



~ 

h 

-" 

30449 

40 

::!!: 
~20 .... 
z 
0 
a: .... 
(/) 

0 • I 
...I 

;! 
0 2 3 4 

0 .... 
LL. 
0 

w 
G 22553 

~ 
ffi 40 
(.) 
a: 
w 
0.. 

(/)20 
<( 

> a: 
w 
> 0 0 
(.) 
w 

.. • • I 
0 2 3 4 

a: 

::!!: 
:::;) 30423 
.... 
z 
~40 
.... 
(/) 

20 

0 " • I 

0 2 3 4 

1+- Normal 4ml. Sr elution interval C2·5NHO~ 

FIGURE C. 1: Elution curves for strontium in three phonolites. 
%of total strontium recovered is calculated from 
the measured recovery of the radioactive tracer. 
Cut taken in lml steps. 



)-, 

REFERENCES 

Abbott, M.J., 1967. Aenigmatite from the groundmass of a 

peralkaline trachyte.. Am. Miner. 52, ~896-1901. 

Abbott, M.J., 1968. Petrology of the Nandewar Volcano, 

N.S.W. Contr. Mineral. Petrol. 20, 115-134. 

Adams, J.A.S., Osmond, J.K. & Rogers, J.J.W., 1959. The 

geochemisi:ry of Thorium and Uranium. 

Earth 3, 298·-348. 

Phys. Chern. 

Ahrens, L.H-. & Edge, R.A., 1961. The K/Cs ratio in some 
basic rocks. Geoch~n. cosrnochim. Acta 25, 91-94. 

Ahrens , L. H. , Pins on, W. H. & Kearns , M. M. , 19 52 . Association 

of.rubidium and potassium and their abundance in 

common igneous rocks and meteorites. 

cosmochim. Acta 2, 229-242. 
Geochim. 

Allen, J.E., 1936. Structures in the dacitic flows at Crater 

Lake, Oregon. J. Geol. 44, 737-744. 

Allen, J.M., 1968. Vent-filling breccia and adjacent vol

canic flows a~ Port Chalmers. Unpubl. B.Sc. Hons. 

report, University of Otago. 

Allen, J.M., 1973. The Port Chalmers Breccia and adjacent 

early flowsof the Dunedin Volcanic Complex at 

Port Chalmers. N.Z. Jl Geol. Geophy~. (in press). 

Aoki, K., 1963. The kaersutites and oxykaersutites from 

alkalicrocks of Japan and surrounding areas. 

J. Petrology 4, 198-210 . 

. Aoki, K., 1964. Clinopyroxenes from alkaline rocks of Japan. 

Am. Miner. 49, 1199-1223. 

Aronson, J.L., 1965. Reconnaissance rubidium-strontium geo-

chronology of New Zealand plutonic and metamorphic 

rocks. N.Z. Jl Geol. Geophys. 8, 401-423. 

Atkins, F.B., 1969. Pyroxenes of the Bushveld Intrusion, 

South Africa. J. Petrology 10, 222-249.· 

Bailey, D.K., 1964. Crustal Warping- A possible tectonic 

control of alkaline magmatism. J. Geophys. Res. 

69, 1103-llll. 

Bailey, D.K. & Schairer, J.F., 1966. 

Fe 2o 3~sio 2 at l atm. and the petrogenesis of 

alkaline rocks. J. Petrology 7, 114-170. 



. ' 

Baker, :!:., 1968. Intermediate oceanic volcanic rocks and 

the 1 Daly Gap 1 
• 

103-106. 

Earth & Planet Sci. Lett. 4 

Baker, I., 1969. Petrology of the volcanic rocks of 

St. Helena Island South Atlantic. Bull. geol. 

Soc. Am. 80, 1283-·1310. 

Baker, P.E., Gass, I.G., Harris, P.G. & Le Maitre, R.W., 1964. 

The volcanological report of the Royal Society 

Expedition to Tristan da Cunha 1962. Phil. Trans .. 

Roy~--~~c. London 256, 439-578. 

Barker, D.S., 1965. Alkalic rocks at Litchfield, Maine. 

J. Petrology 6, 1-27. 

Bartrum, J.A., 1912. Some rocks of Mt. Cargill, Dunedin. 

Trans. N.Z. Inst. 44, 163-179. 

Bell, K. & Powell, J.L., 1970. Strontium isotopic studies 

of alkalic rocks: The alkalic complexes of 

Eastern Uganda. Bull. geol. Soc. Am. 81, 

3481-3490. 

Bence, A.E. & Albee, A.L., 1968. Empirical correction 

factors for the electron microanalysis of silicates 

and oxides. J. Geol. 76, 382-403. 

Benson, W.N., 1939. Mineralogical notes from the University 

of Otago, N.Z. No.3: Kaersutite and other brown 

amphiboles in the Cainozoic igneous rocks of the 

Dunedin District. Trans. R. Soc. N.Z. (Geol.) .69, 

283-308. 

Benson, W.N., 1940. Landslides and allied features in the 

Dunedin District in relation to geological 

structure, topography, and engineering. 

R. Soc. N .. z. (Geol.) 70, 249-263. 

Trans. 

Benson, W.N., l94la. Cainozoic petrographic provinces in 

New Zealand and their residual magmas. 

SCi o 2 3 9' 1 ' 5 3 7-5 52 o 

Am. J. 

Benson, W.N., 194lb. The basic igneous rocks of Eastern 

Otago and their tectonic invironment. Part I. 

Trans. R. Soc. N.Z. (Geol.) 71, 208-222. 

Benson, W.N., 1942a. The basic igneous rocks of Eastern 

Otago and their tectonic environment. 

Trans. R. Soc. N.Z. (Geo1.) 72, 88-110. 

Part II. 



Benson, W.N., 1942b. The basic igneous rocks of Eastern 

Otago and their tectonic environment. Part III. 

Trans. R. Soc. N.Z. (Geol.) 72, 160-185. 

Benson, W.N., 1959. in_ Fleming, C.A. (ed.) Lex. stratigr. 

int. 6 (Ocea.nie) (4), 91-·93. 

Benson, W.N., 1968. Dunedin district. 1 : 5 o , o o o ~ • z_ • 
Geol. Surv. Miscellaneous series. Map 1. 

D.S.I.R. Wellington. 

Benson, W.N. & Turner, F.J., 1939. Mineralogical notes 

from the University of Otago, N.Z. No. 2. 

Trans. R. Soc. N.Z. (Geol.), 69, 56-72. 

Benson, W.N. & Turner, F.J., 1940. Mugearites in the Dunedin 

District. Trans. R. Soc. N.Z. (Geol.) 70, 188-199. 

Binns, R.A., Duggan, M.B. & Wilkinson, J.F.G., 1970. High 

pressure megacrysts in alkaline lavas from North-

eastern New South Wales. Am. J. S~i. 269, 132-168. 

Boult, C.N., 1906. The occurrence of gold at Harbour Cone. 

Trans. N.Z. Inst. 38, 425-446. 

Bowen, N.L., 1928. The evolution of the igneous rocks. 

New York: Dover. 

Bowen, N.L., 1937. Recent high-temperature research on 

silicates and its significance in igneous petrology. 

Am. J. Sci. 33, 1-21. 

Brown, D.A., 1955. The geology of Siberia Hill and Mt. 

Dasher, North Otago. Trans. R. Soc. N.Z. (Geol.) 

83, 347-372. 

Brown, E.H., 1962. The geology of the Mt. Stoker area, 

Eastern Otago. Part I. Metamorphic geology. 

N.Z. Jl Geol. Geophys. 6, 847-871. 

Brown, E.H., 1964. The geology of the Mt. Stoker area, 

Eastern Otago. Part 2. Post-metamorphic 

geology and volcanic petrology. N.Z. Jl. Geol. 

Geophys. ·7, 192-204. 

Brown, F.H., 1970~ Zoning in some volcanic nephelines. 

Am. Miner. 55, 1670-1680. 

Brown, F.H. & Carmichael, I.S.E., 1969. 

of the Lake Rudolf Region: I. 

Quaternary volcanoes 

The basanite-

tephrite series of the Korath Range. 

239-260. 



Bryan, W.B., 1966. History and mechanism of eruption of. 

soda-rhyolite and alkali basaltr Socorro Island, 

Mexico. Bull. Volcan. 29, 453-480. 

Buddington, A.F. & Lindsley, D.H., 1964. Iron-titanium 

oxide minerals and synthetic e~uivalents. 

J. Petrology 5, 31D-357. 

Bullard, F.M., 1962. Volcanoes in history, in theory, in 

eruption. Aus·tin: University of Texas Press. 

Bultitude, R.J. & Green, D.H., 1971. Experimental study of 

crystal-liquid relationships at high pressures in 

olivine nephelini te and basani·te composi t:ions. 

J. Petrology 12, 121-147. 

Burns, R.G., 1970. Mineralogical applications of_crysta~ 

field theory. Cambridge Earth Science Series, 

Cambridge University Press. 

Cameron, K.L., Carman, M.F. & Butler, J.C., 1970. Rh5nite 

from Big Bend National Park, Texas. Am. Miner. 

864-874. 

Cann, J.R., 1968. Bimodal distribution of rocks from volcanic 

islands. Earth & Planet. Sci. Lett. 4, 479-480. 

Carmichael, I.S.E., 1962. Pantelleritic liquids and their 

phenocrysts. Mineralog. Mag. 33, 86-113. 

Carmichael, I.S.E., 1964. Natural liquids and the phonolitic 

minimum. Geol. Journ. 4, 55-60. 

Carter, J.L., 1970. Mineralogy and chemistry of the 

Earth's upper mantle based on the partial fusion -

partial crystallization model. 

Am. 81, 2021-2034. 

Bull. geol. Soc. 

Cavaney, R.J., 1966. The geology of the Green Valley, 

Morrisons area, North Otago. Unpubl. M.Sc. thesis, 

University of Otago. 

Chao, E.C.T. & Fleischer, M., 1960. Abundance of zirconium 

in igneous rocks. Int. geol. Congr. (Norden) 21, 

pt.l' 106-131. 

Chappell, B.W., Compston, w., Arriens, P.A. & Vernon, M.J., 

1969. Rubidium and strontium determinations by 

X-ray fluorescence spectrometry and isotope dilution 

below the part per million level. Geochim. 

cosmochim. Acta 33, 1002-1006. 



Chayes, F., 1963. Relative abundance of intermediate members 

of the oceanic basalt-trachyte association. 

J. geophys. Res., 68, 1519-1534. 

Chayes, F., 1964. Variance-covariance relations in some 

unpublished Harker diagrams of volcanic suites. 

J. Petrology 5, 219-237. 

Clement, S.W.J. & Compston, 'w., 1972. The application of 

beam transport theory to mass-spect.rometer design. 

Int. J. Mass Spectrom.Ion Phys. 10, 323-342. 

Cole, J.W., 1970. Structure and eruptive history of the 

Tarawera Volcanic Complex. N.Z. Jl Geol. Geophys. 

13, 879-902. 

Compston, W., Vernon, M.J., Berry, H. & Rudowski, R., 1971. 

The age of the Fra Mauro Formation: A radiometric 

older limit. Earth & Planet. Sci. Lett. 12, 55-58. 

Compston, w., Chappell, B.W., Arriens, P.A. & Vernon, M.J., 

1969. On the feasibility of NBS 70a K-feldspar 

as a Rb-Sr age reference sample. 

cosmochim. Acta 33~ 753-757. 

Geochim. 

Coombs, D.S., 1965. Dunedin Volcanic Complex and ~vaipiata 

Volcanic Formation (Upper Miocene to Early Pliocene). 

N.Z. Dep. Sci. Indus. Res. Information Series 51, 

54-67. 

Coombs, D.S. & Hatherton, T., 1959. Palaeomagnetic studies 

of Cenozoic volcanic rocks in New Zealand. 

84, 833-834. 

Nature 

Coombs, D.S., White, A.J.R. & Hamilton, D., 1960. Age 

relations of the Dunedin Volcanic Complex and some 

palaeogeographic implications. 

Geol. Geophys. 3, 325-336. 

Part I. N.Z. Jl 

Coombs, D.S., White, A.J.R. & Hamilton, D., 1960. Age 

relations of the Dunedin Volcanic Complex and some 

palaeogeographic implications. 

Geol. Geophys. 3, 572-579. 

Part II. N.Z. Jl 

Coombs, D.S. & Wilkinson, J.F.G., 1967. The nature of 

'ameletite'. Mineralog. Mag. 36, 438-443. 

Coombs, D.S. & Wilkinson, J.F.G., 1969. Lineages and fraction-

ation trends in undersaturated volcanic rocks from 

the East Otago Volcanic Province {New Zealand) and 

related rocks. J. Petrology 10, 440-501. 



Cooper, A.F., 1970. Metamorphism, structure and post-

metamorphic intrusives of the Haast River area, 

South Westland, N.Z. Unpubl. Ph.D. thesis, Univer

sity of Otago. 

Cooper, J.A., 1963. The flame photometric determination of 

potassium in geological materials used for potassium 

argon dating. Geoch~m. cosmochim·. Acta 27, 525-546. 

Cotton, C.A., 1908. Geology of Signal Hill, Dunedin. 

Trans. N.Z. Inst. 41, 111-126. 

Daly, R.A., 1925. The geology of Ascension Island. 

Proc. Am. Acad. Arts Sci-60, 1-80. 

Daly, R.A., 1927. The geology of St. Helena Island. 

Proc. Am. Acad. Arts Sci. 62, 32-92. 

Degenhardt, H., 1957. Untersuchungen zur geochemischen 

verteilung des zirkoniums in der Lithosphore. 

Geochim. cosmochim. Acta 11, 279-309. 

Dickinson, D.R., Dodson, M.H., Gass, I.G. & Rex, D.C., 1969. 

correlation of initial 87srj86sr with Rb/Sr in 

some Late Tertiary volcanic rocks of South Arabia. 

Earth & Planet. Sci. Lett. 6, 84-90. 

Dickinson, D.R. & Gibson, I.L., 1972. Feldspar fractionation 

and anomalous sr8 7jsr86 ratios in a suite of 

peralkaline silicic rocks. 

83, 231-240. 

Bull. geol. Soc. Am. 

Dietrich, R.V., 1968. Behaviour of zirconium in certain 

artificial magmas under diverse P-T conditions. 

Lithos. 1, 20-29. 

Dodds, L.R., 1963. The geology of the Budle district, 

Central Otago. Unpubl. B.Sc. Hons. report, 

University of Otago. 

Engelhardt, W. Von, 1936. Die geochemie des bariums. 

Chern. der Erde 10, 187-246. 

Erlank, A.J., 1968. The terrestrial abundance relationship 

between potassium and rubidium. in Ahrens, L.H. 

(ed.), Origin and distribution of the elements, 

872-888. Oxford: Pergamon. 

Ernst, W.G., 1962. Synthesis, stability relations, and 

occurrence of riebeckite and riebeckite-arfvedsonite 

solid solutions. J. Geol. 70, 689-736. 



Eskola, P., 1922. The silicates of strontium and barium. 

Am. J . Sci . 5 , 3 31- 37 5 . 

Ewart, A., Taylor, S.R. & Capp, A.C., 1968. Geochemistry 

of the pantellerites of Mayor Island, New Zealand. 

Contr. Mineral. Petrol. 17, 116-140. 

Fenner, C.N., 1920. The Katmai Region, Alaska and the 

Great Eruption of 1912. J. Geol. 28, 569-606. 

Ferguson, I. & Currie, K.L., 1971. Evidence of liquid 

immiscibility in alkaline ultrabasic dikes at 

Callander Bay, Ontario. J. Petrology 12, 561-585. 

Fleischer, M., 1955. Hafnium content and hafnium-

zirconium ratios in rocks and minerals. 

u.s. geol. Surv. Bull 1021-A. 

Fleischer, M., 1965. Surnm:ary of new data on rock samples 

G-1 and W-1, 1962-1965. Geochim. cosmochim. 
Acta 29, 1263-1283. 

Fleming, C.A .. (ed.), 1959. Lex. stratigr. int. 6 (Oceanie) 

ill· 
Flower, M.F.J., 1971. Rare earth element distribution in 

lavas and ultramafic xenoliths from the Comores 

Archipelago, Western Indian Ocean. 

Mineral. Petrol. 31, 335-345. 

Contr. 

Flower, M.J.F., 1972. Petrology of volcanic rocks from 

Anjouan, Comores Archipelago. 

238-250. 

Bull. Volcan. 36, 

Gast, P.W., 1967. Isotope geochemistry of volcanic rocks. 

in Hess, H.H., Poldervaart, A. (eds.), The Polder

vaart treatise on rocks of basaltic composition. 

Vol. 1, 325-358. New York: Interscience. 

Gast, P.W., 1968. Trace element fractionation and the 

origin of tholeiitic and alkaline magma types. 

Geochim. cosmochim. Acta 32, 1057-1086. 

Gerasimovsky, V.I., Volkov, V.P., Kogarko, L.N., Polyakov, A.I., 

Saprykina, T.V. & Balashov, Y.A., 1966. The 

Geochemistry of the Lovozero Alkaline Massif. 

translated by D.A. Brown, Canberra: Australian 

National University Press. 

Gibson, I.L., 1972. The chemistry and petrogenesis of a suite 

of pantellerites from the Ethiopian Rift. J. Petrolo-

91'. 13, 31-44. 



(', 

Gill, R.C.O. I 1972. Chemistry of peralkaline dykes frow. 
" the Gr¢nnedal-Ika Area, South Greenland. 

Contr. Mineral. Petrol. 34, 87-100. 

Goldschmidt, V.M., 1937. The principles of distribution 

of chemical elements in minerals and rocks. 

J. Chern. S<;?C_., 655-673. 

Grant, N.K., Powell, J.L., Walther, J.V. & Burkholder, F.R., 

1973. Isotopic composition of strontium in lavas 

from the island of St. Helena, South Atlantic. 

(Abstract only) Trans. Am. geophys. _ _Qn. 54, 501. 

Green, D.H., 1968. Origin of basaltic magmas. in 

Hess, H.H., Poldervaart, A. (eds.), !he Poldervaart 

treatise on rocks of basaltic composition, Vol. 2, 

835-862. New York: Interscience. 

Green, D.H., 1969. The origin of basaltic and nephelinitic 

magmas in the Earth's mantle. 

409-422. 

Tect<?nophysics 7, 

Green, D.H., 1970. A review of experimental evidence on the 

origin of basaltic and nephelinitic magmas. 

Phys. Earth Planet. Inter. 3, 221-235. 

Green, D.H., 1971. Composition of basaltic magmas as indi

cators of conditions of origin: application to 

oceanic volcanism. Phil. Trans. R. Soc 268, 707-

725. 

Green, D.H. & Hibberson, W., 1970. The instability of plagio~ 

clase in peridotite at high pressure. Lithos~ 3, 

209-221. 

Green, D.H., Morgan, J.W. & Heier, K.S., 1968. Thorium, 

uranium and potassium abundances in peridotite 

inclusions and their host basalts. Earth & 

Planet. Sci. Lett. 4, 155-166. 

Green, D.H. & Ringwood, A.E., 1967. The genesis of basaltic 

magma. Contr. Mineral. Petrol. 15, 103-190. 

Greig, J.W., 1927. Immiscibility in silicate melts. 

Am. J. Sci. 13, 1-44, 133-154. 

Griffin, W.L. & Murthy, V.R., 1969. Distribution of K, Rb, 

·sr, & Ba in some minerals relevant to basalt 

genesis. Geochim. cosmochim. Acta 33, 1389-

1414. 



Gunn, B.M., 1972. The fractionation effect of kaersutite 

in basaltic magma. Can. Mineral. 11, 840-850. 

Hamilton, D. L., 1961.. Nephelines as crystallization 

temperature indicators. ~eol. 69, 321-329. 

Hamilton, D.L. & MacKenzie, W.S., 1965. Phase-equilibrium 

studies in the system NaA1Sio 4 (nepheline) -

KAlSiO 
4 

(Kalsili te) - ,sio
2 

- H
2
o. !'liner a log:_. 

Mag. 34, 214-230. 

Hamilton, E.I., 1968. The isotopic composition of strontium 

applied to problems of the origin of alkaline rocks. 

in Hamilton, E.I., Farquhar, R.M. (eds.), Radio

metric dat~ng for geologists, 437-463. New York: 

Interscience. 

Harper, C.T. & Landis, C.A., 1967. K-Ar ages from regionally 

metamorphosed rocks - South Island, New Zealand, 

and some tectonic implications. Earth & Planet. 

Sci. Lett. 2, 419-429. 

Harris, P. G., 195 7. fZO-iie;:-~e-F.inillg] and the origin of pot.assic 

basalts. Geochim. co~mochim. Acta 12, 195-203. 

Harris, P.G., 1963. Corunents on a paper by F. Chayes, 'Rela-

tive abundance of intermediate members of the 

oceanic basalt - trachyte association. 

Res. 68, 5103-5107. 

J. geophys. 

Hart, S.R. & Aldrich, L.T., 1967. Frac·tionation of potassium/ 

rubidium by amphiboles: Implications regarding mantle 

composition. Science 155, 325-327. 

Haskin, L.A., Frey, F.A., Schmitt, R.A .. & Smith, R.H., 1966. 

Meteoritic, solar and terrestrial rare-earth 

distributions. Phys. Chern. Earth 7, 167-321. 

Hattori, H., 1965. Metamorphic belts of New Zealand and 

their ages. J. geol. Soc. Japan 72, 233-243. 

Heier, K.S., 1962. Trace elements in feldspars- a review. 

Norsk. geol. Tidsskr. 42, 415-454. 

Heier, K.S. & Brooks, C., 1966. Geochemistry and genesis 

of the Heemskirk granite, West Tasmania. 

Geochim. cosmochim. Acta 30, 633-643. 

Higudhi, R. & Nagasawa, H., 1969. Partition of trace elements 

between rock forming minerals and. the host volcanic 

rocks. Earth & Planet. Sci. Lett. 7, 281-287. 



Holloway, J.R. & Burnham, C.W", 1972. Melting of basalt 

with equilibrium water pressure less than total 

pressure. J. Petrology 13, 1-29. 

Hughes,. D.J. & Brown, G.C., 1972. Basalts from Madeira: 

A petrochemical contribution to the genesis of 

c.oceanic alkali rock series. Contr. Mineral. 

Petrol. 17, 91-109. 

Hutton, C.O., 1940. Metamorphism in the Lake 1-Jakatipu 

Region, Western Otago, New Zealand. 

N.Z. 5. 

Geol. Mem. 

The geology of Otago. Hutton, F.W., 1875. 

Iddings, J.P., 1913. Igneous Rocks. London: John Wiley & 

Sons. 

Ingamells, C.O.& Suhr, N.H., 1963. Chemical and spectra-

chemical analysis of standard silicate samples. 

Geochim. c~smochim. Ac_ta 27, 897-910. 

Irvine, T.N. & Baragar, W.R.A., 1971. A. guide to the 

chemical classification of the common volcanic 

rocks. Can. Jnl. Earth Scis 8, 523-548. 

Irving, A.J., 19:71. Geochemical and high-pressure experi

m-ental studies of xenoliths, megacrysts and basalts 

from Southeastern Australia. Unpubl. Ph.D. thesis, 

Austra]_ian National University, Canberra. 

Jagger, T .A., 19'08. The evolution of Bogoslof volcano. 

Bull. Am. geogr. Soc. 40, 385-400. 

Jak~s, P., 1970. Analytical and experimental geochemistry 

<D:f voJ~canic rocks from island arcs. Unpubl. Ph.D. 

thesis, Australian National University, Canberra. 

Jiohannsen, A., 1920. A quantitative mineralogical classifi-

cation of igneous rocks - revised. J. Geol. 28, 

38-60, 158-177, 210-232. 

Kato, T., 1959,. Heulandite and chabazite from Hashikake-

zawa, Chichibu mine, Saitama Prefecture. 

Soc. Japan 4, 299-306. 

Jl. min. 

Kesso:n,, S .. E. & Price, R.C., 1972. The major and trace 

element chemistry of kaersutite and its bearing 

on the petrogenesis of alkaline rocks. 

Mineral. Petrol. 35, 119-124. 

Contr. 



Kleeman, J.D. & Cooper, A.J., 1970. Geochemical evidence 

for the origin of some ultramafic inclusions from 

Victorian basanites. ~. Earth Planet.. Inter. 

3, 302-308. 

Krauskopf, K.B., 1967. Introduction to geochemistry. New York: 

McGravJ-Hill. 

Kudo, A.M., Brookins, D.G. & Laughlin, A.W., 1972. Sr 

isotopic diseqtiilibrium in lherzolites from the 

Puerco Necks, New Mexico. 

Lett. 15, 291·-295. 

Earth & Planet. Sci. 

Kudo, A.M. & Weill, D.F., 1970. An igneous plagioclase 

thermometer. Contr. Mineral. Petrol. 25, 52-65. 

Kuno, H., 1960. High·-alumina basalt. ~_Petrolog_y_ 1, 121-

145. 

Kushiro, I., 1960. Si-Al relation in clinopyroxenes from 

igneous rocks. Am. J. Sci. 258, 548. 

Kushiro, I. & Nakamura, N., 1970. Petrology of some lunar 

crystalline rocks. Proc. Apo~l~_II Lunar Sci. 

Conference 1, 607-626. 

Kushiro, I., Shimizu, N., Nakamura, Y. & Akimoto, S., 1972. 

Compositions of coexisting liquid and solid 

phases formed upon melting of natural garnet and 

spinel lherzolites at high pressures: A prelimin

ary report. Earth & Planet. Sci. Lett. 14, 19-25. 

Lacroix, A., 1904. La montagne Pelee et ses eruptions. 

Paris. 

Lacroix, A., 1908. La montagne Pelee apres ses eruptions. 

Paris. 

Landis, C.A. & Coombs, D.S., '1967. Metamorphic belts and 

orogenesis in Southern New Zealand. · 

Tectonophysics 4, 501-518. 

Laughlin, A.W., Brookins, D.G., Kudo, A.M. & Causey, J.D., 

1971. Chemical and strontium isotope investiga-

tions of ultramafic inclusions and basalt, 

Bandera Crater, New Mexico. 

Acta 35, 107-113. 

Geochim. cosmochim. 

Le Bas, M.J., 1962. The role of aluminium in igneous 

clinopyroxenes with relation to their parentage. 

Am. J. Sci. 260, 267-288. 



Le Bas, M.J., 1971. A combined central and fissure-type 

phonolitic volcano in Western Kenya. 

Bull. Volcan. 34, 518-536. 

Le Maitre, R.W., 1962. Petrology of volcanic rocks,Gough 

Island, Sout.h Atlantic. !?ulJ::_._9._~ol_:_Soc~~m. 

73, 1309-·1340. 

Le Maitre, R.W., 1968. Chemical variation within and be-

tween volcanic rock series - a statistical approach. 

J. Petrology 9, 220-252. 

Le Maitre, R.W., 1969. Kaersutite-bearing plutonic xeno-

liths from Tristan da Cunha, South Atlantic. 

Mineralog. M~. 37, 185-197. 

Le Maitre, R.W. & Gass, I.G., 1963. Occurrence of leucite 

in volcanic rocks from Tristan da Cunha. Nature 

198, 779-780. 

Lindsley, D.H., 1970. Synthesis and preliminary results on 

the stability of aenigmatite (Na 2Fe
5
TiSi 6o20 ) . 

Yb.Carnegie Instn Wash. 69, 188-190. 

Lussiaa-Berdov-Polve, M. & Vidal, P., 1973. Initial 

strontium isotopic composition of volcanic 

rocks from Jan Mayen and Spitzbergen. Earth & 

Planet. Sci. Lett. 18, 333-338. 

McCall, G.J.H. & Hornung, G., 1972. A geochemical study of 

Silali Volcano, Kenya, with special reference to 

the origin of the intermediate-acid eruptives of 

·the Central Rift Valley. i~ Girdler, R.W. (ed.), 

East African Rifts, ~ectonophysics 15, 97-113. 

McDougall, I., 1962. Differentiation of the Tasmanian 

Dolerites: Red Hill dolerite-granophyre 

association. Bull. geol. Soc. Am. 73, 279-316. 

McDougall, I. & Compston, W., 1965. Strontium isotope 

composition and potassium-rubidium ratios in some 

rocks from Reunion and Rodrigues Indian Ocean. 

Nature 207, 252-253. 

McDougall, I. & Coombs, D.S., 1973. Potassium-argon ages 

for the Dunedin Volcano and outlying volcanics. 

N.Z. Jl Geol. Geophys. (in press) 



Mcintyre, G.A., Brooks, C., Compston, W. & Turek, A., 1966. 

The statistical assessment of Rb-Sr isochrons. 

J. geoph~-·-~es. 71, 5459-5468. 

MacDonald, G.A., 1949. Hawaiian Petrographic Province. 

Bull. geol. Soc. Am. 60, 1541-1596. 

MacDonald, G.A., 1960. Dissimilarity of continental and 

oceanic rock types. J. Petrology 1, 172-177. 

MacDonald, G.A., 1963. Relative abundance of intermediate 

members of oceanic basalt-trachyte association -

a discussion. J. geophys. Res. 68, 5100-5102. 

MacDonald, G.A. & Katsura, T., 1964. Chemical composition 

of Hawaiian lavas. J. Petrology 5, 82. 

MacKenzie, D.E. & White, A.J.R., 1970. Phonolite globules 

in basanite from Kiandra, Australia. Lithos. 3, 

309-317. 

Manson, v., 1967. Geochemistry of basaltic rocks: Major 

elements. in Hess, H.H., Poldervaart, A. (eds.), 

The Poldervaart treatise on rocks of basaltic 

composition, Vol. 1, 215-269. 

Interscience. 

New York: 

Marshall, P., 1904. Trachydolerites near Dunedin. 

Trans. Aust. Ass. Advmt Sci. (Dunedin) 183-188. 

Marshall, P., 1906. The geology of Dunedin (New Zealand). 

Q. Jl geol. Soc. Lond. 62, 381-422. 

Marshall, P., 1912. Nephelinite rocks in New Zealand. 

Trans. N.Z. Inst. 44, 304-307. 

Marshall, P., 1914. The sequence of lavas at the North Head, 

Otago Harbour, Dunedin. Q. Jl geol. Soc. Lond. 70, 

382-408. 

Marshall, P., 1929. The occurrence of a mineral hitherto 

unrecognized in the phonolites of Dunedin, New 

Zealand. Mineralog. Mag. 22, 174-178. 

Marshall, P., 1947. Zeolite minerals as original components 

of igneous rocks. N.Z. Jl Sci. Technol. 28, 

37-51. 

Mason, B., 1961. Potassium argon ages of metamorphic rocks 

and granites from Westland, New Zealand. 

Geol. Geophys 4, 352-356. 

N.Z. lTl 



Mason, B., 1962. Metamorphism in the Southern Alps of New 

Zealand. Bull. Am. Mus. Nat. Hist. 123, 215-247. 

Milhollen, G.L., 1971. Melting of nepheline-syenite with 

H2o and H2o + co2 , and the effect of diJution of 

the aqueous phase on the beginning of melting. 

Am. J. Sci. 270, 244-254. 

Muir, I.D. & Tilley, C.E., 1961. Mugearites and their place 

in alkali igneous rock series. 

186-203. 

J-. Geol. 69, 

Murray, R.J., 1954. The clinopyroxenes of the Garbh Eilean 

Sill. Geol. Mag. 91, 17-31. 

Mutch, A.R. & Wilson, D.D., 1952. Reversal of movement of 

the Titri Fault. N.Z. Jl Sci. Technol. 33, 398-403. 

Nagasawa, H., 1973. Rare-earth distribution in alkali rocks 
A 

from Oki-Dogo Island, Japan. Contr. Mineral. 

Petrol. 39, 301-308. 

Nakamura, Y. & Kushiro, I., 1970. Compositional relations 

of coexisting orthopyroxene, pigeonite, and augite 

in a tholeiitic andesite from Hakone Volcano. 

Contr. Mineral. Petrol. 26, 265-275. 

Nash, W.P., Carmichael, I.S.E. & Johnson, R.W., 1969. The 

mineralogy and petrology of Mt. Suswa, Kenya. 

J. Petrology 10, 409-439. 

Nash, W.P. & Wilkinson, J.F.G., 1970. Shonkin Sag laccolith, 

Montana. 1. Mafic minerals and estimates of tempera

ture, pressure, oxygen fugacity and silica activity. 

Contr. Mineral. Petrol. 25, 241-269. 

Nicholls, G.D., 1967. Geochemical studies in the ocean as 

evidence for the composition of the mantle. in 

Runcorn, S.K. (ed.), Mantles of the Earth and 

terrestrial planets, 285-304. 

Interscience. 

New York: 

Nicholls, J., Carmichael, I.S.E. & Stormer, J.C., 1971. 

Silica activity and Ptotal in igneous rocks. 

Contr. Mineral. Petrol. 33, 1-20. 

Noble, D.C., Haffty, J. & Hedge, C.E., 1969. Strontium and · 

magnesium contents of some natural peralkaline 

silicic glasses and their petrogenetic significance. 

Am. J. Sci. 267, 598-608. 



Noble, D.C. & Hedge, C.E., 1969. srB7jsrB6 variations 

within individual ash-flow sheets. Prof. Pap. 

u.s. geol. Surv. 650-C, 133-139. 

Noble, D.C. & Hedge, C.E., 1970. Distribution of rubidium 

between sodic sanidine and natural silicic liquid. 

Contr. Mineral. Petrol. 29, 234-241. 

Noble, D.C., Korringa, M.K., Hedge, C.E. & Riddle, G.O., 1972. 

Highly differentiated subalkaline rhyolite from 

Glass Mountain, Mono County, California. Bull. 

geol. Soc. i7-m. 83, 1179-1184. 

Nockolds, S.R., 1953. The geochemistry of some igneous rock 

series. ~eochim. co_smochim. Acta 4, 105-142. 

Nockolds, S.R. & Allen, R., 1954. The geochemistry of some 

igneous rock series II. 

5, 245-285. 

Geochim. cosmochim. Acta 

Norrish, K. & Chappell, B.W., 1967. X-ray fluorescence 

spectrography. in Zussman, J. (ed.), Physical 

methods in determinative mineralogy. London: 

Academic Press. 

Norrish, K. & Hutton, J.T., 1969. An accurate X-ray 

spectrographic method for the analysis of a wide 

range of geological samples. Geochim. cosmochim. 

Acta 33, 431-454. 

O'Hara, M.J., 1965. Primary magmas and the origin of 

basalts. Scott. Jnl Geol. 1, 19-40. 

O'Hara, M.J., 1968. The bearing of phase equilibria studies 

in synthetic and natural systems on the origin 

and evolution of basic and ultra-basic rocks. 

Earth Sci. Rev. 4, 69-133. 

O'Hara, M.J., 1970. Upper mantle composition inferred from 

laboratory experiments and observation of 

volcanic products. Phys. Earth Planet. Inter. 3, 

236-245. 
Ongley, M., 1939. The geology of the Kaitangata-Green 

Island Subdivision. Bull. N.Z. geol. Surv. 38. 

Onishi, H. & Sandell, E.B., 1957. Meteoric and terrestrial 

abundance of tin. 

262-270. 

Geochim. cosmochim. Acta 12, 



Oxburgh, E.R., 1964. Petrological evidence for the pre-

sence of amphibole in the Upper Mantle and its 

petrogenetic and geophysical implications. 

Geol~~g_. 101, 1--19. 
Paterson, O.D., 1941. The geology of the lower Shag Valley, 

N6rth-east Otago. Trans. R. Soc. N.Z. (Geol.) 

711 32-58 o 

Philpotts, A.R. & Hodgson, C.J., 1968. Role of liquid 

immiscibility in alkaline rock genesis. 

Int. geol. Congr. (Prague) 23, Pt.2, 175-188. 

Philpotts, .J.A. & Schnetzler, C.C., 1968. Europium anomalies 

and the genesis of basalt. Chern. Geol. 3, 5-13. 

Philpotts, J.A. & Schnetzler, C.C., 1970. Phenocryst

matrix partition coefficients for K, Rb, Sr and 

Ba with applications to anorthosite and basalt 

genesis. Geochim. cosmochim. Acta 34, 307-322. 

Philpotts, J.A., Schnetzler, C.C. & Thomas, H.H., 1972. 

Petrogenetic implica-tions of some new geochemical 

data on eclogitic and ultrabasic inclusions. 

Geochim. cosmochim. Acta 36, 1131-1166. 

Powell, J.L. & Bell, K., 1970. Strontium isotopic studies 

of alkalic rocks: Localities from Australia, 

Spain and Western United States. 

Petrol. 27, 1-10. 

Contr. Mineral. 

Price, R.C. & Green, D.H., 1972. Lherzolite nodules in a 

'mafic phonolite' from North-east Otago, New Zealand. 

Nature 235, 133-134. 

Price, R.C. & Taylor, S.R., 1973. The geochemistry of the 

Dunedin Volcano, East Otago, New Zealand: Rare 

earth elements. Contr. Mineral. Petrol. 40, 

195-205. 

Prinz, M., 1967. Geochemistry of basaltic rocks: Trace 

elements. in Hess, H. H. , Poldervaart, A. (eds.) , 

The Poldervaart treatise on rocks of basaltic 

composition, Vol. 1, 271-323. 

science. 

New York: Inter-

Reay, A. & Harris, P.G., 1964. The partial fusion of peri

dotite. Bull. Volcan. 27, 3-15. 



Rhodes, M.J., 1969a. The geochemistry of a granite-gabbro 

complex at Hartley, New South Wales. Unpubl. 

Ph.D. thesis, Australian National University, 

Canberra. 

Rhodes, J.M., 1969b. The application of cluster and dis-

criminatory analysis in mapping granite intrusions. 

Litho~. 2, 223-237. 

Rhodes, J.M., 1969c. On the chemist.ry of potassium feld-

spars in granitic rocks. Chern. Geol. 4, 373-392. 

Ridley, W.I., 1970a. Morphology of quaternary phonolite 

lavas from Tenerife, Canary Islands. Geol. Mag. 

1071 559·-560 • 

Ridley, 

Ridley, 

w. I. I 1970b. The abundance of rock types on 

Tenerife, Canary Islands, and its petrogene·tic 

significance. Bull. Volcan. 34, 196·-204. 

w. I. I 1970c. The petrology of the Las Canadas 

Volcanoes, Tenerife, Canary Islands. 

Mineral. Petrol. 26, 124-160. 

Contr. 

Ridley, W.I., 1972. The field relations of the Las Canadas 

Volcanoes Tenerife, Canary Islands. 

35, 318-334. 

Bull. Volcan. 

Ringwood, A.E., 1955. The principles governing trace element 

distribution during magmatic crystallization. 

Part I: The influence of electronegativity. 

Geochim. cosmochim. Acta 7, 189-202. 

Ringwood, A.E., 1955. The principles governing trace-element 

behaviour during magmatic crystallization. 

Part II: The role of complex formation. 

Geochim. cosmochim. Acta 7, 242-254. 

Ringwood, A.E., 1962. A model for the upper mantle. 

§eophys. Res. 67, 857-866. 

J. 

Ringwood, A.E., 1966. The chemical composition and origin 

of the Earth. in P.M. Hurley (ed.), Advances in 

Earth Science, 287-356. M.I.T. Press. 

Roeder, P.L. & Emslie, R.F., 1970. Olivine- liquid equili-

brium. Contrib. Mineral. Petrol. 29, 275-289. 

Rose, W.I., 1972. Santiaguito Volcanic Dome, Guatamala. 

Bull. ge~l. Soc. Am. 83, 1413-1434. 



Sceal, J.S.C. & Weaver, S.D., 1971. Trace element data 

bearing on the origin of salic rocks from the 

Quaternary volcano Paka, Gregory Rift, Kenya. 

Earth Planet. Sci. Lett. 12, 327-331. 

Schairer, J.F. & Bowen, N.L., 1935. Preliminary report on 

equilibrium relations between feld~pathoids, 

alkali-feldspars, and silica. Trans. Am. geo

phys. Un. 16, 325-328. 

Schnetzler, C.C. & Philpotts, J.A., 1968. Partition 

coefficients of rare earth elements and barium 

between igneous matrix material and rock-forming 

mineral phenocrysts - I. in L.H. Ahrens (ed.), 

Origin and Distribution of the Elements, 929-938. 

Oxford: Pergamon. 

Schnetzler, C.C. & Philpotts, J.A., 1970. Partition 

coefficients of rare earth elements between 

igneous matrix material and rock-forming mineral 

phenocrysts - II. Geochim. cosmochim. Acta 34, 

331-340. 

Service, H., 1934. The geology of the Goodwood District, 

North-east Otago, New Zealand. N.Z. Jl Sci. 

Technol. 15, 263-279. 

Shaw, D.M., 1957. The geochemistry of gallium, indium, 

thallium- a review. Phys. Chern. Earth 2, 164-

211. 

Shaw, D.M., 1968. A review of K/Rb fractionation trends by 

covariance analysis. 

32, 573-602. 

Geochim. cosmochim. Acta 

Simpson, G.G., 1961. Principles of animal taxonomy. New 

York: Columbia University Press. 

Smith, A.L. & Carmichael, I.S.E., 1969. Quaternary trachy-

basalts from South-eastern California. full. r...J:iner. 

54, 909-923. 

Smith, R.E., 1967. Segregation vesicles in basaltic lava. 

Am. J. Sci~ 265, 696-713. 

Sakal, R.R. & Rohlf, F.J., 1969. Biometry: The principles 

and practice of statistics in biological research. 

San Francisco: Freeman & Co. 



Sokal, R.R. & Sneath, P.H.A., 1963. Principles of numerical 

taxonomy. San Fransisco: Freeman & Co. 

Stephenson, D., 1972. Alkali clinopyroxenes from nepheline 
,.. 

syenites of the South Qoroq Centre, South Green-

land. Lithos. 5, 187-201. 

Suggate, R.P., 1961. Rock-stratigraphic names for the South 

Island schists and undifferentiated sediments of 

the New Zealand Geosyncline. 

~- 4, 392-399. 

N.Z. Jl Geol. Geo-

Taylor, S.R., l965a. Geochemical analysis by spark source 

mass spectrography. Geochim. cosmochim. Acta 29, 

1243-1261. 

Taylor, S.R., 1965b. The application of trace element data 

to problems in petrology. Phys. Chern. Earth 6, 

133-203. 

Taylor, S.R., 1971. Geochemical application of spark source 

mass spectrography - II Photoplate data processing. 

Geochim. cosmochim. Acta 35, 1187-1196. 

Taylor, S.R., Capp, A.C., Graham, A.L. & Blake, D.H., 1969. 

Trace element abundances in andesites: II Saipan, 

Bouganville and Fiji. Contr. Mineral. Petrol. 23, 

1-26. 

Taylor, S.R., Emeleus, C.H. & Exley, C.S., 1956. Some 

anomalous K/Rb ratios in igneous rocks and their 

petrological significance. Geochim. cosmochim. 

Acta 10, 224-229. 

Taylor, S.R. & Heier, K.S., 1960. The petrological signifi-

cance of trace element variation in alkali feld

spars. Int. Geol. Congr. (Norden) 21, pt. 14, 47-61. 

Thompson, R.N., 1972. The 1-atmosphere melting patterns of 

some basaltic volcanic series. Am. J. Sci. 272, 

901-932. 

Thompson, R.N. & Chisholm, J.E., 1969. Synthesis of aenig

matite. Mineralog. Mag. 37, 253-255. 

Thompson, R.N., Esson, J. & Dunham, A.C., 1972. Major 

element chemical variation in the Eocene lavas of 

the Isle of Skye, Scotland. J. Petrology 13, 

219-253. 



Thompson, R.N. & Flower, M.J.F., 1971. One-atmosphere melt-

ing and crystallization relations of lavas from 

Anj ouan, Comores Archipelago, \vestern Indian Ocean. 

Earth~ Planet. Sci. ~ett. 12, 97-107. 

Thornton, C.P. & Tuttle, O.F., 1960. Chemistry of igneous 

rocks. I. Differentia·tion index. Am. J. Sci. 258, 

664-684. 

Tilley, C.E., 1954. Nepheline-alkali feldspar parageneses. 

Am. J. Sci. 252, 65-75. 

Tilley, C.E. & Muir, I.D., 1964. Intermediate members of 

the oceanic basalt-trachyte association. 

Geol. For. Stockh. Forh. 85, 434-443. 

Travis, C.A., 1965. The geology of the Slip Hill area east 

of Middlemarch, Otago. Unpubl. M.Sc. thesis, 

University of Otago. 

Turekian, K.K. & Carr, M.H., 1960. The geochemistries of 

chromium, cobalt, and nickel. Int. geol. Congr. 

(Norden) 21, pt.l, 14-26. 

Turekian, K.K. & Kulp, J.L., 1956. The geochemistry of 

strontium. 

296. 

Geochim. cosmochim. Acta 10, 245-

Turner, F.J., 1940. Structural petrology of the schists of 

Eastern Otago, New Zealand. Parts I & II. 

Am. J. Sci. 238, 73-106, 153-191. 

Tuthill, R.L., 1968. The hydrothermal behaviour of basalts 

in their melting range at 5 kb. Unpubl. M.Sc. 

thesis, Pennsylvania State University. 

Tuttle, O.F. & Bowen, N.L., 1958. Origin of granite in the 

light of experimental studies in the system NaAlSi
3

o 8-

KAlSi3o8-sio2-H2o. Mem. geol. Soc. Am. 74. 

Ulrich, H.F., 1891. On the occurrence of nepheline-bearing 

Wager, 

rocks in.New Zealand. 

Sci. 3, 127-150. 

L.R. & Brown, G.M., 1968. 

Rep. Australas. Ass. Advmt 

Layered igneous rocks. 

Edinburgh: Oliver & Boyd. 

Wager, L.R. & Mitchell, R.L., 1948. The distribution of Cr, 

v, Ni, Co, and Cu during the fractional crystalli

zation of a basic magma. Int. geol. Congr. (London) 

18, pt.2, 140-150. 



Wager, L.R. & Mitchell, R.L., 1951. The distribution of 

trace elements during strong fractionation of 

basic magma - a further study of the Skaergaard 

intrusion, East Greenland. 

~eta 1, 129-208. 

Geochim. cosmochim. 

Wager, L.R. & Mitchell, R.L., 1953. Trace elements in a 

suite of Hawaiian lavas. Geochim. cosmochim. 

Act~ 3, 217-223. 

Watkins, N.D. & Haggerty, S.E., 1967. Primary oxidation 

variation and petrogenesis in a single lava. 

Contr. Mineral. Petrol. 15, 251-271. 

Weaver, S.D., Sceal, J.S.C. & Gibson, I.L., 1972. Trace 

element data relevant to the origin of trachytic 

and pantelleritic lavas in the East African 

Rift System. Contr. Mineral. Petrol. 36, 181-194. 

White, R.W., 1966. Ultramafic inclusions in basaltic rocks 

from Hawaii. Contr. Mineral. Petrol. 12, 245-

314. 

Wilkinson, J.F.G., 1957. The clinopyroxenes of a differen-

tiated teschenite sill near Gunnedah, New South 

Wales. Geol. Mag. 94, 123-134. 

Wilkinson, J.F.G., 1961. Some aspects of the calciferous 

amphiboles oxyhornblende, kaersutite and barke

vikite. Am. Miner. 46, 340-354. 

Wilkinson, J.F.G., 1962. Mineralogical, geochemical, and 

petrogenetic aspects of an analcite-basalt from 

the New England district of New South Wales. 

J. Petrology 3, 192-214. 

Wilkinson, J.F.G., 1966. Residual glasses from some 

alkali basaltic lavas from New South Wales. 

Mineralog. Mag. 35, 847-860. 

Wilkinson, J.F.G., 1968. Analcimes from some potassic 

igneous rocks and aspects of analcime-rich igneous 

assemblages. Contr. Mineral. Petrol. 18, 252-269. 

Wilkinson, J.F.G. & Binns, R.A., 1969. Hawaiite of high 

pressure origin from north-eastern New South 

Wales. Nature 222, 553-555. 



Willcox, R.E., 1954. Petrology of Paricutin Volcano, Mexico. 

Bull. U.S. geol. Surv. 965-C, 281-353. 

Williams, H., 1928. A recent volcanic eruption near Lassen 

Peak, California. Univ. Calif. Publs. geol. Sci. 

21, 51-146. 

Williams, H., 1929. Geology of the Marysville Buttes, 

California. Univ. Calif. Publs. geol. Sci. 18, 

103-220. 

Williams, H., 1932. The history and character of volcanic 

domes. Univ. Calif. Pub~s. geol. Sci. 21, 51-146. 

Williamson, J.H., 1939. The geology of the Naseby Sub

division Central Otago. Bull. N.Z. geol. Surv. 

39. 

Wood, B.L., 1963. Structure of the Otago Schists. 

N.Z. Jl Geol. Geophys. 6, 641-680. 

Wright, J.B., 1965. Petrographic sub-provinces in the 

Tertiary to Recent volcanics of Kenya. Geol. Mag. 

102, 541-557. 

Wright, J.B., 1966~ Olivine nodules in a phonolite of the 

East Otago alkaline province, New Zealand. 

Nature, 210, 519. 

Wright, J.B., 1967. The iron-titanium oxides of some Dunedin 

(New Zealand) lavas, in relation to their 

palaeomagnetic and thermomagnetic character (with 

an appendix on associated chromiferous spinel) . 

Mineralog. Mag. 36, 425-435. 

Wright, J.B., 1969. Olivine nodules and related inclusions 

in trachyte from the Jos Plateau, Nigeria. 

Mineralog. Mag. 37, 370-374. 

Wright, J.B., 1970. High pressure phases in Nigerian Ceno

zoic lavas: Distribution and geotectonic setting. 

Bull. Volcan. 34, 833-847. 

Wright, J.B., 1971. The phonolite-trachyte spectrum. 

Lithos. 4, 1-5. 

Wright, J.B. & McCurry, P., 1970. Composite phonolite 

tholoids in the Cenozoic volcanic provinces. 

Geol. Mag. 107, 357-360. 



Yagi, K., 1953. Petrochemical studies on the alk~line rocks 

of the Morotu District, Sakhalin. 

Soc. Am. 64, 769-810. 

Bull. geol. 

Yoder, H.S. & Tilley, C.E., 1962. Origin of basalt magmas: 

an experimental study of natural and synthetic 

rock systems. J.~ Petro,logy 3, 342-532. 

Zielinski, R.A. & Frey, F.A., 1970. Gough Island: Evalu

ation of a fractional crystallization model. 

Contr. Mineral. Petrol. 29, 242-254. 



' 
1 

·J 

~, 
1\~ 
#< \ ~r' 

\ ' 
' .Y 

,;I 

Pocket contains: 

(1) Volcanological map based principally on 
mapping of Benson (1968); Allen (1968}, 
and mapping and reconnaissance undertaken 
during this study. Additional information 
was obtained from unpublished reports by 
Thomlinson (1962), Palmer (1965), Griffin 
(1968), Johnstone (1972), Reynolds (1972), 
Badger (1972), Craw (1973), and Sampson 
(1973) 0 

(2) Reprints of publications resulting from 
this research project. 



Contr. Mineral. and Petrol. 35, 119-124 (1972) 
©by Springer-Verlag 1972 1. 

3/z 
1~. , ~ ,, ,,,~~wr7'~~.~~~h~~,:~~~=~~=~J 

The Major and Trace Element Chemistry of Kaersutite 
and Its Bearing on the Petrogenesis of Alkaline Rocks 

S. Kesson 
Department of Geology, Australian National University, Canberra, Australia 

R. C. Price 
Department of Geology, University of Otago, Dunedin, New Zealand 

Received March 10, 1972 

Abstract. New major and trace element analyses are presented for 7 kaersutites 
from basic alkaline rocks. KfRb ratios lie between 1209 and 4276. Rb is low, averaging 
6 ppm. Sr ranges from 532 to 1060 ppm and Ba from 181 to 701 ppm. Zr averages 109 ppm, 
Nb 44 ppm and V 390 ppm. There is a moderate enrichment in light REE. Zn correlates with 
FeO + Fe20 3 but the concentrations of Ni, Co, Cr, Cu and Pb are variable. Large variations 
in trace element concentration in kaersutites reflect only small variations in the melt when 
the distribution coefficient for a given element strongly favours the amphibole. 

Kaersutite is significant in the petrogenesis of alkaline rocks as a possible accessory 
phase in the upper mantle source regions, and as an important phase in the fractionation of 
basic alkaline liquids over a wide range of pressures. 

Introduction 
The aluminous amphiboles pargasite and kaersutite commonly occur as mega
crysts or xenocrysts in basic alkaline dykes and volcanics. They are also found 
as a primary phase in some basic and ultrabasic inclusions in alkaline rocks. 
Experimental studies of basic alkaline compositions in the presence of water 
have shown that amphibole may be stable to pressures of 25-30 Kb, both in 
subsolidus assemblages and coexisting with melt. The near-liquidus amphibole is 
a titaniferous pargasite or kaersutite (Tuthill, 1968; Irving, 1971). Kaersutite is 
therefore significant in the petrogenesis of alkaline rocks-initially as a possible 
accessory phase in the upper mantle source regions, and subsequently during 
fractionation. The major element and, more importantly, the trace element com
position of kaersutite can provide constraints on petrogenetic hypotheses. 

This paper presents new major and trace element analyses of 7 kaersutites 
from alkaline rocks. 

Chemical Composition 
Major Elements 

The new data for 7 kaersutites are presented in Table 1, together with compara
tive data from published and unpublished sources for kaersutites with trace 
element analyses. 

Wilkinson (1961) has stated that kaersutites should be considered as Mg-rich 
members of the pargasite-ferropargasite series with high Ti (0.5 atoms or more 
per formula unit) and some substitution of K for Na. Many structural formulae 
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have Na + K > 1 which suggests that Na, as well as sharing the vacant site with Table 1 (continued) 

K, also shares the site normally occupied by Ca. One formula unit commonly 25139 25140 
contains slightly more than 2 atoms of Al in four-fold coordination. The magnesio-
hastingsite-ferrohastingsite series is derived by the complete substitution of Fe3+ K/Rb 4275 1836 

for AlVI in the ideal end-members of the pargasite series. Substitution of this Rb 2 9 
Sr 698 798 

kind is limited in kaersutites. But oxidation during eruption replaces Fe2+(0H, F)- Ba 181 653 
by Fe3+02- and is largely responsible for the ferric iron content. Almost completely Pb 19 18 
oxidised yet undissociated kaersutite has been described by Aoki (1963). u <1 <1 

Zr 60 110 
Nb 26 36 

Table 1 y 28 18 
La 5 15 

25139 25140 25141 25142 15308 15380 24341 1001 1002 1003 1004 Ce 15 39 
Pr 1 1 

Si02 38.85 38.86 38.67 39.98 38.20 38.67 39.44 39.31 37.4 39.51 39.32 Nd 14 24 
Ti03 6.02 5.71 5.71 5.68 6.23 5.90 5.16 4.14 6.0 5.64 6.14 v 398 422 
Al20 3 14.83 13.33 13.31 14.17 13.81 13.50 13.84 15.37 15.7 14.26 14.51 Or 6 75 
Fe20 3 0.86 0.64 3.88 10.02 5.23 11.32 4.16 4.71 12.4 1.75 4.28 Ni 7 55 
FeO 12.48 11.32 9.91 4.01 7.04 4.30 6.67 4.66 1.1 10.92 6.87 Co 
MnO 0.18 0.12 0.15 0.13 0.17 0.19 0.08 0.10 0.2 0.09 0.10 Cu 28 56 
MgO 10.72 11.14 10.15 10.45 11.29 9.55 12.99 13.89 11.4 11.36 12.04 Zn 96 77 
CaO 10.29 11.86 11.56 9.62 12.13 11.88 11.57 12.54 11.9 10.12 10.87 Ga 9 17 
Na20 2.71 2.13 2.20 3.49 2.46 2.55 2.18 2.36 2.3 2.80 2.63 Sc 
K 20 1.03 1.99 2.03 1.52 0.85 1.05 2.04 1.36 1.5 1.59 1.92 
P20s 0.04 0.05 0.05 0.02 0.12 0.17 0.05 0.04 0.06 Sample Localities 
H20- 0.01 0.07 0.02 0.01 0.1 0.18 25139 Kaersutite xeno 
H20+ 2.05 2.08 2.09 0.99 1.34 0.50 1.19 1.38 0.1 1.68 1.19 25140 Kaersutite from 
Cl 0.027 0.9 25141 As above 
F 0.142 0.4 0.15 25142 Kaersutite xeno 
(corrected) 100.06 99.23 99.72 100.16 99.03 99.65 99.46 99.78 101.0 99.81 100.26 15308 Kaersutite xeno 
Total 15380 Kaersutite from 

Dunedin, New:; 

Structural formulae a 24341 Kaersutite xenc 

z Si 5.771 5.849 5.085 5.807 5.673 5.675 5.792 5.700 5.395 5.847 5.748 
New Zealand 

Aliv 2.229 2.151 2.195 2.193 2.327 2.325 2.208 2.300 2.605 2.153 2.252 
1001 Titaniferous pa1 

y Aliv 0.368 0.199 0.161 0.233 0.091 0.011 0.188 0.327 0.065 0.335 0.059 
1969) 

Ti 0.673 0.646 0.645 0.620 0.696 0.651 0.570 0.451 0.651 0.628 0.675 
1002 Kaersutite froru 

Fe3+ 0.096 0.072 0.438 1.095 0.584 1.250 0.460 0.514 1.346 0.195 0.471 
1003 Kaersutite meg: 

Fe2+ 1.550 1.425 1.244 0.487 0.874 0.528 0.819 0.565 0.133 1.352 0.840 
(Wilkinson, 196 

Mn 0.023 0.015 0.019 0.016 0.021 0.024 0.010 0.012 0.024 0.011 0.012 
1004 Kaersutite meg: 

Mg 2.373 2.499 2.271 2.262 2.499 2.089 2.843 3.002 2.451 2.506 2.623 
Australia. (JakE 

The first 4 numbers refe 
X Ca 1.638 1.913 1.860 1.497 1.930 1.868 1.820 1.948 1.839 1.605 1.703 The next 3 refer to the c 

Na 0.781 0.622 0.640 0.983 0.708 0.726 0.621 0.664 0.643 0.804 0.746 Analytical Techniques 
K 0.195 0.382 0.389 0.282 0.161 0.197 0.382 0.252 0.276 0.300 0.358 
OH 2.031 2.088 2.093 0.959 1.327 0.489 1.166 1.335 0.096 1.659 1.161 

Major and trace elemen 

F 0.065 0.183 0.069 
PW1220 XRF spectrom 

Cl 0.220 
the fusion method of N 

z 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 
flame photometer with l 

y 5.083 4.856 4.778 4.713 4.765 4.553 4.890 4.871 4.670 5.027 4.680 
X 2.614 2.917 2.889 2.762 2.799 2.791 2.823 2.864 2.756 2.709 2.807 

100Mg/Mg+ 59 62 57 59 63 54 69 73 62 62 66 The major elemer 
Fe2++Fe3+ 

Table 1 are typical c 
+Mn 

and 21341 are unusua 
a Qalculated o.q t4e basis of 23 oxygens, 69 respectively. 
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:ite with Table 1 (continued) 

mmonly 25139 25140 25142 25142 15308 15380 21341 1001 1002 1003 1004 
:tgnesio-
of Fe3+ K/Rb 4275 1836 1872 2524 1411 1453 1210 1129 4400 1226 

of this Rb 2 9 9 5 5 6 14 10 3 13 

)H,F)- Sr 698 798 879 855 890 1060 532 500 30 610 622 
Ba 181 653 701 264 410 492 289 555 131 729 

1pletely Pb 19 18 25 1 3 19 4 <10 4 
u <1 <1 <1 n.d. 1 1 1 
Zr 60 110 135 116 93 179 67 90 120 45 
Nb 26 36 48 36 88 57 18 60 15 
y 28 18 15 19 27 27 13 10 20 19 19 
La 5 15 19 11 40 

003 1004 Ce 15 39 49 34 30 22 28 
Pr 1 1 5 <1 5 6 

9.51 39.32 Nd 14 24 33 27 20 17 21 
5.64 6.14 v 398 422 373 203 410 492 289 570 350 131 496 
!.26 14.51 Cr 6 75 81 99 15 2 107 3 <10 363 
t.75 4.28 Ni 7 55 70 195 4 49 199 155 22 12 20 
).92 6.87 Co 250 87 108 35 75 76 
).09 0.10 Cu 28 56 24 6 27 10 28 55 2 50 
t.36 12.04 Zn 96 77 86 1297 112 125 69 30 76 56 
).12 10.87 Ga 9 17 16 19 12 18 17 10 16 14 14 
!.80 2.63 Sc 50 
l.59 1.92 

0.06 Sample Localities 
0.18 25139 Kaersutite xenocryst from basic alkaline dyke, Kelly's Pt. NSW., Australia 

.. 68 1.19 25140 Kaersutite from basic inclusion in basic alkaline dyke, Kiama, NSW., Australia 
25141 As above 

0.15 25142 Kaersutite xenocryst from nephelinitic breccia, Anakies, Viet., Australia 
.81 100.26 15308 Kaersutite xenocryst from "Kaiwekite", Purakanui, Dunedin, New Zealand 

15380 Kaersutite from amphibolite inclusion, "Kaiwekite", Long Beach, 
Dunedin, New Zealand 

24341 Kaersutite xenocryst from Camptonite dyke, Mt Cameron, North West Otago, 

!47 5.748 New Zealand 

.53 2.252 1001 Titaniferous pargasite megacryst from tephrite, Ethiopia (Brown & Carmichael, 

135 0.059 1969) 

i28 0.675 1002 Kaersutite from xenolith in tuff. Tristan da Cunha. (Le Maitre, 1969) 

95 0.471 1003 Kaersutite megacrysts from alkali basalt, Spring Mtn, NSW., Australia 

52 0.840 (Wilkinson, 1962). Trace element analysis from Jakes (1970) 

11 0.012 1004 Kaersutite megacryst from alkali basalt dyke near Yeoval, NSW., 

06 2.6~3 
Australia. (Jakes, 1970) 

05 1.703 The first 4 numbers refer to specimens in the collection of the Geol. Dept., ANU, Canberra. 

04 0.746 The next 3 refer to the collection of the Geol. Dept., University of Otago. 

00 0.358 Analytical Techniques 

59 1.161 Major and trace element abundances were determined by means of an automated Philips 

0.069 PW1220 XRF spectrometer with 2Kw generator. Major elements were determined using 
the fusion method of Norrish and Hutton (1969). Na20 was measured on a dual channel 

)0 8.000 flame photometer with Li as an internal standard. FeO was obtained by volumetric methods. 

!7 4.680 
)9 2.807 

66 The major element chemistry and structural formulae of all amphiboles in 
Table 1 are typical of kaersutites although the less titaniferous kaersutites 1001 
and 21341 are unusually magnesian with 100 MgJMg + Fe2 + Fe3 + Mn = 73 and 
69 respectively. 
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Alkali and Alkaline Earth Elements 

Hart and Aldrich (1967) have shown that amphiboles preferentially concentrate 
K with respect to Rb. The kaersutites (Table 1) have Rb contents ranging from 
2 to 14 ppm and K/Rb ratios as high as 4400. The measured abundances of Ba 
are spread between 130 and 730 ppm. Apart from an unusually low concentration 
of 30 ppm in 1002, the Sr content of the kaersutites ranges from 500 to 1060 ppm. 

Many kaersutites are xenocrysts and their chemical composition therefore cannot 
be directly equated with that of their host. Griffin and Murthy (1969) and 
Philpotts and Schnetzler (1970) provide data on amphibole-liquid coefficients 
which show that Sr, Ba and Rb are concentrated in the melt whereas K/Rb, 
KJBa, and KJSr ratios are higher in amphibole. The Ba content of an amphibole 
correlates with the abundance of Ba in the liquid from which it crystallises. Should 
the initial Ba content of an alkaline melt be depleted by early fractionation of 
biotite, then Ba is low in the later phases, which often include kaersutite. 

Since the equilibrium distribution of Sr between amphibole and liquid is less 
than unity (Philpotts and Schnetzler, 1970), the Sr-rich kaersutites have crystal
lised from liquids with relatively high Sr contents. The Sr content of alkaline 
rock series reaches a peak at the hawaiite-mugearite stage of fractionation. There 
can also be an initial variation in the concentration of Sr in basic parent liquids, 
with higher Sr occurring in more nephelinitic compositions. 

Rare Earth Elements, Yttrium 

The generalised configuration of achondrite normalised rare earth pattern can be 
obtained by comparison of normalised light REE abundances with normalised 
yttrium, since the geochemical behaviour of yttrium parallels that of the heavy 
REE (Taylor, 1965). In agreement with Higuchi and Nagasawa (1969) and 
Jakes (1970), we find that kaersutites from basic alkaline rocks are slightly 
enriched in the light REE. The garnet structure readily accommodates heavy REE 
so the coexisting phases in a garnet-bearing assemblage commonly show a com
plementary enrichment in light REE. White et al. (1972) have shown that this 
is the case for kaersutite in an eclogite accumulate from Kakanui, New Zealand. 

The equilibrium distribution of REE between amphibole and liquid partitions 
the heavy REE equally between crystals and liquid, and preferentially ceoncen
trates light REE in the melt (Higuchi and Nagasawa, 1969; Schnetzler and 
Philpotts, 1970). 

Lead, Thorium and Uranium 

Th and U contents are less than 1 ppm (detection limit). Pb is very variable, 
ranging from 1 to 25 ppm. 

Zirconium and Niobium 

The measured concentrations of Zr are remarkably consistent, averaging 102 ppm. 
This suggests that Zr is accommodated in the kaersutite lattice, rather than 
contained in zircon inclusions. Comparison of the measured abundances of Zr 
and Nb in kaersutites with the average concentrations of these elements in basic 
alkaline rocks (Le Maitre, 1962; Baker, 1969; Ridley, 1970) gives an estimate of 
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the distribution of Zr and Nb between kaersutite and liquid. Zr is found to be 
enriched in the melt, whereas Nb is partitioned equally. 

Ferromagnesian Trace Elements 
The concentrations of V, Or, Ni and Co in kaersutites are all very variable and show 
no significant correlation with any other chemical parameter. The concentrations 
of these elements in basic alkaline liquids are modified by fractionation of the 
liquidus phase, since Ni and Co can be partitioned in olivine, Or can be concentrated 
in magnesian clinopyroxene and spinel, and the precipitation of an opaque phase 
efficiently removes V from the melt. The partition of V between kaersutite and 
liquid does not favour either phase very strongly, since the range in the V content 
of kaersutites (131 to 570 ppm) is similar to the range in basic alkaline rocks 
(Ridley, 1970). Gast (1968) has indicated that the amphibole-liquid distribution 
coefficient is less than unity for both Ni and Cr. 

The abundance of Cu in the kaersutite ranges from 2 to 56 ppm. The concen
trations of both Cu and Ni are low if the paragenesis of the kaersutite includes 
a sulphide phase, as does 25139. Zn ranges from 30 to 1297 ppm and shows a 
significant correlation with the total iron content of the kaersutites. 

DiS(}USSiOn 

Kaersutite and Alkaline Fractionation Series 
Phases other than kaersutite are involved in the fractionation of basic alkaline 
liquids, but kaersutite can be important over a wide pressure range when PeH,O 
is high. Kaersutite fractionation reduces MgO, Ti02 and KfRb while concentrating 
Rb, Sr, Ba, REE and Zr in the residual liquid. 

Kaersutite as an Accessory Phase in the Upper Mantle 
The small amount of water in the upper mantle is bound entirely in accessory 
phases in the subsolidus assemblages. Convincing geochemical arguments have 
been put forward by Oxburgh (1964) and Griffin and Murthy (1969), suggesting 
that amphibole predominates over phlogopite to depths corresponding to the top 
of the low velocity zone, where the geotherm intersects the solidus of the amphi
bole-bearing peridotite. Green (1970) has suggested that increasing degrees of 
partial melting in this region produce basaltic liquids whose compositions pass 
gradationally from nephelinite through basanite and alkali basalt to tholeiite. The 
composition of the nephelinitic "minimum melt" is very close to that of kaersutite. 

The residual crystalline phases in equilibrium with a partial melt must also 
appear on the liquidus under the same physical conditions. Phases intially present 
in the subsolidus assemblage which have since been entirely incorporated in the 
melt, appear below the liquidus. The occurrence of kaersutite as the near
liquidus amphibole in both alkaline and tholeiitic compositions (Tuthill, 1968; 
Holloway & Bornham 1972) is significant in this context, implying that kaersutite, 
or a~ least a pargasitic amphibole, is an accessory phase in the uppermost mantle. 
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Abstract. A variety of alkaline lavas from the Dunedin Volcano have been analyzed for the 
rare earth elements (REE) La-Yb. The compositions analyzed were: basalt-hawaiite-mugearite
benmoreite; basanite, nepheline hawaiite, nepheline trachyandesite and nepheline benmoreite; 
trachyte; phonolite. The series from basalt to mugearite shows continuous enrichment in the 
REE, consistent with a crystal fractionation model involving removal of olivine and clino
pyroxene. From mugearite to benmoreite there is a depletion in the REE which is explained 
by the appearance of apatite as a liquidus phase. The chondrite normalized REE patterns 
for the phonolites are characterized by strong enrichment and fractionation coupled with a 
sharp depletion in Eu. Removal of plagioclase from benmoreite magma is suggested for the 
derivation of the phonolites. The series basanite-nepheline hawaiite, and basanite-nepheline 
hawaiite-nepheline benmoreite appear to be high pH20 analogues of the series basalt-ben
moreite, with enrichment of the REE being achieved by removal of clinopyroxene, kaersutite 
and olivine. Compared with other lavas the trachyte has low REE abundances and is 
characterized by a striking positive Eu anomaly. 

Introduction 

The Dunedin Volcano of East Otago, New Zealand, is a deeply dissected, com
posite volcano of Upper Miocene age. The volcano and its rocks have been de
scribed in several publications, for example, Ulrich (1891), Marshall (1906, 1914) 
Benson (1939, 1941a, b, 1942a, b), Benson and Turner (1940), Coombs et al (1960), 
and Coombs (1965). More recently the chemistry and petrology of the Dunedin 
rocks have been discussed by Coombs and Wilkinson (1969). The reader is re
ferred to earlier publications for detailed discussions of the geology of the volcano. 

The Dunedin volcanics range in composition from basalt and basanite through 
intermediate compositions to phonolite and trachyte. There is however only a 
general correlation between rock type and age of extrusion. Quartz normative 
trachytes are restricted to the earliest phase of activity, while phonolites become 
volumetrically more abundant in the later phases of the volcano's history (Coombs, 
1965). Alkali basalt is the abundant rock type in all phases of the volcanic activity. 
Almost all rocks, except the trachytes and one or two basaltic rocks which appear 
to be crystal cumulates, are nepheline normative to some degree. 

In the present study, analyses for rare earth elements (REE) were carried out 
on twelve representative rocks. Three of these were phonolites; the other rock 



Table 1 
..... 

1 2 3 4 5 6 7 8 9 10 11 12 <0 
00 

Major elements 

Si02 45.38 48.63 48.11 55.55 56.97 57.94 58.56 42.12 47.77 48.73 50.99 66.22 
Ti02 2.44 2.27 2.17 0.99 0.20 0.18 0.15 3.38 2.15 1.57 1.06 0.41 
Al20 3 14.41 17.43 16.07 18.15 19.06 19.32 17.75 14.38 18.07 18.44 18.75 18.21 
Fe20 3 3.51 3.18 4.03 3.16 2.89 2.78 4.25 4.44 4.34 3.48 3.46 1.70 
FeO 8.84 7.17 9.03 4.14 2.85 2.35 1.67 8.71 6.20 5.72 4.46 0.16 
l\fnO 0.19 0.18 0.24 0.19 0.21 0.18 0.20 0.22 0.21 0.20 0.21 0.01 
MgO 7.96 3.48 2.90 1.31 0.34 0.15 0.14 6.71 2.90 2.87 2.35 0.02 
CaO 10.09 7.87 6.43 3.91 1.63 1.23 1.18 11.10 7.12 7.02 4.71 0.48 
Na20 3.22 4.27 5.18 5.98 8.59 8.60 8.66 3.86 6.26 5.40 8.29 6.57 
K20 1.47 1.78 2.05 4.06 5.23 5.55 5.13 1.75 2.27 2.89 3.55 5.91 
P20s 0.60 0.84 1.49 0.16 0.07 0.11 0.92 0.74 0.54 0.50 0.03 
H20+ 1.14 1.63 0.62 1.20 1.10 0.66 1.03 0.54 0.66 1.78 0.64 0.16 
H20- 0.33 0.38 0.33 0.45 0.42 0.29 0.32 0.52 1.15 1.06 0.39 0.06 
002 0.10 0.10 0.82 0.21 0.13 0.15 0.10 0.22 0.24 0.10 0.07 0.05 
s 0.06 0.10 0.09 0.02 0.02 0.03 0.03 0.11 0.04 0.11 0.01 0.01 
Cl 0.04 0.01 0.09 0.11 0.49 0.13 0.34 0.06 0.15 0.31 

Total 99.78 99.32 99.65 99.59 100.20 99.54 99.62 99.04 100.27 99.98 99.75 100.00 

Corr. Total 99.74 99.26 99.58 99.56 100.08 99.50 99.53 98.97 100.22 99.98 99.68 100.00 

OIPW norms 
~ 

Q 4.72 9 c 0.60 1-d 
Or 8.69 10.52 12.11 23.99 30.91 32.80 30.31 10.34 13.41 17.08 20.98 34.92 ..., 

c;· 
Ab 18.48 35.29 41.02 43.12 39.21 37.19 41.30 9.02 28.76 26.19 26.90 55.59 '" 
An 20.68 23.17 14.90 11.12 16.98 15.09 17.54 4.68 1.10 ~ 
Ne 4.59 0.42 1.16 3.61 16.09 16.95 11.62 12.57 12.52 10.57 22.19 

p.. 

HI 0.07 0.02 0.15 0.18 0.81 0.21 0.56 0.10 0.25 0.51 rn 

{Wo 
10.37 4.07 0.87 2.46 2.84 2.15 1.88 12.81 5.52 5.48 6.25 ~ 

Di en 6.53 2.16 0.36 0.98 0.67 0.27 0.35 8.35 3.21 3.01 3.56 f-3 
po 

fs 3.19 1.78 0.51 1.51 2.34 2.09 1.68 3.58 2.06 2.27 2.42 '< 
0 

H {en 0.05 
..., 

Y fs 

4.81 1.60 0.12 0.07 5.86 2.81 2.90 1.60 

01 fo 
9.31 4.56 1.20 

7.42 2.73 0.46 0.62 0.01 2.76 1.99 2.42 ~ 
fa 5.01 4.13 t:rJ 

0.12 2.94 7.07 
0.36 

t:rJ ac 
0.34 0.28 6.42 4.08 2.98 2.01 t:l il 4.63 4.31 4.12 1.88 0.38 

6.44 6.29 5.05 5.02 ;;· 
mt 5.09 4.61 5.84 4.58 4.13 2.56 2.62 

1.70 ::t 
hm 1.16 0.07 

6' 
0.25 2.13 1.95 1.25 ~ 

1.39 1.95 3.45 0.37 0.16 "'" ap 0.54 s· 
tn 0.23 0.16 0.11 ~ 

0.23 0.23 1.86 0.48 0.30 0.34 0.23 0.50 0.55 sr cc 
1.52 0.95 1.35 1.06 1.81 2.84 1.03 0.22 

~ H 20 1.57 2.01 0.95 1.65 
'" 

100.26 100.06 99.48 99.51 98.92 100.30 99.81 99.67 99.98 t:l 
Total 99.83 99.23 99.53 § 

'" 0.. 



01 {fo 9.31 4.56 4.81 1.60 0.12 0.07 - 5.86 2.81 2.90 1.60 
fa 5.01 4.13 7.42 2.73 0.46 0.62 0.01 2.76 1.99 2.42 1.20 - !;0 

ac - - - 0.12 2.94 7.07 - - - - trJ 
il 4.63 4.31 4.12 1.88 0.38 0.34 0.28 6.42 4.08 2.98 2.01 0.36 trJ 

mt 5.09 4.61 5.84 4.58 4.13 2.56 2.62 6.44 6.29 5.05 5.02 - ~ 
w 

hm 1.70 
ot-

- - - - - - - - :::!. 
1.39 1.95 3.45 0.37 0.16 0.25 2.13 1.95 1.25 1.16 0.07 0" ap - >:: 

tn - - - - - - - - 0.54 tt 
0 

0.23 0.23 1.86 0.48 0.30 0.34 0.23 0.50 0.55 0.23 0.16 0.11 
::; 

cc s· H 20 1.57 2.01 0.95 1.65 1.52 0.95 1.35 1.06 1.81 2.84 1.03 0.22 
ot-
::;-
(!) 

Total 99.83 99.23 99.53 100.26 100.06 99.48 99.51 98.92 100.30 99.81 99.67 99.98 0 
>:: 
::; 

An 
(!) 

o-
An+Ab-% 

52.81 39.64 26.64 20.50 - 65.29 34.42 40.11 14.82 1.94 s· 
-< D.I. 31.76 46.22 54.30 70.73 86.21 86.93 83.23 31.93 54.69 53.83 70.06 95.23 0 
Q 
I;> 

Trace elements (Data in ppm) ::; 
0 

K/Rb 394 285 386 298 158 215 158 372 348 333 254 364 
Ba 423 466 503 870 108 47 512 699 698 751 973 
Rb 31 40 44 113 274 214 269 39 54 72 116 135 
Sr 679 826 818 503 97 12 9 922 959 825 1118 60 
Pb 4 6 5 11 31 20 34 4 6 8 12 13 
Th 4 2 4 16 54 36 51 5 7 13 22 16 
u 1 1 2 3 17 9 11 2 3 4 5 4 
Zr 221 230 365 525 1159 865 1175 308 323 362 610 398 
Nb 54 47 70 108 241 200 262 83 93 99 117 78 
y 22 26 37 35 55 41 66 29 30 25 32 27 
v 199 95 23 3 - - 214 93 63 50 
Cr 254 39 - - - - 114 26 28 5 
Ni 136 23 - - - - 85 6 21 24 
Cu 66 27 20 7 3 3 4 47 18 25 24 
Zn 105 83 112 104 219 174 231 117 118 99 122 104 
Ga 18 21 21 25 34 33 36 20 23 22 26 29 
Hf 4 4 6 9 18 13 20 5 5 5 9 6 
Th/U 4.0 2.0 2.0 5.3 3.2 4 4.6 2.5 2.5 3.3 4.4 4.0 
ZrfNb 4.1 4.9 5.2 4.9 4.8 4.3 4.5 3.7 3.5 3.7 5.2 5.1 

...... 
00 
-'! 

Zr/Hf 55.3 57.5 60.8 58.3 64.4 66.5 58.8 61.6 64.6 72.4 67.8 66.3 
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types analysed were: basalt, basanite, hawaiite, mugearite, benmoreite, nepheline
trachyandesite, nepheline-benmoreite and trachyte. Major and trace element 
analyses and CIPW norms for these rocks are presented in Table 1. 

Analytical Methods 

The REE analyses were made with an A.E.I. MS7 mass spectrograph using the methods 
described by Taylor (1965, 1971). The samples were moulded into electrodes with graphite 
using Lu as an internal standard. Photoplates were read on a Jarrell-Ash microphotometer
densitometer, and the data processed using the method described by Taylor (1971). 

Rare Earth Element Geochemistry 

The REE contents of the twelve samples are presented in Table 2. Fig. 1-4 show 
REE contents of the lavas normalized to average abundances in chondrites. All 
the lavas are enriched overall in the REE, and all show an enrichment of light 
relative to the heavier REE. With the exception of the phonolites, all rocks show 
to varying degrees an enrichment in Eu relative to the other REE. The trachyte 
is quite strongly enriched in Eu. 

Basalt-Hawaiite-111 ugearite-Benmoreite 

The samples representative of compositions in the range basalt-benmoreite all 
show enrichment of the REE, relative to chondrites and all show relative enrich
ment in the light REE (Fig. 1). There is a continuous enrichment from basalt 
through the intermediate compositions to mugearite and a depletion in REE from 
mugearite to benmoreite. In the basalt La is enriched 118 times the chondritic 
abundance. The benmoreite is considerably more fractionated, having a La con-

Explanation of Table 1 
1. Alkali olivine basalt (30450)a Mt. Holmes. 
2. Hawaiite (30432) Whare Creek, North of Mt. Flagstaff, 
3. Mugearite (30426) Scroggs Hill. 
4. Benmoreite (30412) Highcliff near Cadzow Memorial. 
5. Phonolite (30428) Mt. Cutten quarry. 
6. Phonolite (30439) Mt. Mihiwaka. 
7. Phonolite (22553) Summit ridge of Mt. Kettle. 
8. Basanite (30442) Black Head quarry. 
9. Nepheline hawaiite, transitional to nepheline mugearite (22487) North Head, near en-

trance to Otago Harbour. Flow 15 of Marshall (1914). 
10. Nepheline trachyandesite (30429) North Head section. Flow 24 of Marshall (1914). 
11. Nepheline benmoreite (30449) 1 Km west of Mt. Cargill. 
12. Trachyte (24023) Deborah Bay, Otago Harbour. 

Analytical Techniques: 

Major element analyses were carried out on an automated Phillips P. W. 1220 XRF spectro
meter with 2KW generator, using the fusion method of Norrish and Hutton (1969). REE 
were determined on an A.E.I. MS7 spectrograph (see text). All other trace elements were 
determined by XRF spectrometric methods. Sodium was determined on a dual channel 
flame photometer using Li as an internal standard. 

a Numbers refer to specimens held in the collection at the Geology Department, University 
of Otago, Dunedin. 
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9 Table 2. Rare earth elements (Data in ppm) 
:;;. 
" 
"" t'! 

1 2 3 

" '" 2. Lu 0.3 0.3 0.5 
5 Yb 1.8 2.1 3.2 

~ Tm 0.3 0.3 0.5 
~ Er 2.2 2.5 3.8 ... 
f- Ho 0.9 1.0 1.3 

~ Dy 4.9 4.9 6.8 
:- Tb 0.8 0.9 1.3 
t; Gd 6.2 6.6 10.3 

Eu 2.3 2.5 3.3 
Sm 6.7 7.1 9.9 
Nd 30.2 33.3 55.5 
Pr 9.2 9.4 15.6 
Ce 78.6 85.8 152.5 
La 35.5 41.0 60.4 
:LREE 180 198 325 
EufEu* 1.17 1.23 1.08 
:LREE+Y 202 224 362 

4 5 

0.6 1.0 
3.7 6.4 
0.6 1.1 
3.7 6.1 
1.3 2.1 
6.5 8.6 
1.1 1.5 
8.0 10.8 
2.5 1.4 
8.2 11.5 

44.1 65.5 
13.4 22.7 

112.8 233.9 
60.8 134.5 

267 507 
1:04 0.41 

302 562 
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9.4 13.7 
0.9 1.0 
9.5 14.8 

54.8 71.4 
19.5 26.2 

176.2 243.3 
93.4 136.3 

383 540 
0.32 0.24 

424 606 
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2.1 
0.3 
2.5 
1.2 
5.4 
1.2 
9.7 
3.1 
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6.4 5.5 
1.1 1.0 
8.7 7.1 
3.0 2.5 
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14.8 13.5 
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12 

0.4 
2.7 
0.4 
2.6 
1.0 
4.7 
0.8 
4.5 
2.4 
4.1 
6.1 
4.8 

126.8 43.0 
85.1 20.1 
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0.99 1.86 
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(0.031) 
0.20 

(0.033) 
0.210 
0.073 
0.310 
0.049 
0.300 
0.074 
0.210 
0.580 
0.120 
0.840 
0.300 

Columns 1-12 are numbered as in Table 1. Column 13 gives rare earth element abundances for chondrites, used for normalization when Figs. 1-4 were 
prepared. Abundances of Lu and Tm were estimated indirectly. 
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Fig. 1. REE contents of basalt, hawaiite, mugearite, and benmoreite, normalized to abun
dances in chondrites (columns 1--4 in Tables 1 and 2). y scale is logarithmic 
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Fig. 2. REE contents of 3 phonolites normalized to abundances in chondrites (columns 5-7 
in Tables 1 and 2). y scale is logarithmic 

tent 203 times greater than the chondritic abundances. All four rocks in this 
compositional range have slightly anomalous Eu values; Eu is enriched relative 
to the other REE. 

Phonolites 

Normalized REE patterns for 3 phonolites are shown in Fig. 2. All three rocks 
are highly enriched (La is up to 450 times the abundance in chondrites), which a 
striking excess of light over heavy REE. The other important feature of the 
patterns is the remarkable depletion in Eu relative to the other REE. 

REE Distribution in the Dunedin ' 
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Fig. 3. REE contents of basanite, nepheline hawaiite, nepheline trachyandesite, and nepheline 
benmoreite normalized to abundances in chondrites (columns 8-11 in Tables 1 and 2). y scale 
si logarithmic 
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Fig. 4. REE contents of trachyte normalizes to abundances in chondrites (column 12 in 
Tables 1 and 2). y scale is logarithmic 

Basanite-Nepheline Hawaiite-Nepheline Trachyandesite-N epheline Benmoreite 

All four rocks have similar REE patterns, with strong general enrichment relative 
to chondrites, and an enrichment of La over Yb. The nepheline hawaiite, nepheline 
trachyandesite and nepheline benmoreite have extremely similar patterns (Fig. 3). 
The basanite is slightly less enriched in both the extreme heavy REE and the 
extreme light REE, but is more enriched in the intermediate elements (Pr-Ho). 
As is the case in the basalt-benmoreite series all 4 strongly feldspathoidal rocks 
have a slight positive Eu anomaly. 

14* 
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Trachyte 

Compared with the other rocks the trachyte has low REE abundances, although 
it shows a distinct enrichment compared with chondrites (Fig. 4). The lighter 
REE are enriched relative to the heavier REE. The most striking feature of the 
pattern is the marked enrichment in Eu compared with the other elements of 
the group. 

Discussion 

From basalt through intermediate compositions to mugearite there is a continuous 
enrichment in the REE. The La-Yb ratio remains approximately constant from 
basalt to mugearite, but decreases slightly from mugearite to benmoreite. The 
continuous enrichment of REE, without any marked Qhange in La-Yb ratio from 
basalt to mugearite is accompanied by a continuous enrichment in the large 
cations, Cs, Ba, Rb, K, Pb, Sr and in the large, high valency cations Th, U, Zr, 
Hf, Sn, Nb. The rocks are continuously depleted in Mg, Fe, Ca, Ti, Ni, V, Cr. 
P 20 5 is continuously enriched. These geochemical features are best explained by a 
model involving fractional crystallization of olivine and clinopyroxene, ti-mag
netite is probably an accessory phase. The benmoreite does not appear to continue 
the trend obser_ved in the less differentiated rocks. The REE show a slight de
pletion in the benmoreite compared with the mugearite although the large cations 
Cs, Ba, Rb, K and Pb are enriched, as are Th, U, Zr, Hf, Sn and Nb. The depletion 
in Mg, Fe, Ca, Ti, Ni, V and Or continues. Comparison with the mugearite shows 
that the benmoreite is depleted in P 20 5 and Sr. The benmoreite is probably 
derived from a mugearite magma by a continuation of olivine and clinopyroxene 
fractional crystallization. The depletion in P 20 5 and Sr, the decrease in La-Yb 
ratio, and the termination of REE enrichment can be attributed to the appearance 
of apatite as a liquidus phase. 

The striking depletion in Eu observed in the phonolitic rocks can only be 
attributed to removal of feldspar (Haskin et al., 1966; Phil potts and Schnetzler, 
1968). The phonolites are strongly enriched in Cs, Rb, and Pb and depleted in 
Ba and Sr. Th, U, Zr, Hf, Sn and Nb also show strong enrichment, while Ni, V 
and Or are present in concentrations less than 1-2 ppm. The less fractionated phono
lites would appear to be derived by fractional crystallization of calcic plagioclase 
from a benmoreite magma; continued feldspar fractionation develops more highly 
fractionated phonolitic magmas. The importance of feldspar fractionation in the 
petrogenesis of the phonolitic rocks of alkaline series has been established else
where in the world, e.g. Greenland (Gill, 1972); Western Indian Ocean (Flower, 
1971). 

The normalized REE patterns are similar for the basanite nepheline-hawaiite, 
nepheline-trachyandesite and nepheline benmoreite. The basanite is, however, 
relatively depleted in the extreme light and extreme heavy REE. Compared with 
the basanite the nepheline-hawaiite is enriched in Cs, Rb, Ba, Sr and Pb, and also 
in Th, U, Zr, Hf, Sn and Nb. Ni, Or, and V are more abundant in the basanite than 
in the nepheline-hawaiite. Normalized REE patterns for kaersutite amphibole 
show depletion in the heavy REE, and a marked relative decrease in the abun
dance of the light REE compared with the intermediate members (Sm-Gd) of the 
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group (M. P. Gorton, pers. comm.). Fractional crystallization of kaersutite will 
result in greater enrichment of the light and heavy REE compared with the inter
mediate elements of the group. Removal of olivine, clinopyroxene, kaersutite 
and minor apatite and ti-magnetite from a basanite could form a nepheline
hawaiite magma. 

From basanite to nepheline trachyandesite to nepheline benmoreite there is a 
continuous enrichment in the large cations-Cs, Rb, Ba, Sr, Pb, Th, U, Zr, Hf, 
Sn and Nb. Ni, Cr, and V abundances are more or less constant. Kaersutite frac
tional crystallization tends to concentrate the large cations in the residual melt 
(Kesson and Price, 1972; Gunn, 1972). The nepheline benmoreite shows a slight 
enrichment in the REE compared with the nepheline trachyandesite. The series 
basanite-nepheline trachyandesite-nepheline benmoreite appears then to be a 
fractionation sequence controlled mainly by removal of kaersutite, in combination 
with clinopyroxene and apatite. In a sense this series is analogous to the basalt
benmoreite series and could be regarded as a high pH20 analogue. 

Several features mark the trachyte as distinct from other lavas of the volcano. 
Although enriched in REE relative to chondrites it is depleted compared with 
other rocks, and has a distinctive positive Eu anomaly. The KJRb ratio is high 
(KJRb =364) and there is a depletion in Sr, while Ba and Pb are highly enriched; 
Th, U, Zr, Nb, and Sn show moderate enrichment and Ni, V and Cr are present 
in low concentrations. The quartz normative trachytes of the Dunedin Volcano 
have distinctly higher initial Sr87J86 ratios than other Dunedin lavas (Price and 
Compston, in prep.). All other rocks form a consistent group with initial Sr87/ 86 

ratios ranging from 0.7028-0.7031, while the trachytes have an initial ratio of 
0.7040, setting them apart as a distinct magmatic group. The petrogenesis of the 
quartz normative trachytes is a problem which may not have a unique solution 
at this stage. The REE pattern, high K/Rb ratio, depletion in Ca, Sr, Fe, Mg, 
Ti, etc., and enrichment inK, Si02, Al20 3, Ba, Pb, Th, U etc., might suggest that 
the trachyte is an accumulation of K feldspar. However, the distinct Sr87 J86 ratio 
is not explained by this model. Alternatively, the higher initial ratios and other 
features might indicate that the trachytes have been derived by partial melting 
of the felsic fraction of deep crustal rocks, alkali feldspar being the important 
melting phase. Partial melting at the lower crust could have been induced by the 
rising geothermal gradient produced as basaltic melts rose into the crust from 
the mantle. With the exception of minor basaltic lavas (Coombs et al., 1960; Allen, 
in prep.) the quartz normative trachytes are the earliest lavas erupted from the 
Dunedin centre, and they do not appear later in the volcano's activity. 

All the Dunedin lavas, except the highly fractionated phonolites have slight 
positive Eu anomalies. This may be due to the presence in the lavas of accumulated 
feldspar phenocrysts or it may reflect a geochemical peculiarity of the mantle 
beneath East Otago. Since most of the lavas seem to contain varying amounts 
of phenocrystic feldspar the former suggestion is deemed more likely. 

Conclusions 

The REE and other trace element chemistry indicate that crystal fractionation 
was the important process in the petrogenesis of the differentiated Dunedin lavas. 
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Partial melting in the mantle produced a spectrum of basaltic compositions from 
basalt to basanite and nephelinite (Coombs and Wilkinson, 1969). The basaltic 
melts were trapped in crustal "magma chambers" where crystal fractionation 
produced the differentiated rocks. There is geophysical evidence supporting the 
suggestion of high level magma chambers below the Dunedin Volcano (Reilly, 
1971). The series basalt-mugearite developed by olivine-clinopyroxene removal 
and a continuation of this crystal fractionation trend, with the addition of apatite 
as a liquidus phase, produced the benmoreite lavas. The highly fractionated 
phonolitic rocks developed by removal of plagioclase from benmoreite and phono
lite magmas. The series basanite--7-nepheline hawaiite and nepheline trachy
andesite--7-nepheline benmoreite were controlled by olivine clinopyroxene and 
kaersutite amphibole removal. The appearance of kaersutite as a liquidus phase 
indicates higher pH20 conditions in the highly feldspathoidal series, which is 
consistent with experimental investigations of basalt-basanite compositions 
(Green, 1970). 

The quartz normative trachytes are a separate magmatic group, and special 
circumstances must be invoked for thier origin. 

Two suggestions are made here. Either the trachytes are an accumulation of 
alkali feldspar or they are derived at the lower crust by partial melting involving 
mainly alkali feldspar. The former model does not explain the anomalous Sr87/Sr86 

ratios of the trachytes and both models raise problems regarding the nature of 
the parental magma or rock from which the trachytes are supposed to have 
developed. 
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Lherzolite Nodules in a "Mafic 
Phonolite" from North-east Otago, 
New Zealand 
IN 1966, Wright1 described a phonolite from the Waipiata 
Volcanics (Otago Province, New Zealand) which contains 
nodules oflherzolite. Recognizing the high pressure mineralogy 
and xenolithic nature of the lherzolite inclusions, Wright 
regarded. them as evidence that the host magma was generated 
at sub-crustal levels. These observations were important in 
providing natural evidence of high pressure fractionation of 
magmas at depth > 20 krn, and in this communication we 
present more data from the locality (near Trig L, Pigroot) 
described by Wright. 

The lherzolite inclusions consist of olivine, orthopyroxene, 
chrome-diopside; and translucent, yellow-brown spineP. The 
chemical composition of one of the lherzolite inclusions is 
given in Table 1. For this composition the instability of the 
low pressure olivine+ pyroxenes+ plagioclase mineralogy rela
tive to olivine+ aluminous pyroxenes+ aluminous spinel 
demonstrates that the lherzolite crystallized at pressures 
::::::7 kbar (for T> 800° C)2 • 

Rare xenocrysts of kaersutitic hornblende also occur in the 
magma, and, because the densities of both the lherzolite in
clusions and the kaersutite are considerably greater than that 
of their host magma, the magma is inferred to have travelled 
from depths greater than 25 km without opportunity for 
crystal fractionation. 

Petrographic examination shows that the host magma 
composed of alkali feldspar, colourless clinopyroxene and 
nepheline as major phases, together with common olivine 
phenocrysts and fine-grained titano-magnetite. Minor zeolite 
(possible natrolite) occurs in the groundmass. Aenigmatite is a 
minor phase and the clinopyroxenes are zoned towards thin 
rims of green aegirine-augite. A few schist xenoliths were also 
observed. The chemical composition of the rock (after separ
ation of lherzolite nodules) is given in Table 1, and compared 
with a basanite (also containing high pressure lherzolite 
inclusions) and a typical phonolite (without xenoliths of high 



pressure mineralogy) from the East Otago volcamc province. Liquids derived by partial n 
Chemically, the Pigroot rock is intermediate in composition containing olivine with 

between phonolite and basanite but does not fit readily into 
usual classification schemes based on chemistry3 •4 • We retain 100 Mg the name "mafic phonolite" on mineralogical grounds, but 
emphasize the chemical differences between this magma and Mg+ F1 
more typical phonolites (Table 1). 

must themselves have 

Table 1 Chemical Composition of "Mafic Phonolite" 100 Mg 
=( 

Mg +Fe 

2 3 4 and have high Ni and Cu con 
Si02 42.96 46.70 55.70 43.22 ite of Table 1 (column 1) is c 
Ti02 2.91 2.21 0.09 o.oz melting of peridotite and Ii 
Al203 13.33 13.55 19.86 0.98 following magma segregatior 
Fe203 3.08 4.05 4.14 0.57 lower value of 
FeO 9.36 7.78 1.45 7.52 
MnO 0.22 0.19 0.21 0.14 1( 

MgO 10.60 5.52 0.14 43.76 
Ml CaO 11.56 6.82 1.09 0.75 

Na20 3.31 6.26 9.42 0.05 and lower Ni and Cu conte1 
K20 0.84 2.79 5.26 0.01 partial melting of a source rc 
PzOs 0.55 1.09 0.02 
HzO+ 1.27 2.02 0.81 0.46 100 ~ 
HzO- 0.36 0.61 1.26 0.16 
C02 0.20 0.13 O.o7 0.14 Mg+ 

100.55 99.72 99.52 97.78 and low Ni and Cu contents 
ation from a parental basani 

Ni 212 86 2,831 By comparison, the phon 
Cu 73 16 2 156 of a much greater degree c 
v 253 61 23 ferromagnesium minerals, I 
Cr 270 93 1,755 plagioclase, and apatite hav< 
Or 5.02 16.97 31.90 0.06 in Mg/Fe, Ca/Na, Na/K rati< 
Ab 8.90 21.43 31.21 0.43 Examination of the analyses 
An 19.24 0.65 2.47 basanite of Table 1, togethc 
Ne 10.51 17.92 23.60 pressure crystallization beha Ac 6.18 
Di 27.19 21.19 3.10 0.34 suggests that the "mafic ph1 
Wo 0.57 high pressure crystal fracti01 
Hy 18.71 depletion, relative to basanite 
01 17.27 8.51 77.63 Cr suggests that the crysta 
Mt 4.51 6.04 3.06 controlled by olivine and c: 
II 5.59 4.32 0.18 0.04 olivine and amphibole cry~ 
Ap 1.32 2.66 0.05 Although the lherzolite r 
Cc 0.46 0.30 0.16 0.32 origin for their host, they c 

1, Basanite, Saddle Hill, East Otago (OU22520; S163/031673); 
host magma was derived b) 
mantle material. The Waip 

2, "mafic phonolite" Trig L, Pigroot, East Otago (S135/060544); tionated liquid than any pre 3, phonolite, Leith Valley Saddle, East Otago (S164/167809); 4, 
lherzolite nodule; from "mafic phonolite" (see 2). crystal fractionation process< 



Liquids derived by partial melting of upper mantle peridotite 
containing olivine with 

100 Mg 
--- = 88 to 92 
Mg +Fe 

must themselves have 

100 Mg 
= 65 to 73 (refs. 5, 6) 

Mg +Fe 

and have high Ni and Cu contents ( > 200 p.p.m.). The basan
ite of Table 1 (column 1) is consistent with an origin by partial 
melting of peridotite and little or no crystal fractionation 
following magma segregation. The "mafic phonolite" has a 
lower value of 

100 Mg 

Mg +Fe 

and lower Ni and Cu contents requiring either an origin by 
partial melting of a source rock with 

_1_oo_M __ g_ = 
80 

Mg +Fe 

and low Ni and Cu contents, or an origin by crystal fraction
ation from a parental basanite or basalt more rich in Mg. 

By comparison, the phonolite of column 3 is a product 
of a much greater degree of crystal fractionation, in which 
ferromagnesium minerals, plagioclase, nepheline, or sodic 
plagioclase, and apatite have separated leading to a decrease 
in Mg/Fe, Ca/Na, Na/K ratios and P2 0 5 contents respectively. 
Examination of the analyses of the "mafic phonolite" and the 
basanite of Table 1, together with information on the high 
pressure crystallization behaviour of basalts and basanites 7 , 

suggests that the "mafic phonolite" may have resulted from 
high pressure crystal fractionation of parental basanite. The 
depletion, relative to basanite, in Mg, Fe, Ca, Ti, Ni, Cu, V and 
Cr suggests that the crystal fractionation could have been 
controlled by olivine and clinopyroxene or, more probably, 
olivine and amphibole crystallization. 

Although the lherzolite nodules indicate a high pressure 
origin for their host, they do not necessarily imply that the 
host magma was derived by simple partial melting of upper 
mantle material. The Waipiata rock represents a more frac
tionated liquid than any previously identified as produced by 
crystal fractionation processes acting within the upper mantle. 



It is more differentiated, for example, than the hawaiite 
described by Wilkinson and Binns8
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Abstmct. The isotopic composition of strontium has been determined for samples from the 
alkaline lavas of the Dunedin Volcano covering the range basalt, basanite, intermediate 
compositions, phonolite and quartz normative trachyte. The basaltic, intermediate and 
phonolitic rocks appear to be comagmatic and have similar low initial Sr87/Sr86 ratios around 
0.7030, comparable with those of other alkaline provinces. The quartz normative trachytes 
have initial ratios significantly higher than those of the other rocks (0.7040) although their 
age is comparable. Contamination by sea water or crustal material could explain the higher 
initial ratios of the trachytes but it does not account for important features of their chemistry. 
It is suggested that the trachytes formed by partial melting involving an alkali feldspar-rich 
portion of older igneous rocks. Rb-Sr ages obtained are comparable with published K-Ar 
dates. The Rb-Sr age for the trachytes is 14.4± 7 m.y. and the other alkali-enriched rocks 
give ages ranging within the limits of 14.4 to 12.0 m.y. 

Introduction 

The Dunedin Volcano of east Otago Province, New Zealand is composed of a 
succession of alkaline flows, intrusives, and pyroclastics ranging from basalt and 
basanite through intermediate compositions to trachyte and phonolite. We have 
examined the isotopic composition of strontium from a representative suite of 
samples with a view to establishing: 

(i) the importance of crustal contamination 
(ii) parental homogeneity 

within the suite. 
The rocks of the Dunedin Volcano form a prominent massif about 30 km in 

diameter, centred on Port Chalmers in the middle reaches of Otago Harbour 
(Fig. 1). Since the latter part of last century a series of publications concerned 
with field and petrological investigations of the volcano has appeared; for ex
ample Marshall (1906, 1914), Benson (1939, 1941a, b, 1942a, b), Benson and 
Turner (1940), Coombs et al. (1960) and Coombs (1965). A comprehensive petro
chemical discussion is available in Coombs and Wilkinson (1969). Activity within 
the Dunedin Volcano commenced with the extrusion of basaltic flows and tuffs 
from submarine vents in mid-late Miocene time (Coombs et al., 1960; McDougall 
and Coombs in p1·ess). These early basaltic flows were overlain by quartz normative 
trachyte flows and tuffs extruded from central vents in the Port Chalmers area 
(Allen in prep.). These rocks make up the "Initial Eruptive Phase" of Benson 
and were followed by the "First Main Eruptive Phase" of volcanic activity 
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Fig. 1. Sample locality map showing distribution of Dunedin Volcanics (stippled area), major 
faults, and distribution of samples 

which involved emplacement of a series of flows ranging in composition from 
basalt through intermediate rock types to phonolite and trachytoid phonolite. 
Using distinctive volcanic and volcanogenic stratigraphic markers Benson 
separated three different periods of volcanic activity: 

(i) the early basaltic, phonolitic and trachytic volcanics (First Main Eruptive 
Phase), 

(ii) a second series of flows including compositions from alkali basalt to phono
lite (Second Main Eruptive Phase), 

(iii) a final period of activity dominated by basaltic and phonolitic compositions 
(Third Main Eruptive Phase). 

The concluding activity was concentrated along the northern flank of the 
volcano where basaltic cinder cones were built and a series of steep-sided phono
litic flows and endogenous domes were emplaced. 

Samples for the present study have been taken from the early quartz-normative 
trachytes and from the three succeeding main eruptive phases. They cover the 
spectrum of rock .;ompositions making up the volcano. Four samples are from 
outlying alkaline centres in east Otago. These are: a basanite from Saddle Hill, 
an hawaiite from Jeffreys Hill, a mugearite from Scroggs Hill and a "mafic 
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phonolite" from north Otago, described by Wright (1966) and Price and Green 
(1972). Sample localities are shown on Fig. 1. 

AnalyticallVIethods 

For most samples Rb and Sr were determined using an automated Phillips PW 1220 X-ray 
fluorescence spectrometer. Measurements were made on characteristic radiation from pow
dered samples using methods described by Norrish and Chappell (1967). Mass absorption 
coefficients were measured directly and calibrations were made against synthetic standards 
(Compston et al., 1969). 

Samples were prepared for mass spectrometric determination of 87 Srj86Sr by digesting 50 to 
200 mg amounts, depending on Sr content, in hydrofluoric and perchloric acids, and purifying 
the Sr by two passes through cation ion-exchange columns. For samples low in Sr (trachytes 
and some of the phonolites) Rb and Sr were determined by mass-spectrometric isotope 
dilution using a mixed 85Rb, 84Sr tracer (Compston et al., 1971). 

Isotopic ratios were measured using a single focusing, 9 inch, 60° sector machine (Clement 
and Compston, 1972), with automatic magnetic field peak switching and digital output. The 
value obtained for the Eimer and Amend strontium carbonate during the period of this work 
was 0.70812 ± 0.00010 (2a), normalised to 8.3752 fm· 88Srf86Sr. 

Results 

Results are presented in Table 1 and the samples are plotted on an isochron 
diagram in Fig. 2. The basaltic and intermediate rocks have low values for 
87Srf86Sr that are comparable with values obtained on similar rocks from other 
alkaline provinces (Gast, 1967; Bell and Powell, 1970; Laughlin et al., 1971). All 
the basaltic and intermediate rocks have low RbfSr and low 87Sr/86Sr, although 
there is a slight spread in measured 87Srf86Sr and in initial 87Srf86Sr. The phonolites 
have variable RbfSr and hence variable measured 87Sr/86Sr but their initial 
87Srf86Sr is consistent with that of the basaltic and intermediate rocks. 

Taken collectively, the fit of the phonolites to a single isochron is distinctly 
less perfect than expected due to experimental error only. This is almost certainly 
due to slightly different ages among the phonolites, as the samples are from 
different eruptive phases. For example, sample 30423 is from a Second Main 
Eruptive Phase flow while samples 30439, 30428, 30458 and 22553 are from 
extrusive domes which were emplaced into cinder cones of the Third Main Erup
tive Phase. On this basis, the appropriate method of regression analysis for the 
collectively imperfect fit is the Model II of Mcintyre et al. (1966), which estimates 
the range of age for the phonolites as from 14.4 m.y. to 12.0 m.y. at the 95 percent 
confidence limits. Samples 30439, 30458 and 30428 are from separate phonolite 
coulees extruded from closely related cinder cones. As expected, these give a 
much better fitted isochron that indicates a single extrusive event at 13.6 ± 
0.5 m.y. and an initial 87Sr/86Sr of 0.7029 ± 0.0002. 

The two trachytes and an anorthoclase from one of the trachytes plot on an 
isochron giving an age of 14.4±7.0 m.y. and an initial ratio of 0.7040±0.0005. 
The scatter is due to duplicate sample 1471B which lies conspicuously above the 
line. If this point is ignored the age may be taken as 14.4 ± 2.0 m.y. and the 
initial ratio as 0.70390 ± 0.0003. The initial 87Srf86Sr ratio is significantly higher 
than those obtained for the other rocks. 
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Table 1. Sr87f86 ratios, Rb and Sr contents (ppm), and sample descriptions and localities for 
Dunedin Volcanics 

Sample numbers prefixed by "A" refer to samples catalogued at Australian National 
University in Canberra. All other sample numbers refer to samples catalogued at University 
of Otago, Dunedin 

Sample Rock type Locality Rb Sr 87Srf86Sr± 2a 
no. 

Following samples Rb and Sr by XRF 

30442 Basanite Black Head 39 921.8 0.70277±3 
30430 Basanite Saddle Hill 12 658.2 0.70279±3 
30450 Basalt Mt. Holmes 31 678.7 0.70281± 3 
22487 Nepheline Hawaiite North Head 54 958.6 0.70285±3 
22515 Hawaiite Jeffreys Hill 40 962.9 0.70277±6 
30432 Hawaiite Me Quillikans Crk 40 826.1 0.70315±3 
30426 Mugearite Scroggs Hill 44 817.6 0.70296±4 
30429 Nepheline Trachyandesite North Head 72 824.9 0.70288±3 
30446 "Kaiwekite" Long Beach 98 663.6 0.70348±5 
30446 Amphibole from Kaiwekite Long beach 6 1059.8 0.70340±3 
30424 "Mafic Phonolite" Trig L. (Pigroot) 68 1558.4 0.70297±4 
30449 Nepheline Benmoreite Mt. Cargill 116 1117.7 0.70283±3 
30437 Nepheline Benmoreite Mt.Mopanui 124 909.2 0.70311±5 
30412 Benmor~ite Highcliff 113 503.1 0.70306±3 
30428 Phonolite Mt. Cutten 274 972 0.70440±3 
30458 Phonolite Mt. Zion 173 30.0 0.70610±5 

Following samples Rb and S1· by isotope dilution 

30423A Phonolite { Logan Pt. Quarry 193.15 13.5 0.71072± 30 
30423B Phonolite Logan Pt. Quarry 193.3 14.2 0.71076±25 
30423C Phonolite Logan Pt. Quarry 193.0 14.1 0.71086±50 

30439 Phonolite Mt. Mihiwaka 213.9 12.2 0.71245±10 

22553A Phonolite {Mt. Kettle 262.5 8.8 0.71781±13 
22553B Phonolite Mt. Kettle 268.9 8.2 0.71872±9 

24023 Trachyte Deborah Bay 135.0 59.6 0.70524±5 

A1471A Trachyte {North Head 125.1 80.0 0.70473±12 
A1471B Trachyte North Head 135.5 87.0 0.70509±7 

A2185 Anorthoclase from 1471 North Head 70.0 126.5 0.70428±4 

The "kaiwekite ", a porphyritic trachyandesite, which forms extensive flows 
at the top of the First Main Eruptive phase overlying the trachyte, has an age of 
13.9 m.y. according to the combined total-rock and amphibole data, and an 
initial 87Srf86Sr of 0.70324±0.00005. Although this result is based on only two 
points it is at least consistent with the other ages. The kaiwekite has an initial 
87Srf86Sr ratio intermediate between the trachytes and the other rocks. 

Discussion 

Comparison with K-Ar Geochronology. K-Ar geochronology by McDougall and 
Coombs (in press) on rocks from the Dunedin Volcano gives ages ranging from 
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Fig. 2. 87Srj86Sr vs 87Rb/86Sr isochron for Dunedin Volcanics. Inset shows detail at low RbjSr 
ratios. Crosses represent basalts and basanites, triangles represent intermediate rocks, and 
squares represent benmoreites 

13.1 ± 0.1 m.y. for Initial Eruptive Phase trachytes to 10.1 ± 0.2 m.y. for a 
Third Main Eruptive Phase nepheline benmoreite. A Third Main Eruptive Phase 
phonolite was dated at 11.3 ± 0.2 m.y. There is reasonable consistency, within 
experimental uncertainty, between the K-Ar ages and the Rb-Sr ages. The latter 
estimate the commencement of activity at 14.4 ± 2 m.y. (trachytes) with a span 
of activity of about 2.5 m.y. (phonolites) while the K-Ar ages date the initial 
activity at 13.1 ± 0.1 m.y. and give a span of active history lasting 3 m.y. The 
K-Ar dates appear to be consistently younger by approximately 1 m.y., but this 
is well within the experimental uncertainty of the Rb-Sr ages. 

Petrochemical Implications. The constant and low initial 87Srf86Sr of the basalts, 
basanites, intermediate rock types and phonolites is consistent with the idea that 
these rocks constitute a comagmatic series, in which crustal contamination was 
of minor importance. 

The quartz normative trachytes have distinctly higher initial 87Srf86Sr compared 
with the other rocks (0.7040 ± 0.0005) although their age is not significantly 
different. Aspects of the geochemistry of the trachytes are discussed elsewhere 
(Price and Taylor in press) but a brief summary of some of the features is relevant 
here. Compared to the basalts, the trachytes are enriched inK, Si, Aland Na and 
depleted in Ca, Fe, Mg and Ti. Among trace elements Ba and Pb show strong 
enrichment; Cs, Th, U, Zr, Nb and Sn show moderate enrichment; and Sr is 
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depleted. Ni, V and Cr are low in abundance. The rare earths (REE), although 
enriched relative to chondrites are depleted compared with other Dunedin rocks 
and the chondrite normalized rare earth pattern is characterized by a strong 
positive Eu anomaly which implies the addition of feldspar. The following are 
formally possible for the origin of the high initial 87Srf86Sr ratios of the trachytes: 

(i) Contamination by sea water: Measurements of the 87Srf86Sr in modern sea 
water vary between 0.708 and 0.710 with a mean value of 0.709 (Hamilton, 1968). 
Since the Dunedin Volcano was initiated as a submarine volcano and developed 
in a coastal situation, contamination by sea water is a possible explanation for 
unusually high initial 87Srf86Sr ratios. 

(ii) Crustal contamination: The Dunedin Volcanics overlie a basement of 
quartzo-feldspathic schists and contamination of the trachytes by the basement 
could account for the high initial 87Sr/86Sr ratios. The trachytes are the earliest 
eruptives examined in this study and they may have been preferentially cont
aminated by wall rock reaction with the quartzo-feldspathic basement, while 
later magmas moved through areas already depleted by wall rock reactions. 

(iii) Partial melting of lower crustal rocks: Partial melting of older rocks could 
explain both the peculiarities in major and trace element chemistry and the high 
initial 87Srf86Sr of the trachytes. Preferential melting of alkali feldspar from an 
older igneous rock would lead to high concentrations of Si, Al, K, Na, Ba and Pb 
in the melt which would be depleted in Ca, ferromagnesian elements and, to a 
lesser extent, Sr. The incompatible elements would favour the melt phase. The 
REE pattern is also explained on this model. The high initial 87Srf86Sr would 
reflect the higher content of radiogenic strontium in the older parental rock. 

There is not enough data at this stage to give a unique solution to the problem 
of the origin of the trachytes. Contamination models do not explain the pecularities 
in chemistry, especially the REE pattern. Accumulation of indigenous alkali 
feldspar during fractional crystallization could explain the chemistry of the 
trachytes but it does not account for the high initial 87Srf86Sr, since alkali feldspar 
phenocrysts in the trachyte are depleted in radiogenic strontium compared with 
their host. 

Conclusions 

The basaltic and nepheline-normative differentiated rocks of the Dunedin Volcano 
appear to constitute a comagmatic series with low initial 87Srf86Sr, comparable 
with initial ratios obtained from other alkaline provinces. Crustal contamination 
is probably minor. The quartz normative trachytes have higher initial 87Srf86Sr 
than the other rocks, although they are of similar age. Contamination by sea 
water or crustal rocks could explain the high initial 87Srf86Sr but it does not 
account for the peculiarities in chemistry which characterize the trachytes. The 
chemical characteristics of the trachytes and the initial 87Srf86Sr can be explained 
if the trachytes are partial melts derived by preferential melting of an alkali 
feldspar-rich portion of an older igneous rock. However, the model raises problems 
regarding the nature of the parental material. The Rb-Sr ages are comparable 
with the K-Ar ages obtained by McDougall and Coombs (in press). The Rb-Sr 
ages suggest a commencement date for the activity of about 14.5 m.y. and an 
active history spanning about 2.5 m.y. 
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