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ABSTRACT 

Several subvertical dikes of quenched and chilled basalt 

intrude a submarine tephra and underlying Miocene sediments on the 
north shore of Okahukura peninsula, Kaipara harbour, west coast of 

Northland, New Zealand. 
Results of simple physical modelling show that a number of 

structures, complex at first sight, i.e. rim dikes and horns, 

fingers, sigmoidal and rhomboidal intrusives ( the three latter named 

internal intrusives ) and peperites form in sequence when the dikes 
I stop and cool. Rim dikes and horns are formed at an early stage as 

dike tips are blunted as a result of consolidation of tephra when the 

pore water pressure dissipates. Internal intrusives and at last 

peperite are interpre-ted as volume of expelled magma consecutively I 

I 

I to the change from liquid to the more voluminous solid+gas states of 
I 
I 
I the magma as the dikes cool. The tips of the dikes act as a pressure 
I 

valve because, in such sheet intrusion, an increase in the internal 
pressure is magnified some thirty times at the tip. After the dikes 

had solidified, the tephra ahead of dike tip was fluidized by vapor 

flow. 
Two dikes intruding the tephra are selected for mechanical 

modelling. Preliminary results show that the tephra was not cemented. 

It is modelled as a sand with a hyperbolic stress vs strain 
relationship which changes with the stress path. The dikes are ~ treated as flat elliptical cavities. It is shown that the presence of 

I 

I an array of cracks in the tephra ahead of the dikes can be simulated 

with the Barenblatt-Dugdale model of fracture mechanics and that the 

width of the elliptical slit used in calculation must be wider than 1 
I that of the dikes. The driving pressure of these two dikes was 
I 

I 
I approximately 4 MPa and elastic displacement 25 to 30 % of total 
I 

displacement. 
The tephra is the remnant of a dissected but structurally 

intact shallow submarine volcano of surtseyan type. Results of the 

mechanical modelling and structural and sedimentological data enable 

to localise the main vent of the volcano. 
The surtseyan cone, which consists of tholeike, overlies un- 

conformably all other Tertiary formations. This confirms that, along 
the west coast of Northland, the latest lower Miocene manifestation 

of high alumina volcanism occurred in Mid-Upper Altonian times ( 

17.5-15.5 My ) and was basic and tholeiitic. 
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NOMENCLATURE OF VOLCANIC ROCKS. DEFINITION OF SOME OF THE TERMS 
USED IN THIS THESIS ( alphabetic order 1. 

Agglomerate. Accumulation of coarse volcanic material very 
proximal to, or infilling a vent. The form of the fragments is a 
primary feature determined during the actual eruption ( Wentworth 
& Williams 1932 1 .  

Drusy vesicles. Small intersticial voids of irregular shape 
entirely or partially filled with clay minerals; not visible in 
hand specimen ( = intersticial voids in Barragard & A1 1977, 
vuggy porosity in Anderson & A1 1984 1. 

Hyaloclastite. The term is employed in this thesis in the 
restrictive sense proposed by Rittman ( 1962 p.72 ) and Honnorez 
and Kirst ( 1975 ) i.e. formed by granulation of basaltic glass 
by thermal shuttering only. The term is also used for glassy tuff 
by some other workers. It will be written between quotation marks 
when cited from literature with this more general meaning. 

Palaqonitisation. Alteration and induration of a pile or part of 
a pile of sideromelanitic material. The margin of clasts is 
hydrated and coated with smectite and zeolites. ( e.g. Honnorez 
1972 1 .  

Peperite. Breccia formed of fragments of volcanic glassy material 
in a sedimentary matrix. The term has the genetic implication 
that the mixing occurred during intrusion of magma in wet 
sediments ( Wentworth & Williams 1932 ) .  It must be noted that 
the peperite of limagne ( Massif central, France ) for which the 
term has been used first are actually infilling of maar vents ( 
Tricot 1975 ) .  

Pyroclastic. Umbrella term for detrital material which has been 
expelled from a vent; may have been secondarily compacted ( 
Rittman 1962 p.74 ) .  

Seqregation vesicles. Vesicles lined with dark tachylite always 
finer grained than surroundings and interpreted as residual melt 
( Smith 1967 ) .  

Sideromelane. Transparent ( in thin section ) variety of basaltic 
glass lacking an opaque phase and formed by quenching ( e.g. 
Fuller 1932 ) .  

surtseyan. said of eruption occurring in shallow water 
environment and forming tuff cones of glassy material. The name 
refers to the eruption of the Surtsey volcano well documented by 
Thorarisson ( 1969 ) .  

Tachylite. Glass of basaltic composition rendered semi-opaque to 
opaque by the presence of dust or neddle-like c k y s k a b  and formed 
in a chilling environment beneath an insulating layer of 
sideromelane ( e.g. Fuller 1932, Schiffman 9 L o 3 r e h  1491). 

Tephra. Fragmental material torn off and ejected in solid or 
molten conditioc by gas of an eruption ( e.g. Rittman 1962 p.74 
1. Following Thorarisson ( 1969 1,  the products of surtseyan 
eruptions are referred to as submarine and subaerial te~hra* 



Vesicle. In this thesis the term is employed for bubbles partly 
filled with some kind of matter. They may have an irregular 
shape. 

SAMPLE NUMBER 

The samples referred to in this thesis are lodged in the 

University of Auckand as ( as example ) : 

M2290 : reference number of specimen housed in the mineral 

collection of the Geology department. 

40027 : reference number of rock sample housed in the reference 

collection of the geology department. 

LIST OF PRINCIPAL SYMBOLS 

d : Coefficient of isobaric thermal expansion ( OC-I 1. 

P : Coefficient of isothermal compressibility ( Pa-* 1. 
: Stress gradient; Eq.9.4 ( Pa-m-' 1. 

5 : Interval non loaded by internal pressure at the extremity of 
pressurised crack; p.8-41 ( m 1 .  

: Strain. 

& : Strain rate ( s-A 1. 

7 : Viscosity ( Pa. s . 
0 : Normalised temperature, Eq.9.2. 

0, : Normalised temperature, appendix 8C. 
j\ : Normalised position of the liquid-vapor interface of pore 

fluid = particular value of u, . 
,k : Shear modulus ( Pa ) ;p =E/2 ( l+v). 
V : Poisson ration ( v = - E ~ / & L  1 
V : Ratio of the circumference of a circle to its diameter. 
P : Density ( Kg/m3 1. 
6: Stress ( Pa 1 .  
(+' : Normalised pressure along heated surface, defined in appendix 

8C. 
cU : Normalised distance normal to heated surface, defined in 

appendix 8C. 

A : Pare pressure coefficient of Skempton for deviatoric loading 
( p.7-23  ). 

AD : Driving term of thermal expansion, Eq.9.9. 
B : Pore pressure coefficient of Skempton +or isotropic loading 

( p.7-22 1. 
D : Mass diffusivity ( mZ/s 1. 
DD : Ratio of thermal to hydraulic diffusivity defined in 

appendix 8C. 
db : Diameter of bubble ( m 1. * .. 
E : Young modulus, El=ini tial , EuR=unloading-reloading - - ( Pa 1 ; 

E=2(1+vT - - 

G : Constan proportional to the stress gradient ( Eq.6.1 1 .  
K : Distribution coefficient of a solute between crystal and 



l i q u i d .  
K r  : Stress i n t e n s i t y  f a c t o r ,  tension, E q . 8 . 4  ( Pa.mi8= ). 

K, : Permeabi l i ty  ( m= 1 
L : Length, f ig.5.2 ( m 1 .  
n : Porosi ty.  
P : Pressure ( Pa 1 .  
Pd : Dr i v i ng  pressure ( Pa ) . 
P, : Magmatic pressure ( Pa ) .  

q : Discharge v e l o c i t y  of  pore water, Eq.9.11 ( m/s 1 .  
R : Radius ( m 1 .  
R : I n  sec t ion  19.2.10, gas constant. 

k : Rate of  advance o f  f ron t  of c r y s t a l l i z a t i o n  ( m/s ) .  

Sr, SJ : Maximum and minimum reg iona l  s t resses ( Pa ) . 
T : Temperature, T,=magmatique, Tc=contact, T =host rock ( O C  1 .  
t : Thickness, fig.5.2, t,=at cent re  of e l l i p s e  ( m ). 
t, : Time ( s ) .  

U : Pore pressure ( Pa 1 .  
O U  : Var ia t i on  O f  pore pressure ( Pa ) .  

V : Volume ( m3 ) . 
V1 : Ve loc i t y  ( m/s 1. 
(r : Displacement, V==consol i da t ion ,  dm=dev ia to r i cT  VUN=undrained, 

V,,,=oedometric ( m ). 
W : Width, fig.5.2 ( m 1 .  
X r  : Normalized stress i n t e n s i t y  f a c t o r  ( Eq.8.9 ) .  



CHAPTER 1 

INTRODUCTION 



The North Island of New Zealand is characterised 

by large amounts of volcanic activity associated with the circum 

Pacific convergent plate margins tectonism. The active, 

rhyolitic, andesitic and basaltic volcanoes of the Taupo volcanic 

zone are well known; less known is the volcanism of Northland 

which started in Lower Miocene times and was a precursor to the 

Quaternary volcanism. 

The Lower Miocene volcanics are found along both coasts of 

Northland, the peninsula which extends north of the city of 

Auckland ( e.g. Fig.2.1 ) .  Northland has been moderately uplifted 
in late Miocene and coastal erosion has disclosed good cross- 

sections through these volcanics. 

1.1. Scope. 

On arrival in New Zealand, the task given to the 

writer was to study aspect of the Lower Miocene volcanics of the 

Kaipara harbour, Northland. The regional mapping of the area was 
completed in 1983 by another PhD student, F.Brook. The 

geochemistry of the Lower Miocene volcanics of Northland, 
including that of the Kaipara, was to be studied by Dr. Day, post 

doctoral fellow of the geology department of Auckland. This 

thesis is placed in between the works of Brook ( 1983 ) and Day ( 

post doctoral fellowship 1985-1986.) in that it looks at the 

volcanology of some of these Lower Miocene volcanics. The results 

of the work by Dr. Day however were not made available to the 
I 

writer during the time of the present study. The present work has I 

I implication for the regional geology. 

The primary aim of the thesis work was to investigate 

mechanisms of dike intrusion. The work was concentrated on a 1 Krn 

long outcrop along which several short dikes are very well 

exposed. The outcrop was selected by the writer because of the 

unusual structure of the dikes and the quality of exposure. The 

dikes are thin sheet intrusions, yet some of their features are 
common to pillow lava. 

Such bodies are particularly interesting in that they are an 
intermediate step between sheet intrusions in brittle dry rocks 

for which our understanding is advanced and intrusive pillowed 



sheets, many aspects of which are yet poorly understood. 

Dikes provide a wealth of informations of interest to the 

regional geology. They can be used to estimate the local or 

regional stress orientation at the time of intrusion. If mechani- 

cal properties of the host rock can be estimated, they can be 

used as pressure gGge ( and vice versa ) and can also record 

gradients in the stress field. 
Their cross-cutting relations provides important time markers 

and gives control on the evolution or change in the chemistry of 

rising magma in a volcanic centre. Mechanical effects generated 

during flow in the conduit can also be the cause of variations in 

the bulk chemistry of the magma. In addition many of the 
mechanisms operating in dikes during cooling can be applied at a 

larger scale to cooling of magma chambers and have implication on 

rock chemistry. 

Many dikes are directly related to superficial volcanic 

edifices and can provide informations on : i) the loci of 
structural weakness underlying the, edifice, ii) the distance of 

the magmatic source from dike tip or, iii) the distance from dike 
tip to the topographic surface. 

1.2. The Kaipara Harbour. 

The dikes crop out on Okahukura peninsula in the 

Kaipara harbour some 90 Km northwest from Auckland. The Kaipara 
harbour, an extensive drowned valley system, is separated from 

the Tasman sea by two arms of Pleistocene-Holocene consolidated 

ironsand dune deposits up to llOm high. It is shallow ( sand 

banks emerges at low tide ) and has a rich marine fauna. 

Landward, the harbour is borded by a dissected upland 100 to lSOm 

high forming three peninsulas, from north to south : Hukatere, 

Okahukura and Puketotara peninsulas ( Fig.2.1 ) .  These are formed 
of Lower Miocene rocks. 

The three peninsulas have been largely cleared of the native 

vegetation and, apart from pine plantation in south Hukatere, are 

all devoted to sheep and cattle farming. Inland, as in other part 

of Northland, the pedologic alteration can be several meters 
thick and exposure are poor. On volcanic rocks, the altered 



surface, rich in clays, tend to be muddy in winter and dry in 

summer. There are some blocws of siliceous sinter on Hukatere 

peninsula ( sample 40053 ) but there are no known ore deposits 

associated with the volcanics in the Kaipara. 

1.2.3. Orqanisation. 

There are three parts to this thesis. 

The geological framework is laid out in Part I, Part I1 is the 

modelling of the dikes and finally the results of modelling are 

discussed in their geological context in the last chapter. 

Part I lays down the geological context ( chapters 2, 3 and 

4 ) and describes the investigated object, the dikes ( chapter 5 

and magma in chapter 4 ) .  Dike intrusions however are not 
I 

independent discrete features ( like pillow lavas in water ) ,  

they imply local deformation of the surrounding rock mass. The 
description and understanding of the host rock is consequently of 

equal importance ( chapter 3 1.  

1 In the modelling work, three chapters out of five consider 

the mechanics of the intrusions since emplacement is initiated by 

I hydraulic fracturing. The investigation is conducted in three 

I 
steps : 

I i) Application of the elastic theory ( stress and deformations 1 ;  
I 

the results are informative in that they give indication on the 

mechanical properties of the host rock but some inconsistencies 

also appear. 

ii) The second step provides a simplified model for the behaviour 
of uncemented granular material. 

iii) In chapter 8, the third step, a model is chosen for the 

dikes described in chapter 5 and modelling is conducted. This 

yields an estimate of the driving pressure of the dikes. 

Chapter 10 and 11 look at other aspects of dike intrusions. 
The effects of tramport of energy ( heat ) is particularly 
important for these dikes because water was plentiful in the 

host rock. The effectsare not restricted to temperature changes 



but also include pressure changes ( chapter 9 ) .  

Magma is a complex substance which is not in equilibrium in its 

new superficial environment. Chapter 10 discusses magma rheology 

( the intruding fluid ) and the consequences of the change of 

state : liquid - >  solid + gas of the magma during cooling. 

In the last chapter, the physical implications of the 
combination of all the mechanisms is considered. Cartoon-models 

are proposed for the formation of the observed features of the 

dikes under the constraint of the modeling results. The 

consequences of some findings for the regional geology are 
summarised. 



PART I 

GEOLOGICAL F'RAME 



CHAPTER 2 

GEOLOGICAL SETTING AS DEFINED BY PREVSOUS WORKERS 
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This chapter presents a brief review of the 

geology of Northland with emphasis on the Lower Miocene 

formations of the West coast. 

2.1. Infrastructure of Northland. 

The crust of the North Island of New Zealand, as a 

whole, is continental i.e. 30 Krn thick ( Reilly 1978 ) .  

Three main units form the surface geology of Northland ( e.g. 

Thompson 1961, Thompson 1978, Lillie 1980 p.252 and 296, fig.2.1 

this thesis 1 : 

i) A basement of metagreyw&es mainly older than middle 

Cretaceous. 

ii) Uprooted, very tectonised but not metamorphosed 

sequences of Upper Cretaceous-Paleogene sediments with massifs of 

mainly pillowed basalts. 

iii) Discordant above older units, a pile of Lower Miocene rocks. 

The basement is tilted southwestward and is several 

kilometers below sea level along the west coast ( Reilly 1965, 

Woodward 1970, Hatherton & Sibson 1970, Hochstein & Nunns 1976, 

Cassidy & Locke 1987 ) where the mass of Upper Cretaceous- 

Paleocene sediments is thick ( fig.l.2 ) .  Along the west coast 
l 

and parallel to it, there is a linear magnetic anomaly some 10-30 
I 
I Km inland, It is believed to be due to a belt of serpentinite in 

basement rocks ( Hatherton & Sibson 1970 ) .  Faults and folds are 

locally abundant along the trend of the magnetic anomaly ( 

Hatherton & Sibson 1970, Brook 1983 foldouts 1 and 2 1 .  
The active Hauraki grab-en borders part of Northland to the East 

and penetrates inland near Whangarei head(Hochstein & ~l 1986 1. 
Quaternary eruptions of alkaline to transitional basalts formed 

strornbolian cones and maars in ~uhcland isthmus and lava sheets on 

large areas between Whangarei head and Whangaroa. 

Only the Lower Miocene pile is of concern in this thesis. 

2 .2 ,  The Lawer Miocene P i l e -  

Despite the tectonic disruption of Paleogene 



FIG.2.1. SIMPLIFIED 
GEOLOGY OF NORTHLAND. 

------ . , . . . east coast volcanic~ . .* , ------ (L.Miocene to Pliocene) 
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I \ ------ Undifferentiated tectonised 



FIG.2.2. SCHEMATIC WSW-ENE CROSS SECTION THROUGH NORTHLAND AT THE 
LATITUDE OF THE KAIPARA HARBOUR. 

( basement tilt and depth from Reilly 1965, Wodward 1970, 
Hatherton & A1 1970, Hochstein & A1 1976; thickness of Lower 
Miocene sediments from Bglance 1974 and Brook 1983. p : rock 
density [ ~ ~ / m ~  ] from Wddward 1970 1 .  
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sediments and the unconformable nature of the contact, fossils 

indicate that the time gap between deposition of the Lower 

Miocene sediments and underlying tectonised Paleogene sediments 

was non existent or very short ( Brook 1983, Kadar 1984, 86 ) .  

The Lower Miocene pile is cut in two groups, the older flysch 

deposits of the Waitemata group and the younger, benthic and 

volcanic rich sediments of the Waitakere group ( Ballance & A1 
1977 ) .  Brook ( 1983 ) proposed to change the boundary between 

the two groups as presented schematically in fig.2.4. The 

nomenclature of Brook ( 1983 ) who has worked extensively in the 

Kaipara area will be followed. 

A - The Waitemata group in the Kaipara area. 

According to Brook ( 1983 ) ,  it consists of ( fig.2.4. : 

i) a basal Timber bay formation, mainly turbidite deposits at 

bathv.al depth ( early Otaian 1; 
ii) a conglomeratic horizon and the Waihangaru formation interpr- 

eted by Brook ( 1983 ) as part of a upper bathyal fan system fed 

from the west-north west ( Otaian 1 .  
Temporal uplift of a narrow ridge separated a NNW-SSE "Kaipara 

basintt at the west from a N-S main lVPakiri basin" in the east in 

Otain times ( Hatherton & Sibson 1970, Hayward 1982, Brook 
1983 ) .  

B - The Waitakere group. 

This group ( previously Manukau Breccia; Thompson 1961, 

Schofield 1967 ) was proposed for coarse to very coarse volcanic 

rich beds and sedimentary products proximal from a volcanic 

source for the Waitakere ranges, the Kaipara and Waipoua area 

along Northland west coast ( Hayward 1976, Ballance & A1 1977 1 .  
There are many in situ pillowed or bun shaped basaltic andesite 
bodies intercalated in the beds of the Waitakere Group in the 

Waitakere ranges and in the Kaipara harbour. 

The volcanic rich rocks of the Waitakere group always overlie 

(conformably or unconformably ) the Waitemata group ( Bartrum 

1924, 29, Turner & A1 1929, Searle 1932, Powell 1935, Jones & A1 





1965, Schoufield 1967, Carter 1967, Bandy 6 A1 1970, Geelen de 

Kabath 1972, Ballance & Mc Carthy 1975, Brook 1983 1. 
There is an increase in the variety of tropical fauna in the beds 

of the Waitakere group ( Fleming & A1 1978, Grant Mackie 1979, 

Brook 1983 ) .  

* Kaipara harbour area. 

In the Kaipara, the Pakaurangi formation ( fig.2.4 ) ,  very 

fossiliferous, is the best defined. It consists of shallow 

neritic ( 0-200m ) deposits of late Otaian-early Altonian age ( 

Jones 1970, Brook 1983 ) .  It is inferred to interfinger with 

Oruawharo formation, a lens of llhyaloclastitell ( Ballance & Mc 

Carthy 1975, Brook 1983 ) .  

The Motuouhi formation overlies unconformably the Pakaurangi 

formation ( Carter 1967, Ballance & Mc Carthy 1975 and Brook 

1983 ) .  It is a vitric tuff with glass shards. The only 

macrofossil found on Okahukura and Puketotara peninsulas for this 

formation are wood fragments and plant debris ( Carter 1967 1.  
Scott proposed an early Altonian age for Motuouhi formation ( in 

Carter 1967 1 .  

* Non fossiliferous facies. 

The lack of fossils and the nearly exclusive coarse 

volcaniclastic content of the Puketi formation on Hukatere 

peninsula, and Piha and Lone Kauri formations in the Waitakere 

ranges, led some authors to group all this facies I Ferrar 1934, 
Jones 1966, Carter 1967 ) .  Recent workers considered that the 

Pakaurangi and Puketi formations of the Kaipara area are lateral 
equivalent of the Piha formation of the Waitakere ranges and that 

the Lone Kauri formation of Hayward ( 1979 ) is younger ( Hayward 

1976, 79, Ballance 1976, & A1 77, Brook 1983, also Searle 1932, 
fig.2.4 this thesis ) .  

2.3. Other Lower Miocene volcanics in Northland. 

As outlined by many workers ( Mc Pherson 1946, Grindley 
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A1 1958, Kear 1959, Thompson 1965, Scho-field 1968, Ballance 

1976, Brothers 1984 ) ,  Northland volcanism seems distributed in 

belts, with a western and an eastern andesitic belts ( fig 2.1 

and 2.2 1 .  

2.3.1. West coast. 

Apart from volcanic activity in the Waitakere ranges 

and the Kaipara harbour, there are two other volcanic centres of 

Lower Miocene age along the west coast of Northland : Tokatoka 

and Waipoua ( fig. 2.1 ) .  

* Tokatoka 

Black ( 1966 ) described more than 100 dikes and breccia 

dikes in the Tokatoka area. They have been radiometrically dated 

as Lower Miocene. They intrude Upper Cretaceous-Paleogene 

sediments and their strikes define ENE-WSW and NNE-SSW trends. 

The present topography is thought to be about lOOOm below the 
Lower Miocene paleosurface. 

* Waipoua basalts. 

The Lower Miocene Waipoua basalts ( fig.2.1 ) cover an area 
of about 500 km2 and are about 500 m thick in the west ( Wright 

1977 ) .  It is a strato volcano made of aerial lava flows with 

associated tephra ( Wright 1977 ) .  

2.3.2. East coast volcanism. 

Along the east coast, andesites of lower Miocene age 
are found from the Coromandel peninsula in the south to Whangarei 

head ( through the islands of the east coast ) and further north 

at Whangaroa harbour ( fig.2.l 1. 

2.4. Rock types and chemistry of the volcanics. 

* West coast volcanics. 



The following is the description of the west coast volcanics 

fromwaikatere, Kaipara, 'fokatoka and Waipoua from a geochemical 

point of view by Wright & Black ( 1981 1 .  This is the only paper 
of regional extent on the chemistry of these volcanics. The most 

abundant rocks are basalts and basaltic andesites; dacites are 

also present. Plagioclase is the dominant phenocryst with 

clinopyroxene, olivine, orthopyroxene and titanomagnetite also 

present as phenocrysts. Petrological analysis show that olivine 

was a fractionating mineral but not the plagioclase. 

Titanomagnetite was also important in the evolution of some 
I 

I trends. The values of the ratio 87~r/86~r are between 0.703 and 
I 

, 0.705 ( Stipp 1968 1. 
I 

The chemistry of the volcanics is typical of convergent plate 
I margin magmatism. Petrological data however makes it difficult to 
I 

choose between a back arc ( preferred in Wright & Black 1979 ) or 

an arc environment ( preferred in Wright & Black 1981 1 .  

* East coast volcanics. 

1 The east coast belt volcanics include uncommon rocks as 
I , plagioclase-amphiboles andesites with garnet and xenoliths of 
1 

amphibolites ( Hansen 1978 ) .  However, these andesites seems to 
have preceded most other volcanics ( Middleton 1983 1.  In 
general, the east coast andesites are relatively Si-rich with 

I orthopyroxene and hoLb1ende as a rather common phenocrysts. Also 
I 

present are dacites with minor rhyolites ( Black & A1 1979, 

Skinner 1983, Middleton 1983, White 1985 ) .  The value of their 

87~r/86~r ratio is also higher as compared to the west coast belt 

( i.e. 0.706-0.707 in Middleton 1983 ) .  

2.5. Post Lower Miocene tectonics. 

The Lower Miocene strata in the Kaipara harbour 

and the Waitakere ranges are tilted westward. They have been 
moderately affected by some faulting and folding. 

Some previous workers described NW folding in the Lower Miocene 

- rocks along .the west coast ( Arlidge 1955, Jones 1969, Geelen de 



Kabath 1972, Ballance & Mc Carthy 1975, Brook 1983 ) .  Approximate 

SW-NE minor folds have also been recorded ( Geelen de Kabath 

1972, Brook 1983 1.  

2.6. Geotectonic interpretations. 

The consensus of workers is that Northland Lower 

Miocene geology is closely related to the boundary between the 

Indo-Australian and Pacific plates and that this boundary was of 

a convergent type. 
Apart from Wright & Black ( 1979; back arc environment for the 

west coast volcanics ) ,  all authors link all the Lower Miocene 

volcanics of Northland directly with a benioff zone. 
They are however too few geological constraints and many possible 

configurations have been proposed. 

Subduction from ENE to WSW under Northland at Lower Miocene time 
is the hypothesis which has been proposed the most frequently ( 

Kear 1959, Hatherton 1969, Brothersl974, Sameshima 1975, Ballance 

1976, Cole & Lewis 1981, Ballance 6 A1 1982, Cole 1986 ) .  Other 

hypothesis are subduction from SE to NW under Northland ( 

Brothers 1984, 86, Kamp 1984, 86 ) or subduction from SW to NE 

under Northland ( Zonenstain & A1 1985 1 .  
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3.1. Introduction. 

On Okahukura and Puketotara peninsulas, in the 

Kaipara harbour, Northland ( fig.2.1 1,  Lower Miocene strata 
define a gently dipping monocline. Most formations of the 
Waitemata and Waitakere Groups ( fig.2.4 ) form long NNW-SSE 

bands which can be followed from one peninsula to the other on 
h 

, .  geological maps ( e.g. Ballance & Mc Carty 1975, 
I Fig.3.1 this thesis ) .  

The northwestern end of Okahukura peninsula, a topographic high, 

is made of volcanics defining an oblong shape on geological map ( 

Ferrar 1934, Thompson 1961 etc...). The-volcanics are referred to 
as Oruawharo formation ( Brook 1983 ) .  

The scope of this thesis was not as much to study Oruawharo 
formation than to study the mechanism of dike intrusion. However, 

as it will become apparent in the following chapters, there are 

tight links between the dike intrusions and stratigraphy. 

Oruawharo formation has been mapped in detail on the shore near 

the dike site ( fig.3.1 in cooperation with Assoc. Professor 

K.B Spdrli. The results are integrated with data from Brook ( 

1983 1 .  The shore platform was not visited west of the N-S line 
27 of Fig.3.1. Fig.3.2 gives the geology of the shore section I 

1 near the dike site. 

3.2. Underlying Waihangaru and Pakaurangi formations. 

Brook ( 1983 ) ,  on whose work Fig.3.1 is mostly 
based, recognised two different formations underlying Oruawharo 

formation on either side of the dike site ( see fig.3.1 ) .  His 

interpretation is followed in this thesis. 

The underlying formation north of the dike site is a monotonous 

finely bedded sequence of mudstone-sandy mudstones. In contrast, 

the underlying formation south of the dike site, contains thin 

beds of conglomerate and yields many well preserved at$ macrofossils. 

The clasts of the conglomeratic beds are igneous rounded. 

The writer reviewed thin sections of the collection of the 

geology Department, Auckand University. The bulk of igneous 



FIG.3.1. GEOLOGICAL MAP OF NORTH OKAHUKURA-SOUTH PUKETOTARA 

PENINSULAS. 

From Brook ( 1983 ) ,  modified near dike site. 

Topographic base and grid of NZMS 260 909, Kaipara Ed.1,. 

Side of grid square is 1 Km, topographic contours in meters. 

Oruawharo formation 

Motuouhi formation 

Pakaurangi formation 

Waihangaru formation 

Matapoura conglomerate formation 

Timber bay formation ( north east part of the 

map only ) . 
Ages and relationship oi the formations are given in Fig.2.4, 
modified for Motuouhi formation. 

x outcrop 
4 dip and stike of bedding 

X anticline 

syncline 

/ dike intrusion 
Named sites are often referred to in text. 

The points A and B are extremities of a cross section given in 

the last chapter. 
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material of all the lower Miocene formations from Timber bay up 

to Pakaurangi formation ( see fig.2.4 ) is the same, mainly 

tachylitic plus some well rounded dioritic clasts. Rounded 

crystals of green hornblende, nearly always present, often 

abundant, are a characteristic feature of these formations. There 

is no trace of glass shards but there are clasts similar to some 

in situ Lower Miocene andesites of Northland west coast in 
Pakaurangi and Okaroro formations ( see section 4.5.2 1. 
Foraminifera are present. 

3.3. Motuouhi formation. ( fig.2-4 ). 

This formation has been mapped by Carter ( 1967 ) ,  

Mc Carthy ( 1972 ) and Brook ( 1983 ) only at the western end of 

Puketotara and Okahukura peninsulas and is considered to be the 

youngest one ( fig.2.4 1 .  

* Lava tube site ( fig.3.2 1 .  

On the contact, at the lava tube site, the thinly bedded 
Waihangaru formation which extends northward is unconformably 

overlaid by : 

i) a decimetre-thick bed rich in fossil wood ( no thin section 1; 
ii) a decimetre-thick bed of conglomerate. This latter grades 

upward into a facies of Oruawharo formation which contains blocks 
of basalt and is part of Unit 1 of Oruawharo formation to be 

described in the following section. 

Brook ( 1983 ) ,  apparently considered these beds to be part of 

the Pakaurangi formation. However, the presence of wood has never 

been reported in Pakaurangi formation on Okahukura and Puketotara 

peninsulas. By contrast, wood is said to be abundant in the 

nearby Motuouhi formation. This bed rich in wood may therefore 

belong to Motuouhi formation. 

site 

Of two samples collected on the easternmost steeply dipping 

beds of the east limb of the anticline, one was identified as 
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characteristic of the Oruawharo formation and the other of the 

Motuouhi formation ( sample 40036 1. 
The Motuouhi formation has a very typical and uniquely 

homogeneous petrographical character ( personal observation of 

the reference collection of Auckland Geology Department ) which 

will be described in section 3.8. 

* Conclusion. 

At two localities, the anticline-syncline site and the lava 

tubes site, a thin horizon is present which has the 

petrographical character of Motuouhi formation or yields abundant 

pieces of wood. 

In a d d i t i o n  , a sample ( 11663 ) collected by Carter ( 1967 ) 

near the "top of Motuouhi formation" on Puketotara peninsula was 

identified by the writer as a typical facies of Oruawharo 
formation ( 99% pumiceous clasts of sideromelane up to lmm+ in 

size, see further description of Oruawharo formation ) .  It is 

therefore concluded that a bed(s) of Motuouhi formation underlies 

Oruawharo formation. The bed(s) of Motuouhi formation overlies 

unconformably the Pakaurangi and Waihangaru formations ( lava 

tubes site 1 .  This low angle unconformity is apparently regional 
( Carter 1967, Ballance & Mc Carthy 1975, Brook 1983 1. 
On Puketotara peninsula, the bulk of Motuouhi formation ( 30m+, 

Carter 1967 ) is unconformable on Pakaurangi formation and is 

overlaid by Oruawharo formation ( sample 11663 described above 1 .  
Therefore the decimetric bed(s) of Motuouhi formation underlying 

Oruawharo formation on Okahukura peninsula matches 

stratigraphically with the bulk of Motuouhi formation on 

Puketotara peninsula. 

Previous workers inferred that, in agreement with the 

inferred stratigraphic sequence ( fig.2.4 ) ,  the beds of Motuouhi 

formation at the nortkest end of Oruawharo formation ( see 

fig.3.1 1 overlies Oruawharo formation. This outcrop was not 
visited by the writer. It is noteworthy however that Motuouhi and 

Pakaurangi formations are in contact at this locality. The 

stratigraphy at this locality may be reinterpreted by future 
workers if the very proximal volcanic nature of Oruawharo 



formation is considered in which bedding often is oblique to 

lower contact ( see following sections of the present chapter ) .  

With.the present data however it seems likely that Motuouhi 

formation is present at one stratigraphic horizon only, below 

Oruawharo formation. 

3.4. Description of Oruawharo formation. 

Five distinctive units were identified in the area 

mapped ( Fig.3.2 1. They are described from bottom to top. 

A - Unit 1. 
At every structurally simple contact between the volcanics 

and underlying formations visited, there is a few decimetres 

thick layer of poorly sorted mainly sandy material. It always 

contains sparse broken blocks of columnar jointed basalt up to 50 

cm long and 20 cm wide ( fig. 3.3 ) .  Often, but not always, it 

overlies conformably, or begins with, the conglomeratic, gravdly 

bed described at the lava tubes site in the previous section. 

Microscopic examination of the matrix of Unit 1 shows it to be 

dominantly composed of pumiceous sideromelanitic material ( 

quenched tephra . The blocks are part of magma bodies that also 

have been vigorously chilled. They are made of very fine 

tachylite and are rich in drusy and segregation vesicles ( sample 

40040 ) .  Their texture resembles that of the dikes studied in 

following chapters of this thesis. Therefore the igneous parent 

bodies of these blocks were formed in a similar envirorunant which 

will be shown to be wet. 

Unit 1 of Oruawharo formation can lie either on Waihangaru, 

Pakaurangi or Motuouhi formations. Its lower contact is not 

always planar ( fig.3.3 ) .  

B - Unit 2. 

At the lava tube site ( fig.3.2 , there is an angular 

contact between a forget-like bedded unit ( compare Fuller 1931 

fig.l 1 and Unit 1. The Unit is composed of intact or broken lava 



FIG.3.3. BASAL CONTACT OF ORUAWHARO FORMATION. Erosional contact 
between a poorly sorted bed of breccia of Unit I, Oruawharo 
formation, and an underlying bedded formation; west contact of 
the anticline-syncline site ( fig.3.2 ) .  

FIG.3.4. VERTICAL SECTION THROUGH A LAVA TUBE OF UNIT 2. 
( cliff at the lava tube site, fig.3.2 1 



tubes in a fine matrix. Probably because of this structure ( 

lava tubes in fine matrix ) the Unit is mechanically unstable. 

The quality of the outcrops is rather poor and they are partly 

covered by debris of a modern slump. 
At the lava tubes site, four tubes have parallel long axis and 

point downward. One is seen for some 8 meters. At this locality, 

the surrounding fine material is faintly bedded and the plane of 

bedding carries the axis of the tubes. 

Bubbles are distributed concentrically in the tubes ( fig.3.4 ) .  

This phenomenon shared by the dikes will be studied in detail in 

chapter 10. There are also cavities with subhorizontal floor. 
I 

I These, attributed to partial drainage, are apparently common in 
I lava tube of forget bedded units of fluid basalt ( Fuller 1931 ) .  

Tubes are present in all the Unit but seem to be more and more 

I deteriorated southward at the approach of the following Unit. At 

the lava tubes site, there is a clear distinction between the 

hyaloclastite forming at the edge of these lava tubes ( equant 

angular clasts of sideromelane . 5  to 1 mrn thick with few rounded 
bubbles 1 and a fine tephra forming the matrix ( fibrous 

pumiceous clasts of sideromelane .5mm long ) .  However, near the 

contact with the overlying Unit 3, the matrix is mainly composed 

of very poorly sorted hyaloclastite ( i.e. subequant clasts of 

sideromelane with some rounded vesicles, dominant size .S to lmm 

) and bigger tachylitic clasts. 

C - Unit 3. 

Unit 3 overlies the disrupted southern end of Unit 2 ( 

fig.3.2 1. It is well bedded. The lithostratigraphic column is 

given in fig.3.5. After deposition of a couple of meters of 

material identical to Unit 2 '  ( blocks of scoriaceous tachylite, 

hyaloclastite ) ,  there is a rise in the content of fresh material 

in the form of quenched bombs. 

* Spatter level. 

The bombs are most abundant in a 1.3 m thick bed forming the 
spatter level ( fig.3.5 ) .  Descriptively, the bombs are very flat 



) and in several cases seem to have spread like broken - 
eggs ( fig.3.7 . The bombs are very vesicular and in some 

instance coalescence of bubbles produced glass shards inside the 
bombs. In some large bombs, there are big empty voids ( .- 

cm, filled with calcite in which float little broken ~lasts of 

the bombs ( sample 40030 ) .  The fractur,e of these little 

clasts seems to have been mainly brittle. The outlines of the 

cavity though is curve ( but this is not related to bubbles ) - 

with locally apophyses penetrating in the cavity. It is noted - - 

that cooling joints which occur at regular interval in the bomb, 

are lacking in the area of the cavity even though it is wider 

than the average joint interspace. Similar voids occur in the 

LITHOLOGIC SECTION OF UNIT 3 AT THE DIKE SITE. 

-*-- - local figures of hummocky cross 
- unit 4 - - stratification, current scour 

depression. ( note : features 
overemphasized ) 

in termediate  I rvd I 

spatter-like quenched bombs, 
broken scoriae still present. 

Very scoriaceous tachylitic 
broken clasts ( no quenched 
margin ) .  Matrix of 
hyaloclastite. 



FIG.3.6. VERTICAL CROSS SECTION THROUGH SPATTER LIKE QUENCHED 
BOMBS; UNIT 3 OF ORUAWHARO FORMATION. 

a) The diameter of this bomb at the base of the sparse spatter 
level ( fig.3.5 ) is more than 1.5m. Note that it sank into the 
underlying fine level : 

b) Bombs 
bottomed 

the spatter level ( fig.3 
convexe downward : 

. 5  1 .  The bombs can be flat 

FIG.3.7. HORIZONTAL SECTION THROUGH A SPATTER-LIKE QUENCHED BOMB, 
UNIT 3 OF ORUAWHARO FORMATION. 
The bomb seems to have spread at landing like a broken egg. Long 
diameter is 70 cm, narrowest section is 30 cm. 



local dike intrusions and discussion of their origin will be 
treated later in dike modelling ( section 9.24 p.9-13 ) .  

Small bombs are quenched too quickly for tachylite and cooling 
joints to form. Such little bombs can surround entirely volumes 

of matrix tephra ( sample 40038 I which suggests that they had a 
higher kinetic energy than the larger bombs. 
Each bomb is surrounded by a rind of hyaloclastites from its 
quenched margin. 
All the large bombs are found around the little creek just west 
of the scale in fig.3.2. The spatter bed has a limited extend 

southward ( fig.3.2 1 and block~of this bed brought down by the 
modern slump indicate that the size of the bombs reduces in a 
northward direction as well. 

Between the bombs, the matrix is composed of coarse ( few 
millimeters ) pumiceous clasts of sideromelane but not of the 
~kttchec! variety. There is no trace of welding nor deformation at 
the contact between the clasts. Apart from the large bombs they 

were all solidified when they agglomerated. 
There are voids of angular shape at some triple points between 
clasts of the agglomerate. Palagonitisation however renders 

difficult the estimation of the initial vesicularity of the beds. 
Near the contact with Unit 2 ( i.e. northermost part of Unit 3 1 ,  
Unit 3 dips southward ( i.e. toward the creek 1 .  At this 
location, some flat bombs are horizontal i.e. oblique to the 
bedding and piled together in an imbricated manner. This might 

indicate flowage southward which is also where the largest bombs 
occur. I 

A decimetre thick fine bed overlies the spatter level ( fig.3.5 
1. There is recurrence of spatter-like bombs above this thin bed 
but these are now sparse. The big bombs which immediately 
overlies the thin bed sank into it of some 10 centimeters or more 
( e.g. fig.3.6 ) .  This suggests that this bed was very soft, 
likely in a mobilised or fluidised state when the bombs landed. 

D - Unit 4. 
The sparse spatter level is again overlaid by fine grained 

material. These overlying ( and generally fine grained beds ( 



own to the anticline-syncline site ( 

o be at least 8 m thick in the shore 

lways present. They are interpreted as current scour hollows. 

..The bed of this unit are made of pumiceous clasts of sideromelan 

,,' of more SI'*ekhed habit than spatter level' ( Fig. 3.8 ) .  They are 
also better sorted ( clast .5 to 2mm in an analysed sample but 

many beds are finer grained ) .  I .  
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This name has been given to the facies which occurs in a 
4 quarry 80 to 90 m higher topographically. The quarry with two . 

excavation levels is at least 20m high. The Unit is composed of 
Iti-. 

1 massive indurated apparently homogeneous beds .3 to 2m+ thick. 

They are separated by fine levels about 1 cm thick ( fig.3.9 1. 
The beds contain oblong compact blocks generally with a curve 

quenched margin. When present, the quenched margin is limited to 
one side of the block. In contrast to the other Units of 

Oruawharo formation, most of these blocks completely lack 

vesicles. When these are present, elongated patterns are oblique 
to the margin. The blocks are not derived from underlying -3% :\. . .*, 
formations, they have the typical petrography of Oruawharo "2 : 

formation. In thin section, drusy vesicles makes half of the 

volume of the blocks then implying swelling during cooling ( for 

origin of drusy vesicles, see section 10.2.10 ) .  This might 

explain the roundedroutlook of the blocks. The blocks also 

contain fragments of basalt of slightly different state of 

crystallization. The blocks are usually near the base of the 

beds. They are oblique to the contact and parallel to each other 
similar in orientation to imbricated pebbles. It is not, however, 

imbrication as the blocks do not touch each other and are 

surrounded by matrix. 

The matrix is very poorly sorted w A t h  clasts ranging from 



FIG.3.8. PALAGONITISED CLASTS OF PUMICEOUS SIDEROMELANE ( SkrchhrL 
VARIETY ) ; ORUAWHARO FORMATION, UNIT 4 ( ~ b m  plt 400)3). 

Scale bar : 1 m. The clasts are altered to smectite. Transparent 
mineral between clasts is phillipsite. 

FIG.3.9. MASSIVE BEDS IN A QUARRY 90m ABOVE SEA LEVEL, UNIT 5 OF 
ORUAWHARO FORMATION. 
Note the low angle dip fault from top left to bottom right. 1t 
dips westward toward the geographic centre of Oruawharo 



gravel size to broken crystals a few 10-lrnm in length. The 

clasts are pumiceous and generally of the $ ) - t o t c h d  variety when 

smaller than lmm. 

In the quarry, the beds are truncated by a conspicuous west 

dipping low angle fault ( fig.3.9 ) .  There is at least another 

plane surface of the same strike, and also dipping west, in this 

quarry. 

3.5. Volcanoloqical interpretation of Oruawharo formation. 

Before analyses in the structurally more complex 

areas, it is worth to decipher the informations given by the 

simple Units 1 to 5. 

The material of these Units is obviously produced directly by 

volcanic eruption under water and will be referred as subaqueous 

tephra. Under water, bombs with diameter up to 1.5 m can only 

agglomerate in the immediate vicinity of a vent ( Kokelaar 1986 

p.281 ) and the bombs of the spatter level, often with fragile 

apophyses have not been posteriorly displaced . Thus, at least a 
part of Oruawharo formation can be referred as part of a volcano. 

200+m volcanic piles of quenched basic material are characterstic 

of surtseyan activity ( e.g. Camus & A1 1981, Wohletz & Sheridan 

1983, Lorenz 1986 ) .  Oruawharo formation is thus part of a 

surtseyan type volcano, this will be pr-oved in the following. 

A - Unit 1. 

Breccias are often found at the base of surtseyan type 

volcano ( Wohletz & Sheridan 1983 ) .  It is noted that, in the 

area described, the breccia, Unit 1, apart from the gravdly level 

sometime present at its base, is composed mainly of juvenile 

material. 

B - Unit 2. 

This Unit re-sembles forket bedded breccias which forms when 

a lava flow met a large volume of water ( e.g. Fuller 1931 ) .  The 

lava tube of Unit 2 however are interbedded, at least locally, 



with pumiceous s t d c h e d  tephra and no lava flow has ever been 

reported in Oruawharo formation. 
In fact, the facies of Unit 2, with lava tube, hyaloclastite and 

tephra, is quite precisely the one predicted by Kokelaar & Durand 

( 1983 p.245 ) and Kokelaar ( 1986 p.281 ) for the under-water 

growth of surtseyan volcanoes. Such deposits are inferred at a 

depth which must exceed 45m below sea level for the Surtla 

volcano ( satellite of Surtsey volcano, Kokelaar & Durand 1983 1.  
The vent which fed this Unit has to be found northwest of the 

lava tube site. 

C - Unit 3. 

The size of the spatter-like bombs decreases northward and 

southward away from the little creek ( left of scale in fig. 3.2 

) of the dike site. Therefore, the vent is inferred to be 

somewhere along a line passing through the middle of this 

creek and might be at the origin of formation of the creek 

itself. 

Quenched bombs similar to those of Oruawharo, even though not as 

large and not as spatter-like, have been described in the shallow 

marine deposit of the "green tuff region" of Japan ( also of 

Miocene age, Yamagishi 1982, Komatsu & Takegawa 1985 1 .  
Talandier & Okal 1984 described spatter cones which formed at 40m 

below sea level on the Mc Donald seamount between 1977 and 1981. 

Those already resemble subaerial spatter cone ( Talandier & Okal 

1984 fig.3 ) .  Bombs dredged at the surface of the Surtla volcano 

at 45m below sea level by Kokelaar & Durand ( 1983 lack 

selvedge of sideromelane. 

For Oruawharo volcano, all material erupted from the vent 

near the dike site has been firmly quenched. Due to quenching of 

the small clasts and formation of hyaloclastites around the 

bombs, the fall did not produce spatter cone but discrete 

spatter-like bombs in a glassy matrix. Judging from the pumiceous 

texture of the clasts, the driving energy of magma ejection, gas 

expansion, was strong. This suggests, by reference to the 

observations of Kokelaar & Durand ( 1983 1 and Talandier & Okal ( 

1984 on modern shallow basaltic marine eruptions, that the vent 



opened at a depth below water surface significantly superior to 
45m. 

As a consequence, Fig.3.5 is a cross-section through the deposit 

of a fountaining event below a column of water at least 50m in 

depth. The first beds are mainly reworked material of the 

immediately underlying Unit 2. 

At the time of fountaining, a cupola of steam of limited extent 

may have formed temporarily above the vent retarding cooling I 

( Fuller 1940, Kokelaar 1986 fig.4 ) .  This triggers a 

convectional flow of the surrounding mass of water with cold 
I 
I water directed toward the eruptive column and at the base of this 

1 column ( Nayudu 1970 1 .  Therefore, the sedimenting blobs and 
I clasts of lava had necessarily to pass through, and land in, cold 

I water. 
By comparison with emulsion ( here fluid basalt-confined vapor 1 ,  
the ejected blobs of lava probably had a spheroidal to 

ellipsoidal shape ( Fuller 1940 ) during their ballistic 

transport. They flattened at landing ( fig.3.7 ) .  

Bomb imbrication on the steep side of the vent ( likely the edge 

of the cone of Unit 2 ) indicates the occur'ence of small scale 

gravity sliding toward the vent. 

I D - Unit 4. 

In contrast to the underlying agglomerate, the beds of Unit 
4 have been somewhat sorted. The sedimentologic features of these 

beds can simply be explained by currents action. Harms & A l  ( 

1982 Fig. 2.5 ) indicated that, in sandy sediments, large scale ( 

i.e metric to decametric features ) hummocky cross stratification 

are formed by current with a velocity in the interval . 5  to lm/s. 

On the top of Surtla volcano, at a depth of 45m, Kokelaar & 

Durand ( 1983 ) observed current-scour depression up to LO cm 

deep around blocks. The current had a velocity of . 5  to 1 m/s. 

For the Oruawharo volcano, the origin of such currents, at a 

depth in excess of 50m, the variablility of their direction as 

indicated by hummockY cross stratification ( Harms & A1 1982 1 

should be related to the eruptive dynamism ( Nayudu 1970). 



Unit 4 is not a facies very proximal to a vent. A likely 

explanation is that the eruption started to concentrate at a 

wider vent building a cone plus apron at some distance away from 

the dike site and that the products of the two vents started to 

interfinger. 

Thus, the fine grained layer which interrupts the two spatter 

levels may be a first influx from the outside source and can have 

contributed to slow down fountaining at the dike site vent. 

Further input after the sparse spatter level ( plus/or 

prefe-rential flow of magma in the feeding system toward the 

biggest vent? ) would have definitely obstructed this ephemeral 

vent. The free sinking of the bombs in the fine bed which 

separate the two spatter level is compatible with such an 

interpretation. 

E - Unit 5. 

* Massive beds in phreatomagmatic edifices 

Massive beds of metric thickness separated by thin, fissile 

laminae of fine material and generally deeply palagonitised is a 

common facies of surtseyan and maar edifices according to Wohletz 

& Sheridan ( 1983 ) .  Wohletz & Sheridan ( 1983 p.389 ) 

interpreted such beds as deposited partly by base surge and 

partly by fall. Camus & A1 ( 1981b ) however, described indurated 

beds, metre thick, poorly sorted and with rare cauliflower bombs 

and accretionary lapilli as wet flow ( "colate di fango" or 

"coulees boueusesu ) .  These are interbedded with base surge 

deposits in the subaerial edifices studied by these authors. 

Camus & A1 ( 1981b ) described features of viscous flowage such 

as planar fabric of vesicles, flute casts and load cast. The flow 

either spread on the outer slopes of the edifices or were trapped 

in the crater. Ross ( 1986 ) also interpreted thick indurated 

beds ( his fig.10a 1 ,  this time in surtseyan deposits, as formed 
by dense wet pyroclastic flows generated by the fall of the wet 

cypressoid jets. Lorenz ( 1986 ) described massive beds forming a 

large volume of deposits in vent of maars and estimated that they 

formed by collapse of the water rich rim beds of the crater. 



These turn to lahar and flow back into the vent. 

* Unit 5 of Oruawharo volcano. 

By reference to the above studies/interpretations, the beds 

of Unit 5 are interpreted to be part of a proximal outer slope, 

or to be the infilling of a mature vent of surtseyan type. 

Typical base surge features ( antidunes, dunes, cross laminations 

etc... ) have not been observed. The regular orientation of the 
oblong compact blocks observed at the base of several beds 

suggests that the bed flowed. If such flows are initiated by 

massive collapse of ejecta of cypressoids jets or by liquefaction 

of rim beds as inferred by Ross ( 1986 ) and Lorenz ( 1986 ) ,  

then, it is reasonable to consider that the blocbwere initially 

randomly oriented. In such a case, the model of Blanchard & A1 ( 
I 1979 ) which treats of orientation of planar tablets during ~ 
I flowage in conduits applies for the lower part of the flow. It 

indicates that the beds flowed in a northward direction? 

The macroscopic features of the blocks described in these flows ( 

p.3.13 ) are characteristic of cauliflower type bombs present in 

subaerial phreatomagmatism ( personal observation of the writer ~ 
at Puy de Crouelle, a maar of the french Massif Central ) .  Many 

1 of their microscopic features point to the same origin ( Lorenz 

1974 ) .  Bread crust surfaces may be present but are difficult to 

identify on simple vertical cross sections through the bombs. 1 
Cauliflower type bombs are typical products of maar and are ~ 

I found only in the final deposits of the two modern Surtsey and 

Capelinhos volcanoes when in their subaerial stage ( Lorenz 1974, 

Camus & A1 1981a ) .  Such bombs form only when there is not a good 

contact between magma and water and are diagnosis of subaerial 
environment ( Lorenz 1974, Camus & A1 1981a 1.  
Oruawharo volcano therefore emerged from water and the massive 

flow Unit formed into, or outside of, a mature crater. Oruawharo 

volcano can be directly compared with the Capelhinos and Surtsey 

volcanoes whose eruptions, products and structures have been 

described in detail by volcanologists ( e.g. Lorenz 1974, Camus & 

A1 1981a, Moore 1985 1 .  



One of the more conspicuous feature of the Capelinhos and 

Surtsey volcanoes is the observed remarkable abundance of 

concentric crescent normal faults formed during collapse events 

penecontemporaneously with or posteriorly to the eruption ( 

Lorenz 1974, Camus & A1 1981a, Moore 1985 1. 
Two swarms of postsolidification faults have been crossed by 

the drill core through the Surtsey volcano. Their dip toward the 

central vent is in the range 45 to 80° with a mean of 60° ( Moore 

1985 fig.6 1.  The dip of the faults are inferred to flatten 
toward the vent i.e. their dip decrease inward ( Moore 1985 

fig.9 1 .  A geometric consequence of the decrease of the angle of 

dip of normal faults is the backward tilting of bedding of the 

downfaulted blocks ( Coletta & Angelier 1982 ) .  

On the basis of the above, the low angle fault of fig.3.9 which 

dips toward the geographical center of Oruawharo formation is 

interpreted as a post eruptive crescent shaped, gravity driven 

normal fault. These data point to the existence of a mature vent 

in a north to west direction from the quarry. 

Analysis of the five mapped Units in the relatively central 
part of Oruawharo formation characterise these deposits as being 

consistent with a volcano. The volcano erupted on the sea floor ( 

or lake floor ) at a depth in excess to 50m and grew to a mature 
subaerial stage. Fig.3.10 gives a schematic but well constrained 

interpretation of the central part of the edifice. 

It must be emphasized that the structure is simple, not disrupted 

posteriorly by tectonic. North of the lava tube site, Waihangaru 

formation dips slightly to the west as do all the formations in 

this part of the Kaipara for many kilometres ( fig.3.1 1. The 
same is also true south of the dike site if we ignore the 
anticline-syncline site. The regional contact between Waihangaru 
and Pakaurangi formations is expected approximately at the 

position of the present shore ( fig.3.1 ) .  Consequently too much 

importance should not be given to the fact that Waihangaru 

formation occurs at the north and Pakaurangi formation at the 

south of the dike site vent. This, however, further confirms the 

unconformable nature of the contact of Motuouhi-Oruawharo 

formations ( erosion of Pakaurangi formation 1. 



FIG.3.10. SCHEMATIC AND INTERPRETATIVE VERTICAL CROSS SECTION 
THROUGH ORUAWHARO VOLCANO ( NOT AT SCALE 1 .  
The lower part of the sketch represents the dike site ( sea level 
) the upper part the quarry ( altitude 80 to 90m . Motuouhi 
formation omitted for clarity. 

toward centre 
of Oruawharo formation U N l T  5 ( q u a r r y )  

D i k e s  s i t e  V e n t  o f  
U N l T  3 



3.6. Structures peripherical to Oruawharo formation. 

In contrast to the very simple structure of 

Oruawharo formation schematically shown in fig.3.10, there are 

two small area, just at its contact with older formations, where 

part of, or all strata define very sharp folds. These are the 

anticline-syncline site ( fig.3.2 ) and the northern site ( 

fig.3.1 ) .  

If these two decametre-size outcrops are ignored, then, the 

structure of all the western parts of Okahukura and Puketotara 

peninsula is the one of a simple monocline with a lo0 dip to the 

west. There are very minor exeptions to this, one of them being 

the strike of the massive beds in the quarry. This, however, may 

be an original feature of the volcano. 

Thus, the presence of the volcanic edifice should be remembered 

when interpreting apparent discrepancy in the regional structure. 

3..6.1. The anticline-syncline site. 

A - Description. 

Fig.3.2 ( Fig. 5.1 farther on in this thesis presents 

more detailed map ) shows the presence, at this site of a NNW- 

SSE syncline and of a parallel anticline in a width of less than 

15m and with dips up to 70° on their east side and 30° on their 

west side. In length, this disrupted area does not exceed 100m. 

One hundred meters to the south, the Pakaurangi formation is 

subhorizontal and only affected by a few E-W normal faults. Ten 
meters to the north of the site, after a thick dike intrusion, 

the strata dip regularly to the SW. The area of fold is cut by 

many faults defining "blocks" no more than 15m wide and often 

surrounded on all sides by faults. Due to movement of the faults, 

different lithologies border each other. On Fig.5.1, starting 

from the dike labelled H, and following the shore southward, one 

walks successivelly, in the space of 20m, in a cone Unit of 

broken lava tube or pillow lavas then an older formation ( 

Pakaurangi or Waihangaru ) and, at last on Unit 1 of the volcano. 
There is apparently neither folding nor bending in each of these 



three blocks but there is no coherence of their strike and dip ( 

respectively N105E-25N, N25E-SSE, N140E-30SW see fig.5.1 ) .  These 

three blocks are in fault contact with the northernmost syncline 

seen on a width of several meters only and faulted along its 

hinge. There is locally a breccia at the contact between the 

broken pillow lavas and the older formation ( shore cliff ) .  At 

the SE of the area of folds, at the base of the shore cliff, 

there is, locally, a facies of very finely bedded well sorted 

tephra unknown from the adjacent Units of the volcano. 

Only the contact between Unit 1 of the cone and older formations 

is characteristic enough ( Fig.3.3 1 to be followed exactly. It 
gives a good picture of the fault array of the disrupted area. 

These faults, and others, certainly affect the anticline and 

syncline as well but cannot be mapped so precisely. 

B - Interpretation. 

NNW-SSE trending folds exist regionally. There is a well 

defined band of folds and faults running along the eastehost 

side of Okahukura, Puketotara and Hukatere peninsulas, however 

there is no clear fold pattern on the west side of the three 

peninsulas where the dip of strata rarely exceed 15" ( Brook 1983 

) .  Oruawharo formation is on the west side of Okahukura 

peninsula. The folds at the anticline-syncline site nevertheless 

are parallel to the strike of the regional monocline and may be 

secondary folds linked to this structure. 

Several features of these folds however are uncommon : 

i) The strong dip of the flanks of the folds is limited in 

extension to a lOOm long area in an otherwise unfolded zone which 

crops out at either end. 

ii) There is an intense faulting localised to the folded area. 

iii) Blocks of different lithologies, some of which unknown in 

immediate surroundings, are present side by side. 

Because the structure is at the base of a volcano and crops out 

at 300m only of an inferred small vent, there may be some 

alternative explanation to the regional tectonic origin. 

Collapse, swelling or explosive events of volcanic origin might 



deform the immediate surroundings of a vent and the anticline- 

syncline like geometry may also be due to juxtaposition of long 

but broken slices trending NNW-SSE. 

A structure of this kind can be observed three dimensionally in 
the Waitakere ranges in a volcano or volcanic centre south of 

Bethel beach ( N41/975535, Te Henga member of Hayward 1979 ) .  A t  

this locality there is a 50m long panel of white bedded 

sedimentary rocks in a vertical position, broken and bended at 

its base and amid quenched dark volcanic material. The vertical 

block is also bordered by dike intrusions ( wri-ter personal 

observation 1 .  
There is no outcrop on either side ( cliff and sea ) of the 

anticline-syncline site which crops out nearly exclusively on a 

horizontal plane i.e. in two dimensions only. The available data 

are somewhat insufficient to decide for the origin of the 

disrupted area. 

3.6.2. The northern site. 

A sharp anticline in some aspects reminiscent of the 
structure of the anticline-syncline site was mapped farther north 

( northern site, Fig.3.1 ) by Brook ( 1983 1. 
Again, amongst an area of regularly and gently dipping strata ( 

dip < lo0 ) ,  nearly at a point, occurs a sharp anticline. Only 

its east side is really anomalous in the structural surrounding, 

but this is not limited to the dip ( 7S0 ) but also is true for 

the strike. The structure is perpendicular to the regional 

r n ~ h o c l i h e .  The last dip recorded in the tephra by Brook ( 1983 ) 

east of the anticline ( Fig.3.1 ) is virtually at right angle to 

the east limb of this anticline. The writer propose to interpret 

the anticline as a normal eastward downfaulting ( Fig.3.11 with 

limited ductile deformation at contact. 

3.6.3. Southernmost contact of Oruawharo formation and siqmoid 

intrusion site. 

Examination of the southernmost contact between 

Oruawharo formation and Pakaurangi formation shows that the 



contact is close to the vertical since it starts from sea level, 

crosses through a relief 80m high and finishes at sea level I 

I 
I without having been really affected ( Fig. 3.1; crosses are 
I outcrops; mapping from Brook 1983 ) .  

The contact may be explained by a NlOO regional fault. None of 

the previous workers ( Ferrar 1934, Thompson 1961, Mc Carthy 

1967, Ballance & Mc Carthy 1975, Brook 1983 ) has inferred the 

presence of a fault at this contact and there is no NlOO faults 

on the three peninsulas of the Kaipara harbour ( Thompson 1961, 

Brook 1983 1. There are important E-W faults farther north in 
I Northland ( Thompson 1961 ) .  
I 

The presence of a fault may also be related to the volcanic 

edifice or alternatively the contact is of intrusive nature ( 

diatreme 1 .  
Five hundred meters north of this contact, at 

intrusion site ( Fig.3.1 , the pumiceous tephra ( 

to 4 mm ) seems entirely structureless on the few 

on the shore cliff. In addition, it appears to be 

compacted ( large interstitial space left between 

intensely zeolitised while plagioclase are partly 

, the sigmoid 

clasts of .5 

meters visible 

very little 

clasts 1 and is 
replaced with 

calcite sample 40039 1 a substitution which has not been 
observed in other parts of the volcano. 
This alteration together with the unusual uncompacted nature of 

the tephra and the total lack of structure might be explained by 

fluidization. 



3.7. Alteration minerals in Oruawharo volcano. 

Secondary minerals have not been systematically 

studied. The following paragraph gives the nature of some 

secondary minerals collected at the dike site by Professor Black. 

These minerals have been identified by Dr Sameshima and the 

writer using X-ray diffractometry. 

The sample of tephra shown in fig.3.8 has been entirely 

devitrified and is now composed mainly of smectite ( 2/3+ of the 

rock ) and phillipsite ( 1/3- of the rock). 

All other determinations are from well crystallised forms on 

joint surface faces and in cavities of lava tablets and dikes. 

These are : 

i) Abundant pink fibrous calcite forming centrimetric wide 

masses(Sdm p r  ti 2942). 
ii ) Abundant chabazite ( crystals 1-2 mm long ),(Sample H 294 1 ) .  
iii) Abundant rhombohedric clear calcite ( crystals 2-3 mm 

long 1. 
iv) Abundant massive honey colored calcite ( centimetric masses). 

On the available sample, calcite postdates chabazite and is 

itself coated with lamellae of limonite ( this latter identified 

by Dr Kobe , Department of Geology, Universitty of Auckland ),(5ampk f l 2 q q 4 ) .  

V) Local, but centimeter thick, aggregates of apophyllite ( 

showing pearly irridescent lustre on cl~vage faces of milky white 

crystals ) .  There is intergrowth of chabazite with the 

apophyllite (Sam ple fl2495). 
vi) A small filling ( 2-4 mm ) of green-grey fibrous mineral was 
identified as aragonite(5ample M 2993). 

The cell dimension, ahex and chex and cell volume, vhex, of 

the chabazite was determined from the XRD data using a program of 

Dr Sameshima as : ahe, = 13.884 A ,  Chex = 15.137 and Vhex = 
2 5 1 2 . 4  A 3 .  The unit cell of Oruawharo chabazite is larger than 

those of the same mineral found in lower Miocene sedimentary 

strata in Northland ( Sameshima 1978, table 4 ) .  Chabazite with a 

large unit cell is typically found in basic igneous rock ( 



Sameshima 1978 p.312 1 .  

3.8. Petrwraphy of Motuouhi formation with volcanoloqical 

interpretation. 

Motuouhi formation, which immediately underlies 

Oruawharo volcano ( section 3.3 ) ,  is also of volcanic nature and 

is said to have a local derivation ( e.g. Ballance & Mc Carthy 

1975 ) .  The beds of Motuouhi formation are very fine grained and 

must be studied microscopically. 
I 

The following description is based only on the samples from the 
I 
I anticline-syncline site ( fig.3.1 ) and from Puketotara 
I 
I peninsula, collected respectively by the writer ( this thesis ) 

I and Carter ( 1967 ) .  As discussed in section 3.3, these are in 

the same stratigraphic position. The conclusion of the present 

section may not apply to beds present at a different 

stratigraphic horizon and included in Motuouhi formation by Brook 

( 1983 ) .  The petrography of the latter beds i 5  unknown. 

The formation contains abundant ( 70-95% ) and fresh minute 

shards of sideromelane together with 5 to 30 vol% of clasts 

similar to underlying formations ( tachylitic clasts, rounded 

green amphiboles, rare pellets of glauconite etc... 1.  
Foraminifera are rather abundant as is wood locally. Judging from 

the sampling of Carter ( 1967 ) ,  there are on Puketotara 

peninsula rare beds with inversion of proportions in which lithic 
I 

clasts of underlying formations are dominant. In the followings, 

the clasts of sideromelane are described and interpreted in 

volcanological terms. The other petrographic characteristics of 

the formation are then related to this interpretation. 

A - Description of the clasts of sideromelane. 

In sample from the present outcrops of t l ~ t u o u h i  formation, 
the biggest observed clast of sideromelane or of broken ( always 

) phenocrysts is .lmm. The dominant size of these clasts is only 
a few 10'~mm. The clasts of sideromelane are very angular. The 

curved or elongated shape of the sides of many clasts indicates 



that they were part of bubble rims but many other sides are flat 

and cannot have formed by bubble rim coalescence. The shape of 

the clasts is dominantly plate like. Phenocrysts have also been 

completely shattered into minute angular clasts. 

The sideromelane is honey color, re-sembling that of Oruawharo 

formation. Carter ( 1967 p.100 ) measured for the glass a 

refraction index of 1.54 to 1.545 from which he estimated a Si02 

content of 55-56%. 

B - Origin of the shards of sideromelane. 

The abundance of fresh shards of glass ( 70 vol%+ ) ,  absent 

in the underlying formations, implies a fresh input of magma at 

the time which corresponds to this stratigraphic horizon. The 

glass is sideromelane which further implies some sort of magma- 

water interaction. Thus, a priori, Motuouhi formation may have an 

origin similar to that of Oruawharo formation. 

However, there are not in Oruawharo formation, which represents a 

large section through a typical surtseyan edifice, tephra units 

formed of clasts similar to those of Motuouhi beds. The 

hyaloclastites forming at the edge of lava tubes or bombs ( Units 

2 & 3 ) are formed of clasts with a subequant shape in the size 

range mainly of .5 to lmm. 

Complete shattering of the pumiceous fragments ( of the type of 

fig.3.8 ) may yield glass shards similar to those of Motuouhi 

formation. The glass shards of Motuouhi formation cannot 

conceivably be produced by sedimentary abrasion. Actually, their 

angularity and preservation of fragile corners indicate that they 

have been little affected by sedimentary transport ( also Carter 

1967 1. It can be also shown that formation by other mechanical 

crushing is untenable. 

Therefore : 

i) the shards are primary product of an eruptive mechanism; 

ii) the eruptive mechanism is different from those which produced 

Units 1 to 5 of Oruawharo volcano. 

Wohletz ( 1983 ) proposed an arbitrary classification of 

pyroclasts morphology in 5 types and determined the relationship 



between each type and the dynamics of eruption in presence of 
water which produced them. The large pumiceous clasts of 
Oruawharo formation, and of surtseyan activity generally, enter 
his type 2. 
The minute pla-ty glass shards which form some 70 vol% of 
Motuouhi formation are typical of his type 5. 
The pyroclasts type 5 of Wohletz ( 1983 are characteristically 
smaller than .lmm and plate like. Their natural occurence 
together with results of experiments indicate, apparently 
unambiguously, that it corresponds to eruption with the optimum 
mass mixing ratio of water to basalt melt ( .3 to . 4  ) i.e. 
eruption of the more explosive e.g. maar nature ( Wohletz 1983, 
Sheridan & Wohletz 1983 1 .  This type of pyroclast is formed 
during hydrovolcanic fragmentation after strong vesiculation ( 

wohletz 1983 1 .  
According to Wohletz ( 1983 )Is research, the volume of 
pyroclasts smaller than .06 mm in size rarely exceeds 40% of 
total pyroclast volume even in base surge deposits in which they 
are the most abundant ( his fig.4 ) .  The mean size of Motuouhi 
clasts is significantly smaller than the cited boundary and such 
clasts form nearly the whole volume of pyroclasts. This suggests 
that Motuouhi formation is constituted of primary products of a 
nearby maar-type eruption but that the material has been sorted ( 

coarse fraction missing ) .  

C - Other components of Motuouhi beds. 
Because of their explosive nature, maar eruptions form deep 

craters, 1.e. diatremes, and their juvenile fragments are always 
mixed with a large proportion of basement rock ( > 10%; Camus & 

A1 1981, Wohletz & Sheridan 1983, on average 80 % at the west 
eifel maars in Lorenz 1986 ) .  

There are 5 to 30 % of non juvenile clasts ( average size .lmm 1 
of lithology typical of underlying Lower Miocene formations in 
Motuouhi beds. 
In addition, Motuouhi formation, presents some peculiar 
characteristics : 
i) It tends to be richer in foraminifera than underlying 



formations. 
ii) It is locally rich in wood fragments. Wood fragments are 

absent in all other formations. 

Many foraminifera, lens shaped, have a thick hyaline test 

suggesting benthic environment. Some of the foraminifera, however 

are pelagic Miliole ( identification by Dr M Gregory 1984 
Deparment of Geology, University of Auckland ) .  At least in some 

cases, the Milioles are part of micritic clasts. Because maar 

eruptions form deep diatreme, such clasts may be derived from the 

Paleogene argillaceous biomicrites present regionally. 

The optimal ratio of magma-water interaction is only possia in 

subaerial conditions i.e. on land ( maar ) or in the later stages 

of surtseyan eruptions ( e.g. Sheridan & Wolhetz 1983, Lorenz 

1986 ) .  The main eruptive mechanism is the base surge. These are 

horizontally moving clouds with initial velocity of more than 

50m/s which carry clastic material for many kilometers. They sand 

blast and knock down trees in a wide area ( Moore 1967 ) .  This is 

a likely origin for the pieces of wood of the Motuouhi formation. 

This, together with the complete absence of surtseyan type e 

pyroclasts ( which density is low ) suggests that the volcano was 
a maar on land. 

D - Transport of pyroclasts. 

Sedimentary features of Motuouhi formation at the anticline- 

syncline site include poorly compacted, very well sorted layers 

less than . 5  cm thick ( with foraminifera ) ,  centimetric cross 
stratification and coarser beds 2 cm thick with planar fabric. 
The two latter cited features indicate current or gravity driven 

transport on sea bottom, The well sorted beds might represent 

fall of suspended particles from the upper part of density flow 

or alternatively fall into water from the eruptive column as 

suggested by Carter ( 1967 ) for similar features on Puketotara 

peninsula. 

The thir?ely bedded structure of Motuouhi formation at the 

anticline-syncline site matches with the lower part of Motuouhi 

formation on Puketotara peninsula. The upper part of the 



formation is made up of metre thick beds ( Carter 1967 p.30 ) .  

Even though Motuouhi formation is not a deposit proximal to 

the vent, the well indurated nature of the beds is reminiscent of 

the widely reported state of induration of massive beds of maar 

and surtseyan deposits and generally interpreted as wet flows ( 

see section 3.5 1.  

E - Motuouhi volcano. 

It is very likely that Motuouhi formation represents the 
reworked and sorted but very little contaminated part of the tuff 

ring of a maar. Brook ( 1983 p.50 ) inferred that the tuffs of 
Motuouhi formation were erupted from a vent which crops out in 
the north east part of Puketotara peninsula ( N17/9038 in 

Thompson 1961 1. The petrography of the vent infilling should be 
verified by future workers but such a vent has all the required 

characteristics for it being the base of the diatreme of Motuouhi 

volcano. 

The diatreme crops out in the Paleogene strata which is 
concordant with the presence of clasts of biomicrite in Motuouhi 

formation. It is at 16 Km north east of the actual outcrops of 
the formation. Base surge deposits extend as far aways as 5 Km 

from some craters ( e.g. Taal volcano, in Moore 1967 Fig.7 ) .  

Thus the deposits observed today need only be at some 10 Km from 

the S-W edge of the tuff ring. This is compatible with the 

inferred sorting of the eruptive products. In any case, the shore 
was in between the surtseyan Oruawharo volcano and the Motuouhi 

maar-tyge volcano. If the vent proposed by Brook ( 1983 1 is the 
diatreme of Oruawharo volcano, it is not excluded that the sea 

shore was within reach of the base surges and this might also 

explain some of the features of Oruawharo formation. 

3.9. Conclusion. 

A - Regional stratigraphy. 

Thin beds of Motuouhi formation have been recognised at the 
basal contact of Oruawharo formation which becomes the youngest 



formation of Okahukura and Puketotara peninsulas. There is a 
regional unconformity between Oruawharo-Motuouhi formations and 

underlying Pakaurangi-Waihangaru formations. When not eroded in a 

dynamic environment, the contact between Oruawharo and Motuouhi 

formations appears subcomformable. 

B - Historic geology. 

After the regional unconformity capping the Pakaurangi 

formation, basic volcanism occurred in the central Kaipara area at 

mid Altonian times ( fig.2.4 1.  
There were two volcanoes which magma was basic. Their 

preservation or the preservation of their products is excellent. 

The first eruption occurred on land ( or island ) and was of the 

explosive maar type. The material was redeposited, maybe partly 

contemporeaneously to the eruption, in an adjacent body of water, 

this is Motuouhi formation. 

The second eruption occurred 16 Krn southeastward at a depth below 
water surface of at least 50m probably substantially more. It was 

a typical surtseyan edifice. The successive steps of its growth 

can be reconstitukd from sea bottom to the sea surface and its 

eruptive dynamism analysed. This is Oruawharo formation. 

More information on Oruawharo volcano will be derived from a 

mechanical study of some of the dikes by which it has been 

intruded. Therefore, presentation of a more complete and more 

constrained reconstruction of the edifice, including a cross 

section is postponed to the conclusion of this thesis ( chapter 

11 1.  
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4.1. Introduction 

Four chemical analyses were made from the dikes 

which intrude the submarine tephra of the Oruawharo formation. 

The formation itself was not selected because of 

palagonitisation. A sample from pillow lavas on the Puketotara 

peninsula, collected by F.Brook, was also analysed. Two analyses 

had been done by Carter ( 1967 ) on pillow lavas and one from a 
dike from the Puketotara peninsula, all at less than 3 Km from 

the Oruawharo volcano. Carter ( 1967 ) described peperites with 
I Puketotara pillow lavas which he considered as intrusive in 
I Pakaurangi formation. Eight analyses are thus available of the 
I volcanics of this area ( appendix 1 ) .  With a silica range of 

49.7-52.3%, the central Kaipara volcanics are basalts. 

The works of Wright ( 1977 1 and Wright & Black ( 1981 on 

the chemistry of the west coast Lower Miocene volcanics confirmed 

that, as proposed by sedimentologists ( e.g. Ballance & A1 1977 

) ,  they can be considered as belonging to only one group. 
In this chapter the writer also aimed to integrate the 

central Kaipara volcanics in the broader perspective of the west 

coast volcanics. Wright & Black ( 1981 ) argued that Tokatoka 

volcanics are atypical in that they present a diversity in I 

I 
i petrography and geochemistry not found in other localities. ' Hukatere and Waitakere volcanic centres are mainly andesitic ( 

Godinot 1983 ) .  Only the Waipoua volcanics present the I 
characteristics of the central Kaipara volcanics. They are basalt 

only, have a narrow range of silica content and the phenocryst 

assemblage is identical to that of the central Kaipara volcanics. 

Therefore a direct comparison is possible between the volcanics 

of these two areas. In conclusion to this chapter a new outlook 

on the L.Miocene volcanim of the west coast of Northland is 

presented. 

4.2. Petrography of the Oruawharo volcano. 

The modal composition of the cone units and of two 

dike generations which intrude it, and described in the next 

chapter, are plotted in fig.4.1 ( 28 samples ) .  All are modally 



FIG.4.1. PERCENTAGE OF VOLUME OF PHENOCRYSTS FROM SAMPLES OF THE 
ORUAWHARO VOLCANO. 
Square : samples from the cone, star : older dikes, circle : 
younger dikes ( > 700 counts per measure ) .  

----------.----------------------.-.-------.----------.--------- 
very similar. The total phenocryst content [ PL-CPX-(OL) 1 varies 
mainly from 11 to 29% of rock volume; clinopyroxene does not 

exceed 4% and olivine is sparse ( <.2% ) .  Nevertheless, there is 

a discernable progressive evolution with time. The cone facies 

have the lowest phenocryst content ( 11 to 23% and in addition 

two samples poor in phenocryst ) and show a large variation of 

plagioclase content in comparison with pyroxene. The older dikes 

have intermediate values of the total phenocryst content ( 14 to 

25% ) and the younger dikes the highest ( 23 to 29% ) .  The same 

tendency is recorded in clinopyroxene contents, < 2.4%; .1 to 

3 . 9 %  and 1.7 to 4% for cone, older and younger dikes 

respectively. There is an increase in the variation of the CPX 
content in the dikes but this does not correlate with the total 

phenocryst content. Phenocrysts ( mean size . 6  to .8mm ) are 

often grouped in clots in which plagioclase is always dominant. 

In one sample ( 34381 ) ,  plagioclase and clinopyroxene contain 

inclusions of a rounded calcic plagioclase. Plagioclase are sieve 

textured and have intense optical zoning. The clinopyroxene is 

euhedral and weakly zoned at crystal margins. Olivine often has a 



subrectangular habit rather than its classical losengic habit. 

In addition to phenocrysts, there is often a distinct generation 

of microphenocrysts ( mean size .3mm; mean content 3.9% ) over 

1/3 of which is clinopyroxene and lacking olivine. When in clots 

pyroxene is often the dominant phase. The microphenocrysts are 

"clean" ( no sieve texture ) but micropyroxenes often have a wavy 

optical extinction in thin section. ~ The modal composition of the intrusive pillow lavas of 
Puketotara peninsula is similar but one sample ( 8960 ) is poor 

in phenocryst ( 5.5% ) and one sample rich in [ CPX+OL 1 (5.9%; 
appendix 1 1 .  

The phenocryst content of Waipoua basalts is somewhat higher 

I ( 10 and 38% of rock volume ) with plagioclase as the dominant 

phase and approximately equal amounts of olivine and 

clinopyroxene ( often a rock volume of .5 to 3% each; Wright 1977 

fig.27 ) .  Wright ( 1977 p.56 ) observed that both resorbed 

plagioclase and olivine are present in clinopyroxenes. 

The central Kaipara basalts are treated together 

with Waipoua basalts. The analyses for Waipoua basalts are from 

Wright ( 1977 ) or Wright & Black ( 1981 1. 

4.3.1. Bulk composition ( appendix 1 1 .  

The central Kaipara and Waipoua basalts are mainly 

characterised by high alumina and Sr contents ( on an average of 

17.5-18% and 240-450 ppm respectively ) and low Mg, Ni and Cr 

contents ( 4.5 to 5.4%, < 50 ppm respectively apart from one 
sample,< 70 ppm ) .  The central Kaipara basalts appear to be 

slightly more differentiated than are Waipoua basalts with higher 

values of Si02, Ti02, F~o*/M~o, KzO, Na2O and lower values of MgO 

and CaO ) . 

4.3.2.  Normative composition. 

All samples are saturated or oversaturated with respect 



to Si02 ( no nepheline 1.  Respectively one fourth and half of the 
central Kaipara and Waipoua basalts are olivine normative. ~ x % ~ t  

for one sample, the normative QZ content never exceeds 3%. The 

average composition of normative plagioclase is An 56 for the 

central Kaipara, An 59 for Waipoua basalts and the average 

normative hypersdene content respectively of 14 and 12.7%. 

4.3 .3 .  Classification. 

Wright ( 1977 ) and Wright & Black ( 1981 ) already 

showed that the Waipoua and central Kaipara ( Puketotara 

peninsula ) basalts are typically plotted in the high alumina 
field of Kuno on an alkali vs silica diagram and in the field of 

medium-K volcanics on the K20 vs SiOZ diagram. Note that diagrams 

based on alkali content distinguish between alkalic and 

subalkalic series, not between tholeiitic and calcalkalic series ( 

Gill 1981 p.8 to 10 ) .  

Wright & Black ( 1981 ) also showed that the volcanics straddle 

the boundary between the tholeitijc & calcalkalic fields of Irvine 

& Baragar on the AFM diagram, and are plotted in the upper part 

of the hypersdenic field of Kuno on the same diagram. The basalts 

are in the tholeitic field on Miyashirols diagram ( Wright & 

Black fig.11, 12, 13 ) .  In contrast, the Waipoua and central 

Kaipara basalts are plotted in the calcalkalic field on the 

Pearce & Cann Ti-Zr-Y and Ti-Zr-Sr diagrams and Pearce's F1 vs F2 

and F2 vs F3 major elements discriminant diagrams ( Wright & 

Black 1981 fig.16 & 17 ) .  However Holm ( 1982 ) showed that it is 

typical for continental tholeites, little represented in the 

original sample population of Pearce & Cann, to be plotted in the 

calcalkaline field of Peaxce & Cann Ti-Y-Zr diagram. Furthermore, 

Bebien ( 1982 showed that magmatism associated to the opening 

of the Atlantic ocean is plotted in the low-K tholeite field ( 

island arc ) not in the oceanic field on the F1 vs F2 and F2 vs 

F3 diagrams of Pcbrce. Therefore the diagrams of Peacce & Cann 

and Pearce, based on a limited sample population ( Holm 1982, 

Cameron & French 1977 ) often fail in determination of the 

tectonic setting-classification of basalts. 



The central Kaipara and Waipoua basalts therefore are alumina 

rich and tholeitic. Their tholeitic behaviour however is not as 

prononced as that of divergent plate magmatism. Even though they 

are plotted in the hyperstenic field of Kuno, there is no 

hyperstene in the groundmass ( Wright 1977 ) .  The central Kaipara 

and ~aipoua basalts are neither alkaline nor low-K tholeites. 

The apparent failure in the attempt to classify distinctly sample 

analysis in the available classification schemes is perhaps the 

most characteristic feature of convergent plate margin magmatism 

( e.g. see data of Miyashiro 1974, Gill 1981, Yoshida & Aoki 1984 

1 

4.4.  Petrology. 

4.4.1. Liquid line of descent. 

The ratio F ~ O * / M ~ O  ( * for total ) was shown by 

Miyashiro ( 1974 ) and Gill ( 1981 ) to be one of the most 

efficient index of fractional crystallization for basic volcanics 

of a convergent plate margin environment and is employed 

accordingly. Microprobe analyses of cores of pyroxene, olivine 

and plagioclase from the Waipoua basalts are available ( 29 

analyses in Wright 1977 appendix I1 ) .  These are the only phases 

present as phenocrysts in the two centres and they are plotted on 

diagrams with rock analyses for interactive study with the liquid 

line of descent. 

Four samples of Waipoua basalts, of exceptional modal 

1 composition ( Wright 1977 p.43 ) are indexed on the diagrams as : 
i) two samples with 13.5 and 7.7% repectively of [ CPX+OL I :  

M 

ii) a sample with 35% of plagioclase : PL 

iii) an aphyric sample ( .2% P1 ) : A 

* Results. 

At first sight, there is a considerable scatter in the plots 

of Si02, F ~ O *  and Ti02 ( fig. 4.2 ) which form boomerang or cross 

like shapes well inside the tholeitic field of Miyashiro ( 



FIG. 4.2. VARIATION OF S I O ~ ,  FEO* AND TIO* WITH THE RATIO FEO*/MGO 
AS DIFFERENTIATION INDEX. 
Bold dotted lines separate Tholeitic field ( TH ) from 
calcalkaline field ( CA ) of Miyashiro ( 1974 ) .  Star: central 
Kaipara basalts ( 8 samples ) ;  circled star: Waipoua basalts ( 16 
samples ) ;  square: computed liquid and triangle: residual liquid 
of Oruawharo magma ( table 4.1 ) .  CPX, OL, PL: average 
composition of core of phenocrysts, or the direction where these 
are to be found, of Waipoua basalts ( 29 microprobe analyses in 
Wright 1977 ) .  lines: inferred lines of descent of the liquid and 
dotted extensions: inferred line of accumulation. M: samples rich 
in [ CPX+OL ] ( 13.5 & 7.7% ) .  PL: sample rich in plagioclase ( 
35% ) ;  A: aphyric sample ( .2%PL). 

.I974 1.  
However, there is a simple organisation. The less differentiated 

samples ( mainly from the Waipoua centre though not exclusively ) 

define a line of descent-accumulation compatible with a control 

by fractionation mainly of clinopyroxene and olivine. The 

position of the two samples rich in iron-magnesium phenocrysts is 

compatible with the accumulation of these phenocrysts. 

A branch initiates along this trend at the value of F ~ O * / M ~ O  of 

2.2. It is directed away from the plagioclase pole. The position 

of the sample rich in plagioclase is isolated but in line with 

this trend and being in the direction of the plagioclase pole it 

is compatible with accumulation. The branch is defined mainly by 

samples of the central Kaipara basalts but not exclusively. 

Plagioclase fractionation has little effect on the value of the 

ratio F ~ O * / M ~ O  of the rock, it generates therefore a subvertical 

liquid line of descent. On the F ~ O *  and Ti02 diagrams ( fig. 4.2 

1, there is little restraint on the magnitude of the shift due to 

plagioclase fractionation as there is little FeO and Ti02 in 

plagioclase. On the Si02 diagram however, the magnitude of the 

shift is constrained by the composition of the plagioclase ( the 

Si02 content of plagioclase varies from 46 in the core to 50+% in 

the rim; Wright 1977 ) .  For instance it will be shown later ( 

table 4.1 ) that fractionation of a zoned plagioclase has little 

effect on the silica content of the liquid. 

There are slight compositional differences between the two 

centres. Thus, comparatively to those of Waipoua, samples of the 





central Kaipara are relatively rich in Si02 and Ti02 for a given 

value of the F ~ O * / M ~ O  but are poor in F~o*. This affects the 

relative position of samples from one diagram to the next. The 

slope of the differentiation trends, however, are not affected. 

The inferred initial control of clinopyroxene-olivine then of 

plagioclase ( mainly ) on the line of descent-accumulation can be 

further tested. 

Sr which behaves as an incompatible element relative to olivine 

and clinopyroxene but has a very positive distribution 

coefficient with plagioclase ( e.g. McBirney 1984 table 5.1, 

Elthon 1984 ) and Cr strongly partitioned into clinopyroxene but 

not plagioclase and olivine ( McBirney 1984 table 5.1 ) are 

plotted against CaO, a major component of clinopyroxene and 
---- 

FIG.4.3. PLOT OF Sr ( top ) AND Cr ( bottom ) against CaO. 
Same legend as fig.4.2. 
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plagioclase ( fig.4.3 1 .  These diagrams ( fig.4.3 ) confirm the 

existence of the two trends with bifurcation of the plagioclase 

trend between a CaO content of 10.5 and 11%. Clinopyroxene 

fractionation is apparently dominant in the initial trend and 

plagioclase ( + CPX? ) in the second. The line of descent drawn 

on fig.4.2 and 4.3 are interpretative and arbitrary. They have 

been traced as straight lines for simplicity. 

4.4.2. Estimate of the composition of the liquid phase. 

No analysis of the glass ( liquid is available but 

the composition of glass can be estimated as follows ( e.g. Gagny 

1977 ) : each element of the analysis of a phenocryst phase is 

multiplied by the weight content of this phase ( approximately 

equal to the volume content for plagioclase but higher for 
I 

clinopyroxene ) .  This is subtracted from the analysis of whole I 

rock which is then recalculated to 100%. 

The computation was conducted in two steps on an average - 

composition of Oruawharo dikes ( samples 36180 to 36183 of 

appendix 1 ) with an arbitrarily chosen initial water content of 
I 

.5% ( column 1 of table 4.1 ) : 

i) the first step aims to calculate the composition of the 

liquid in the magma chamber : using the mineral composition of 

Wright ( 1977 ) ,  and the modal phenocryst content ( in weight%, 

P1:lg.S; CPX: 4 ) ,  the computed liquid composition is given in 

column 2 of table 4.1. To simulate zoning, the plagioclase 

composition used in computation is the mean of core and rim 

compositions and the clinopyroxene composition is that of 2/3 

core and 1/3 rim compositions. 

ii) The second step aims to calculate the composition of 

residual liquid as crystallization proceeds ( e.g. near walls of 
magma chamber ) : a further 10% of the liquid is crystallized - 

using the groundmass mineral composition from Wright ( 1977 ) and 

modal composition of the groundrnass of the innermost part of the 

thickest Oruawharo dike where the crystal grain of the groundmass 

is coarse enough to be identified ( 70% PL, 20% CPX, 10% 

titanomagnetite . The composition of such residual liquid is 

given in column 3 of table 4.1. 





olivine and clinopyroxene fractionated first because they 

crystallized first. Some methods exist to estimate the order of 

crystallization. 

If fractionation occurred in a shallow magma chamber, then, the 

order of crystallization can be found approximately by the method 

of Cameron & French ( 1977 1 .  From a population of experimental 

data at one atmosphere, these authors proposed four classes of 

basalts, each corresponding to a unique order of crystallization, 

on the basis of their chemistry. Fig.4.4 shows that, by using the 

multivariate discriminant functions of these authors, there is a 

probability of at least 80% of most of the volcanics of central 

Kaipara and Waipoua centres belonging to class 3 of these 

authors. In addition, one sample of central Kaipara is most 
------------- 

FIG.4.4. SUMMATION OF PROBABILITIES OF EACH ROCK BELONGING TO 
CLASS 1 TO 4 OF CAMERON AND FRENCH 1977. 

The classification is obtained from discriminant functions on 12 
oxides and equation of their probabilities given in Cameron 6 
French ( 1977 p.243 ) .  The boundary between classes 1 & 2 and 
classes 3 & 4 is the most important. Olivine is the first phase 
to crystallize in Classes 1 and 2 and plagioclase the first phase 
in classes 3 and 4. Olivine is the second mineral to crystallize 
in class 3 and clinopyroxene in class 4. Star : central Kaipara 
basalts. Circled star : Waipoua basalts. Square : computed liquid 
of Oruawharo dike ( table 4.1 ) .  Calculati n we e carried out S 5+- with a water content of .5% and a ratio Fe + / ~ e  -. 6 for all 
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likely in class 4 and the computed liquid of the magma of the 

Oruawharo dikes also shows some affinities with class 2. 

Alternative graphical methods of classification proposed by 

French & Cameron ( 1981 ) corroborate these results. 

There is a major break in Cameron & French ( 1977 ) and French & 

Cameron ( 1981 )'s classification between class 1-2 and class 3 -  

4. Olivine is the liquidus phase of class 1 and 2 and plagioclase 

of class 3 and 4. 

In complement to their initial model, French & Cameron ( 1981 ) 

published multivariable equations which enable a calculation of 

the temperature of crystallization of each phase in a given class 

of basalt. Unfortunately, several editing mistakes have clearly 

been made in the long succession of numbers ( e.g. temperature of- 

crystallization of CPX of class 4 far too high, of olivine of 
class 3 too low ) .  For this reason, rougher diagrdatic estimates 

given by these authors have also been used. 

The results are reported in table 4.1 for Oruawharo dikes. 

Clearly; plagioclase is the liquidus phase of the bulk magma, 

pyroxene and olivine crystallizing at a temperature lower by at 

least a few tens of degrees. Note that there is only a rough 
estimate from a diagram with two variables only for olivine 

which, in class 3, should crystallize before the pyroxene i.e. 

slightly above 1150°C or at this temperature since one of the 

four samples is more likely in class 4 ( fig.4.4 ) .  The liquidus 

of the liquid phase ( column 2 of table 4.1 ) is some 60 to 40°C 

lower than that of bulk composition and all phases crystallize in 

a 20°C interval. 

Thus, if the magma of the studied volcanic centres fractionated 

in shallow magmatic chambers, plagioclase should be the first 

phase to crystallize. 

These results are in accordance with modal phenocryst content and 

the presence of rounded plagioclase inclusions in some CPX ( 

Kaipara and Waipoua basalts ) .  The presence of rounded olivine in 

some clinopyroxenes of Waipoua basalt ( p.4-3 is consistent 

with their belonging to class 3. 

The lower and narrow crystallization interval of the liquid phase 
( column 2 table 4.1 ) might be matched with the presence of a 

small second generation of crystals, the microphenocrysts, the 



modal composition of which is more equilibrated ( 1/3 to 1/2 are 

CPX . Olivine, however did not crystallize from the liquid. 

4.4.4. Interpretation. 

4.4.4.1. The main differentiation trend. 
& 

I 

The results from section 4.4.1 and 4.4.3 are apparently in I 

contradiction. On the one hand the main liquid line of descent 
I 

seems mainly controlled by the fractionation of clinopyroxene and I 
1 olivine. On the other hand, it is plagioclase, by far the most 
I abundant phenocryst, which is expected to crystallize first in a 

shallow magmatic chamber from such a magma. I 

Instead of fractionation of crystals, McBirney & A1 ( 1985 ) 

proposed the alternative mechanism of fractionation of liquid 

from the cooling margins of the intrusion. In such a case it is 

the crystal assemblage of the groundmass, not that of phenocrysts 

which is relevant. However : 

i) plagioclase is also the dominant crystal in groundmass I p . 4 . 9  

1 ;  
ii) olivine is absent from groundmass but titanomagnetite is 

present. This is not compatible with the main differentiation 

trend ( see triangle in fig.4.2 1.  
Liquid fractionation therefore cannot explain the observed main 

liquid line of descent. 

Three explanations can be proposed to explain the differentiation 
I 

I trend : 
I i) the described relationship between bulk chemistry and 
I 

mineralogy is fortuitous. The trends do not result from 
I 

fractionation in a superficial environment. The chemical 

evolution was controlled by an other mineral assemblage and/or 
I 

mechanisms. 
I 

ii) water was initially abundant delaying crystallization of 

plagioclase. 

iii) There is a mechanical control of crystal fractionation. 

The first explanation is unlikely because the mineral 

assemblage, and the order of crystallization, of these Lower 



Miocene basalts are those expected for magma of this composition 

at low pressure. Orthopyroxene then garnet are the stable mineral 

phases at an increasingly higher confining pressure for basalts 

rich in alumina ( Cox & Bell 1972 fig.4, French & Cameron 1981 

fig.6 1 .  

Water depresses thermal stability of plagioclase more than 

it does for olivine and clinopyroxene. To suppress completely 

plagioclase crystallization requires approximately 2% of water in 
andesite ( Gill 1981 p.118 ) .  Such an amount of water is soluble 

in basalt at a confining pressure of 100 MPa ( see Wilson & head 

1981's equation in appendix 10 ) which is appropriate for shallow 

reservoirs. 

For a specific variation of water content of 2%, the 

multivariable regression equations of French & Cameron ( 1981 ) 

yield a lowering of the crystallization temperature of 

plagioclase of 21°C, of pyroxene of 17OC. The variation for 

olivine, the mineral the less sensitive to the water content ( 

Gill 1981 p.118 ) could not be calculated due to the editing 

mistakes in its coefficients. Because the initial temperature gap 

beween plagioclase and olivine-pyroxene appears to be large ( 

several tens of degrees ) ,  selective suppression of plagioclase 
crystallization seems unlikely. 

The third possible explanation comes from mechanics. The 
density of the liquid phase of Oruawharo dikes with .65% Hz0 is 

2.58 ( column 2 of table 4.1 ) and it is shown in appendix 8B 

that the density of plagioclase ( An 50-60 1 is 2.64 ~g/rn~ 
yielding a density difference of .06 ~ ~ / m ~ .  The difference is 

expected to be even less in basic members of Waipoua basalts. The 

density difference between clinopyroxene and liquid is .59 ~ g / m ~  

i.e. one order of magnitude higher. Therefore, a nearly neutral 

density of plagioclase is a possible explanation to the present 

dilemma ( fig.4.5a ) .  

Neutral density of plagioclase has been inferred and illustrated 

elsewhere, for instance by Cox & Bell ( 1972 on an island arc 

serie and Elthon ( 1984 ) for oceanic basalts. Near neutral 

density of plagioclase ( i.e. main trend of fig.4.2 only is 
also compatible with the very poor correlation between Al, Sr and 

modal content of plagioclase for part of the central Kaipara 



basalt ( appendix 1 ) and Waipoua basalts ( Wright 1977 fig.44 ) .  

4.4.4.2. Plagioclase fractionation. 

The fractionation of plagioclase was effective for the 

second evolutive trend which branches off from the differentiated 

pole of the main trend ( fig.4.2 1.  Chemically the trep can be 
explained either by the removal of plagioclase ( +CPX ) 

phenocrysts from the liquid ( table 4.1 column 2 and square on 

fig.4.2 ) or by fractionation of the liquid derived at the 
cooling margin of the intrusion as in the model of McBirney & A1 

( 1985 ) ( column 3 of table 4.1, triangle on fig.4.2 1.  

A - Liquid fractionation. 

In McBirney & A1 ( 1985 )Is model as in the proposed 

explanation of the main trend above, gravity is the controlling 

factor of differentiation. 
Even though there is an enrichment in water, the residual liquid 

near cooling margin is not lighter than bulk liquid ( compare 

column 2 and 3 of table 4.1 ) .  Therefore, the residual liquid 
I 

I will not tend to rise from cooling margin, a fact outlined by 

~ McBirney & A1 ( 1985 ) for tholeiitic magmas. The density 

difference however seems too low ( .03 ~ ~ / m ~  ) to generate 
I 

efficient descent and ponding of such residual liquid in lower 

parts of the magma chamber. 

B - Crystal fractionation. 

Phenocrysts of plagioclase may fractionate if the density of 

the liquid is lowered. The only apparent way to decrease the 

liquid density of tholeiitic magma is to substantially increase 

the water content. By the method of Eottinga & Weill ( appendix 

8B ) ,  it is calculated that the density of the magma is lowered 

by .15 Mg/m3 for a selective increase in water content of 2%. 
This brings the density difference plagioclase-liquid at .21 

Mg/m3. 

Therefore, the concentration of water in magma the initial 



density of which is nearly that of plagioclase appears as a 
viable mechanism to trigger or rather accelerate plagioclase 

fractionation. As determined above, the concentration of water - - 

will simultaneously lower the temperature of crystallization of 

a11 present minerals ( 21°C for PL, 17OC for CPX ) yielding a - 
situation in which crystallization is stopped when the 

phenocrysts already present fractionate. Aphyric sample like " A M  - 
of fig.4.2 and 4.3 might form in such a way. 

C - Gas fractionation. 

Crvstallization of phenocrysts yields water enrichment of - 
the liquid ( compare columns 1 and 2 of table 4.5 1 ,  however this 
will happen only if the magma reaches the shallow mapma chamber 

at a temperature above its liquidus. French & Cameron ( 1981 p.25 - 
1 outlined that the field of bulk composition of high alumina 
basalts in their classes 3 and 4 is compatible with fractionation 

of aarnet at depth. Thus it may be that a phenocryst assemblage - 
is substituted by another phenocryst assemblage in which case 

there is no release of water unless amphibole is present in the 

first assemblage. 

McBirney & A1 ( 1985 ) and Baker & McBirney ( 1985 1 outlined the 
importance that crystal-liquid fractionation along the cooling 

margins of a magma chamber may have on the whole composition of 
the chamber. The following model applies their hypothesis to a 

specific component : water. 

Crystal-liquid fractionation along the cooling margin of the 

magma chamber also releases water ( compare columns 2 and 3 
table 4.1 and note that another 20% of crystallization is 

necessary for the magma to solidify e.g Marsh 1981 . Water 

diffuse away from the residual liquid toward adjacent areas 

will 

in 

which water concentration is less. 

The mechanism of diffusion however cannot generate water 

concentration in the upper part of magma chamber because : 

i l  it tends to homogenize the content of a chemical component in 

a mass rather than concentrate it; 

ii) it is in many cases a slower process than heat transport and 
this is true for magma chambers in a cold environment. For 



instance, it can be shown that in the area between 1 and 2m from 

the contact, the magnitude of the rate of advance of the 
solidification front is two orders of magnitude faster than water 

diffusion in a llm thick sheet intrusion of basic magma. In such 
a case, diffusion occurs across a microscopic distance only ( 

e.g. Baker & McBirney 1985 fig.7 ) .  

It is because water cannot diffuse away that second boiling 

occurs at the edge of cooling bodies ( ~u3ham 1979 ) .  The 

phenomenon of second boiling is studied in detail in chapter 10 
of this thesis. It is sufficient to know here that bubbles form 

at the front of crystallization. 

The cooling of a magma chamber is slow in comparison with - 

superficial intrusions. It is known by metallurgists and has been 

shown experimentally ( e.g. Carte 1961, Chalmerrl964 fig.6.6, 

Fast 1965 p.116, Racquet & A1 1967, Dharwadka & Ghosh 1986 ) that - 

bubbles are few, big and tend to leave the cry,stallization front 

when the cooling rate is slow ( even though still much faster 

than diffusion . In some parts of pillow lavas which cool 

rapidly, bubbles already have a diameter of up to lcm, 

Walker (19871, Godinot (1987), bubbles in magma chambers may 

therefore be pluricentimetric. If sedimentation of clinopyroxene 

efficient enough to control the main liquid line of descent, the 

rising of big bubbles driven by a density difference of the order 

of 2.4 ~ ~ / m ~  must be very efficient. 

Gas exsolved at the solidification front therefore can move very 

rapidly in a magma chamber as bubbles. This suggests the 

following model : 

In a sill-like magma chamber, bubbles produced at the upper 

crystallization front stay at this front. If they advance for 

some time with the front and thus attain a large size they 

facilitate the diffusion of water since vapor collected in the 

upper part of the bubble at the solidification front can diffuse 
from the lower tip of each bubble some centimeters below the 

front in a zone yet little enriched in water ( fig.4.5b ) .  The 

presence of big bubbles allows enrichment in water of a layer of 

liquid orders of magnitude thicker than permitted by direct 
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FIG.4.5. MAGMA CHAMBER OF NORTHLAND WEST COAST THOLEITES 

a) Evolution of the liquid line of descent of the main 
differentiation trend of the Waipoua and central Kaipara basalts 
( fig.4.2 ) likely has a mechanical origin. The rate of 
sedimentation of clinopyroxene and olivine ( black circles ) is 
one order of magnitude higher than that of plagioclase ( PL ) .  

b) The sketch represents the upper solidification front of a sill 
in cold environment ( the sill may be 15 to 20m thick ) .  Heat 
transport is faster than mass tranport by diffusion, and the 
fractionated liquid form only a very thin film above forming 
crystals. Concentration of water in the film provoke boiling. Big 
bubbles move with the solidification front. Water diffuses ( 
crossed arrows ) from the lower tip of the bubble which is a few 
centimeters ahead of the solidification front. The bubbles 
themselves are unstable and easy to remove. This is important if 
convection occurs or if some currents sweep the upper cooling 
margin ( e.g. see McBirney & A1 1985 1. 

c) Caricature of the sill-magma chamber of the central Kaipara 
basalts. Subspherical masses at either contacts and in the sill 
are bubbles. The crossed arrows from bubbles represent mass 
diffusion. The dotted area in the upper part of the sill is the 
area enriched in water. The rise of bubbles of the lower contact 
is proportional to the square of their radii. The bubble 
therefore have a short stay in the lower part of the sill and 
accumulate and diffuse in the upper part. Water concentration ( 
dotted area ) inhibits the growth of phenocrysts and lowers the 
density of the liquid triggering plagioclase sedimentation ( 
compare fig.4.5a 1 ,  





diffusion from the solidification front only ( fig.4.5b 1.  This 

could have repercussions if currents of convection or from other 

origins are active near the roof of the chamber. 

Bubbles generated at the lower front of crystallization 

eventually separate from the front ( at which time replenishment 

of the water content of the bubble stops ) and rise rapidly 

through the magma chamber. Ascent velocity of bubbles through a 
Newtonian fluid is given by sto-kes's law ( e.g. Walker 1987 Eq.2 

1 : 

Vi = 2gr2(~p) / 9 7  Eq.4.1 

where g is the acceleration of the gravity, r the bubble radius 

and q is the viscosity of the magma. 
Eq.4.1 shows that the velocity is proportional to the square of 

the radius of the bubble. 

Water will diffuse from the bubble as the latter rises. 

Schweitzer & Szebehely ( 1950 p.1221 ) found experimentally that 

solution processes are slower than that of evolution ( boiling ) 

but follow the same laws. 

It will be shown in chapter 10 ( Eq.10.6 ) that in viscous liquid 

the rate of bubble growth is proportional to the square root of 

time. If the law also applies to deflation as the foundings of 

Schweitzer & Szebehely ( 1950 ) suggest, the radius of a bubble 

would first decrease slowly ( when the bubble is big ) -then 

rapidly ( when the radius of the bubble is small ) .  The stage at 

which the radius of the bubble changes slowly corresponds to fast 

propagation of the bubble ( large diameter, Eq.4.1 ) when it 

crosses through the lower part of the magma chamber. Bubbles 

therefore should have a short stay in the lower part of the magma 

chamber and transport gas into the upper part where they will 

diffuse their content away therefore yielding an upper zone 

enriched in water. These theoretical considerations are 

encouraging even though no attempt has been made to quantify 

them. 

In Fig.4.5c, a cartoon is proposed which accounts for the two 
differentiation trends of the west coast tholeiites. Additional 

complications may be convection in the upper part of the magma 

chamber, migration of all the bubbles in dome structures at the 



upper contact etc... 
If this model is correct, initiation of the differentiation trend 

involving plagioclase and branching away from the main trend is 

independent from the fractionation of pyroxene and olivine. 

Instead it is geographically controlled ( upper part of the magma 

chamber-). This is compatible with the fact that the main trend 

I is apparently not affected by the lateral branching of the 

I plagioclase trend. 
Several features of the central Kaipara & Waipoua basalts can be 

cited which are compatible with the interpretation presented in 

this chapter : 

~ i) The sample from Waipoua which contains 35% of plagioclase ( PL 
I 

in figs.4.2 and 4.3 ) contains only .9% of clinopyroxene ( Wright 

1977 fig.27 ) and the two samples rich in clinopyroxene and 

olivine ( M in figs.4.2 & 4.3 ) do not contain more plagioclase 

than the average ( 17 and 20%, Wright 1977 fig.27 ) .  

ii) The tephra of the Oruawharo volcano is pumiceous ( chapter 3 

) and is therefore the expression of a magma extracted from a 

reservoir or part of a reservoir rich in water. Fig.4.1 shows 

that the variation of the plagioclase content characterises this 

I unit which is also poor in clinopyroxene and with nearly aphyric 

samples. Such features are expected in magma taped in the upper 

part of the magma chamber of fig.4.5~. 

iii) The selvedge of small dikes which intrude the tephra and are 

described in the next chapter is bubble free. The magma therefore 

rose from a reservoir or from a part of a reservoir poor in 

water. The clinopyroxene content of the dikes varies 
independently from that of plagioclase and the variation of the 

plagioclase content is less than half of that of the tephra ( 

fig.4.1 ) .  Such features are expected in magma extracted from the 

middle part of the magma chamber of fig.4.5~. 

A sill-like shape was preferred for the magma chamber in the 

central Kaipara area because : 

i) the volcanics erupted at least at'two different localities Skm 

apart ( but this may extend to the NW to the Hukatere peninsula 

where volcanics with chemical affinity are present as will be 

seen in the next section and further NE to the Motuouhi volcano, 



chapter 3 ) .  

ii) Each vent functioned once only. 
iii) There is no localised gravity anomaly(ies) below the 

Okahukura or Puketotara peninsula ( Reilly 1965 ) .  

i v )  The five upper kilometers of the regional stratigraphic 

column consist of little indurated sediments ( fig.2.2 . Sills 

of regional extent have been reported to occur in similar 

environments I Francis 1982 ) .  

v )  At last there is a density trap for basalt some 3 to 5 km 
below the surface : the contact between Paleogene-Cretaceous 

sediments and the greywackes which appears to be planar ( Reilly 

1965 1 .  

4.5. Relationship of the central Kaiwra and Waipoua basalts with 
andesites of the west coast of Northland. 

This section situates the central Kaipara basalts 
regionally and in time. The results of chapter 3 and of the 

present chapter contribute to the regional geology. Thus the 

interpretation of Lower Miocene volcanism presented now is 
different from those available in literature. It is proposed as a 
platform for further work. 

4.5.1. Petrography and geochemistry. 

Wright & Black ( 1981 ) and Godinot 1 1983 have 

presented results of petrological investigation on a population 
of andesites from the west coast of Northland. The analyses are 

available upon request from the geology deparment, University of 
Auckland. 

The andesites have been separated in three groups by Godinot ( 

1983 ) on the basis of their petrography. 

Fig.4.6 summarises petrogaphical features of the three groups of 

andesites, A,  B and C. 

The compositional field of the central Kaipara and Waipoua 

basalts together with those of the three groups of andesites are 

reported on the Miyashiro diagram in fig.4.7. The groups A and B 
define trends of chemical evolution well distinct from that of 
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FIG.4.7. COMPOSITIONAL FIELD OF CENTRAL KAIPARA AND WAIPOUA 
BASALTS AND GROUPS OF ANDESITES OF THE WEST COAST OF NORTHLAND. 
Shaded contour : Central Kaipara & Waipoua basalts ( 24 analyses 
) .  Dotted contour : andesite of Group C; CH : andesite from the 
Hukatere peninsula ( 6 analyses 1; CW : basaltic andesite from 
the Waitakere ranges ( 12 analyses ) .  Broken line with dot : 
andesite of Group A ( 14 analyses ) .  Broken line : andesites of 
Group B ( 20 analyses ) .  CPX core and rim from the Waipoua 
basalts ( mean of 11 analyses each in Wright 1977 1 .  Data are 
from Wrigth & Black ( 1981 1 and Godinot ( 1983 1. 

the central Kaipara-Waipoua basalt~. 

The group C of Hukatere, however, represents the differentiated 

portion of a typical tholeitic trend similar to that initiated by 

the central Kaipara-Waipoua basalts. The liquid line of descent 

of such trend is more or less straight on the Si02 vs F ~ O * / M ~ O  
diagram, reaches its maximum at a F~O*/M~O value of 3-3.5 on the 

F ~ O *  vs F ~ O * / M ~ O  diagram and also reaches a maximum on the Ti02 
vs F~O*/M~O diagram ( Miyashiro 1974 1. 
The chemical affinity between the basalts and the andesite of 

group C is strenghtened by their petrographical characters. The 
frequently aphyric magma of group C has the characteristic 

generation of microphenocrysts with the wavy extinction of 

micropyroxene observed in the basalts. The modal phenocryst 

content of the andesites of group C starts where it stops for 

the basalt ( fig.4.6 1 .  
If the volcanics of group C on the Hukatere peninsula are 

andesites, in the Waitakere ranges the group C is composed of 

basaltic andesites. Accordingly, its FeO*/MgO values are 

intermediate between those of the basalts and andesites. The 

andesites of group C of the two localities are not differentiable 

petrographically. 

There are two possible ways of interpreting the trend defined by 

the volcanics of group C : 

i) the andesites of group C define a similar trend butare 
adjacent to that of the central Kaipara-Waipoua basalts ( fig.4.7 

) 

ii) the trend is defined by the basalts and the group C 

andesites of Hukatere ( these latter crops out only 8km northwest 
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from the pillowed basalts from the Puketotara peninsula ) .  The 

Waitakere basaltic andesites of group C have been contaminated by 

mixing with volcanics of group B. 

The second interpretation is also suggested because : i) 

geographically, the volcanics of group B and C are intimately 

mixed in the Waitakere ranges; ii) dikes of group C exist which 

carry many xenoliths of the volcanics of group B ( thin dike at 

Glennes [ Piha 1 falls, N41/015469, sample 36195 iii) 

radiometric datings show that some of the volcanics of group B 

and C were contemporaneous in the Waitakere ranges ( see below 1 .  

4.5.2.  Timing. 

There is an apparent order in timing of the rise of 
magma of the different groups defined above, along the west coast 

of Northland. 

A - Waitakere ranges. 
In the Waitakere, dikes ( minimum of two 1 of group C 

volcanics crosscut dikes and thick deposits of group B volcanics 

( Ohaka head, near whatipu, N46/017394, samples 36197 & 036196 1 .  
In addition to the xenolith bearing dike mentioned above, another 

dike is composite with cataclastic contact of magma of.group C in 

a lithified host of group B ( dike on centenial track, 

N41/028484, samples 36170 & 36200 ) .  The reverse relationship has 
not been observed to date. 

Three unpublished K-Ar datings, all indicating an age of 18 My, 

are available ( Dr Hayward, N.Z Geol. Surv., written 
communication 1986 ) .  One of the dated sample is an andesite of 

group C ( 24222 ) the two others are from group B ( samples 24232 

and 24175, the samples are fresh 1.  
The known pillow lavas at Muriwai beach, NW of Auckland ( Bartrum 

1930, Hayward 1979b ) ,  are typical basaltic andesites of group C. 

It is the best dated in situ body of magma. It lies in 

fossiliferous mid-Altonian sediments ( Tirikohua formation in 

fig.2.4 ) and has been dated by the K-Ar method at 16.8 and 16 My 

( in Robertson 1983 ) .  The petrography of a sample dated at less 



than 16 My by Stipp ( 1968 ) is unknown. 

B - Central Kaipara. 

There are rare clasts petrographically similar to group B ( 

two pyroxenes and opaques phenocrysts, also apatite ) and group A 

or C in beds of the Pakaurangi formation close to the contact 

with the Motuouhi-Oruawharo formations near the anticline- 

syncline site ( fig.3.2 ) .  

C - Hukatere peninsula ( north Kaipara 1 

The andesites of group A form a dense swarm of pillowed or 
bun shaped bodies in the NW side of the Hukatere peninsula. As 

already inferred by Arlidge ( 1954 ) for some of them, the writer 

recognised all these bodies as being intrusive ( unpublished 

work ) .  In addition, clasts of group B-like volcanics are present 

in the host rock ( Okaroro formation, fig.2.4, sample 40051 ) .  

Therefore the andesites of group A are not older than those of 

group B as inferred earlier ( Godinot 1983 ) but contemporaneous 
or younger. 

I 

I 

I The volcanics of group B reported in fig.4.6 have all been 

1 sampled in monolithologic debris flow ( Puketi formation, fig.2.4 

) probably from eastern origin ( Brook 1983 1. They may be 
I 

derived from Bald rock, the closest volcanic centre ( fig.2.1 1 
I dated 18.2 My by the K-Ar method ( Stipp 1968 1 ,  or Whangarei 

head, a volcanic centre active over a long period of time. 

There are three dikes of group C andesites on the the Hukatere 

peninsula ( at Q08/126563, Q08/132555 and Q08/186510 ) .  They cut 

through the sedimentary pile and the bodies of group A volcanics 
and are consequently younger. The southernmost of these dikes is 
8 km northwest of the tholeikic pillow lavas of Puketotara 
peninsula. 

The bun shaped body of group A, dated at 16.2 My by the K-Ar 
method ( Robertson 1983 ) ,  appears in thin section to be very 

altered ( 15+% vol. of Clay 1. 



D - Waipoua. 

At Waipoua, there are clasts of volcanics with two pyroxenes 

( likely facies B ) in a breccia below the pile of lava flows ( 

Wright & Black 1981 p.156 ) .  No in situ magma body of group B has 

been reported in this area. 

Five K-Ar datings have been done throughout the lava pile of 

Waipoua basalts, one of which is 19.5 My but four are younger 

than 17 My i.e. : 16.8, 16.7, 16.5 and 15.1 My ( in Robertson 

1983 ) .  

4.5 .3 .  Concluding remarks for the in situ west coast volcanics. 

i) Six K-Ar datings of volcanics which belong to the 

well defined tholeitic trend : the Muriwai pillowed body of group 

C in the Waitakere at 16-16.5 My and the bulk of the Waipoua 
basalt also between 17 and 16 My places at least a significant 
part of these tholeitic volcanics in the upper half of the 

Altonian i.e. at the very end of L.Miocene ( fig.2.3 1. Two older 

ages ( 19.5 My, thin section not seen by the writer and 18 My, 

fresh rock ) indicates that there were some precursors to this 

mid to upper Altonian climax. 

ii) To date, seven dikes of the group C andesite, .tholeikic, 

are known which cross cut bodies of, and strata containing clasts 

of, the group B and A volcanics in the Waitakere ranges and 
Hukatere peninsula. The reverse relationship has not been 

observed to date. 

iii) Stratigraphically, the central Kaipara and the daipoua 

basalts ( tholeiitic ) are the latest known rocks of lower Miocene 

of the west coast. 

iv) K-Ar datings for the group B volcanics are 18 and 18 My 

in the Waitakere ranges ( one sample is a dacite ) and 18 and 

18.8 ( two pyroxene andesites ) at Tokatoka ( Robertson 1983 1 .  A 

dacite at Bald rock has been dated at 18.2 My old ( Stipp 1968 1 .  
These four sets of data are concordant and certainly significant. 

They suggest that the latest magma to rise along the west coast 

of Northland .had a well defined tholeikic behaviour. 



In part contemporaneously but mainly preceeding this tholeitic 

group ( at about 18 My , the rising magma had an intermediate 

behaviour ( group B and A . On the Miyashiro diagram, analyses 

straddle the separation line between the tholeiitic and 

calcalkaline trend. 

Wright & Black ( 1981 outlined that amphibole bearing volcanics 

from Tokatoka define a pure calcalkaline trend. These are plotted 

consistently well inside the calcalkaline field of any 

classification scheme and have a constant F ~ O *  & TiOZ depression 

and a strong Si02 enrichment with differentiation. A hornblende 

andesite from Tokatoka has been dated at 19.4 My by Robertson ( 

1983 ) .  At Whangarei head, 5 5  )un further northwest, there is one 

k-Ar dating on amphibole bearing rock at 17.2 My and three alder 
than 20My old ( in Middleton 1983 ) .  

A simple pattern emerges from these data. It is established from 
the volcanics with the best control, i.e. the in situ volcanics : 

Along the west coast of Northland, magmatism generated at the 

convergent plates margin between the Indo-Australian and Pacific 

plates changed progressively ( ? )  in time ( say between 21 and 16 

My 1 its affinity from calcalkalic to tholeikic. 
Such an evolution, if it is confirmed, might explain why the 

study of volcanic centres active over a long period of time is 
difficult ( Tokatoka, Waitakere ranges for a shorter range of 

time 1. In contrast, the chemistry of New volcanoes during the 
latest "thole&ictt period, coincidentally aligned along the 

present coast, is simple and well defined ( e.g. central Kaipara, 

Waipoua) . 
4.5.4.  Volcanic clasts of the Waitemata Group. 

The initiation of the sedimentation of the Waitemata 

Group corresponds with a large influx of volcanic material which 

origin is sometime debated. The nature and origin of the igneous 

material, its potential relationship with the volcanics of this 
thesis are now discussed. 

Three facies may be considered ( fig.2.4 ) : i) the Parnell 

grits, ii) the conglomerates; iii) the bulk of sediments. 



A - Parnell grits. 

All workers agreed that the grits are the product of Lower 

Miocene volcanic activity contemporaneous with sedimentation ( 

e . g .  Turner & Bartrum 1929, Schofield 1968, Gelen de Kabath 1972, 

Ballance 1974, Hayward 1982 ) .  The clasts of the grits were 

analysed for the first time very recently by Day ( 1986 1.  They 
are high alumina, medium to high K, Si and Mg poor basalts. 
Day ( 1986 ) argued that the basalts of the Parnell grits ( found 

in Otaian sediments i.e. 20 to 24 My old, see fig.2.4 and 2.3 ) 

are a low-Si "continuation" of the west coast tholeites of 

Northland. However the magma from the Parnell grits do not have a 
high rate of increase of the F~O*/M~O ratio when the Si02 content 

varies ( 1.5 to 3 when the silica content varies from 44 to 56%, 

Day 1986 fig.2 compare fig.3 of Gill 1981 ) and therefore do not 

have a tholeikic behaviour. The Parnell grits are plotted in the 
tholeikic field because they have a high and relatively stable 

value of the ratio F~O*/M~O a characteristic often reported in 

alkaline suite ( Gill 1981 p.8 ) .  Minor and incompatible elements 

of the Parnell grits are reported by Day ( 1986 ) to be similar 

to those of alkaline rocks. 

The petrography of the Parnell grits basalts : PL-CPX-brown 

HORNB-OL-TMT, olivine and sometime biotite are present .in the 

groundmass, is different from that of the west coast tholeikes ( 

compare fig.4.6 1. 
Therefore the high alumina basalts, main constituent from the 

Parnell grits are separated from the west coast high alumina 

tholeikes by their petrography, in time ( they are mainly 5 My 

older ) and perhaps also in space ( e.g., some of the biggest 

blocks are found on the east coast ) .  The Parnell grits basalts 

apparently have alkaline affinities not the west coast tholeiites. 

In the present chapter it was shown that there is a high A1 

tholeistic suite quite precisely defined on petrographical and 

geochemical grounds ( central Kaipara and Waipoua basalts plus 

group C andesites ) .  It is debatable whether the name tholeiite 

applies for the Parnell grits basalts. It is not clear 

petrographically, geochemically or petrologically why the Parnell 



grits basalt should be a low-Si "continuationu of the west coast 

tholeiites. 
AS all the present volcanics, the Parnell grits basalts are 

important for the understanding of the lower Miocene history of 

Northland but to date : i) their petrology is not yet clearly 

defined ii) their origin is unknown, iii) their minimum age ( 

between 20 and 24 My ) is known from stratigraphic position but 

not their maximum age. 

B - Conglomerates. 

There are three conglomeratic formations rich in igneous 

material in the Waitemata group : The Albany, Matapoura and 

Hellensville conglomerates ( fig.2.4 ) .  The rounded blocks are 

mainly volcanics with less plutonics. Sedimentological studies 

show that they have a western origin ( Bunting 1970, Brook 1983 

) .  Most workers inferred that they were derived from older rocks: 

i) olders rocks unknown on shore : Bartrum ( 1920 1, Turner 

& Bartrum ( 1929 ) , Lillie ( 1959 ) ,  Fleming ( 1962 1,  ~earle ( 

1964 ) ,  Kear ( 1967 ) ,  Bunting ( 1970 1;  derived from the bodies 
at the origin of the gravity and magnetic anomalies off the west 

coast of Northland ( Hayward 1982 1. 
ii) Tangihua massifs ( Cretaceous to younger : Brother ( 

1974 ) ,  Ballance ( 1974 ) ,  Ballance & McCarthy ( 1975 1 .  

C - Comparison with other formations of the Waitemata group. 
A rapid review by the writer of the petrography of the 

igneous clasts of the formations of the Waitemata and Waitakere 

Groups from the Kaipara harbour revealed that the igneous 

material from Timber bay up to Pakaurangi formation passing 

through Matapoura conglomerate ( fig.2.4 ) is the same, mainly 
altered tachylitic 'clasts of diverse petrography, rounded 

crystals of green amphibole and rounded dioritic clasts ( section 

3.2 also Carter 1967 ) .  In addition clasts of the in situ lower 

Miocene volcanics of the west coast are present in the Pakaurangi 

formation. 

If the igneous material from the Matapoura conglomerate is 



derived from older rocks as inferred by previous workers, it is 

very likely that this is true for most of the clasts of the 

Waitemata and Waitakere groups in the Kaipara. Therefore, as it 
is in part indicated in Hayward ( 1982 ) there are little 

evidences in the present data to support the hypothesis advanced 

earlier by Ballance ( 1976 ) and Hayward ( 1979 ) that an 

important active Lower Miocene arc existed west of the present 

west coast of ~ckhland from Waitakian to Clifdenian times. 

Instead a basement high must have been the source of the 

Matapoura conglomerate. 

In addition sedimentological data suggest that the Timber bay 

formation has a northern origin ( even though the igneous 

material is the same ) and that of Pakaurangi formation and 

lateral equivalents an eastern origin ( Brook 1983 1 .  The 
abundance of tachylite in the clasts of Waitemata and Waitakere 

groups is compatible with a source rich in basic pillow lavas. 
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5.1. Introduction. 

The regional context to the present study was laid down in 

chapter 2 and 4 and the volcanics of direct concern have been 

described and interpreted in chapter 3, their chemistry in 
d 

chapter 4. The forthcoming chapters adress a more specific object 

: dike intrusions. The present chapter describes the Oruawharo 

dike intrusions. 

At the dike site ( fig.3.1 and 3.2, Q09/274421 to Q09/277420 

1 ,  near the contact between the tephra and underlying formations 
l 

and near an inferred vent ( fig.3.10 ) a group of dikes reveals a 
number of features of special interest. 

Some of these dikes were selected for a physical study which is 
I conducted in the following chapters ( 6 to 10 1, and are 

1 therefore described in detail macroscopically then 

microscopically. The field work, mapping and discussions, was 

done by the writer and Assoc. professor K.B.Spe(li. The results 

presented in this chapter and others are being prepared for joint 

publication. 

I 

1 PART 1 : MACROSCOPIC DESCRIPTION. 

5.2.  Map of the dike site. 

119.5.1 presents a detailed map of the dike site 

which besides, has been presented earlier at a larger scale ( 

fig.3.2 1. Moving along the shore from NW to SE, the eight dikes 

present at this locality have been labelled with the letters A to 

H. 

On the shore platform, between dikes B and H, the tephra and 

underlying formations strike NNW and dip gently southwestward 
which is the strike and dip of the regional monocline. 

C However dikes A and B, exept perhaps the easternmost part of this 

latter, crop out in horizontal strata. The lithologic section of 
the host rock at the locality oi dikes A and B is given in 
fig.3.5. As discussed in section 3.5 and schematically presented 

in fig.3.10 this is a vent agglomerate. 



There is a conspicuous Set of vertical subparallel N160E 

stri-king faults which crosscut all other features along the 

shore ( not shown in fig. 5.1 exkpt across dike H ) . 
Generally, little displacement can be detected along these 

faults. Apart from the anticline-syncline site described in 

section 3.6.1 there are few other faults. 

There are two generations of dikes ( fig.5.1 ) : 

i) an older group ( dikes A to F ) of structurally complex dikes; 

ii) two younger dikes ( G and H 1, thick and with a NE-SW 

orientation. 

Only a small part of the younger dikes crops out. By contrast the 

shore section offers complete cross sections through the older 

dikes. It is of these older dikes that it will be mainly question 

in the remaining of this thesis. 

The terminology which is employed in the following 

descriptions concerns shapes and is therefore defined on a 

sketch, fig.5.2. It is in part a goal of this thesis to justify 
the name given to each feature and its implication. Therefore no 

justification for, or origin of the names are given at this 

stage. Three remarks can be made: 

i) The term length ( L )  is kept for the longest side of the 
dike which, in the present case, is along the vertical direction. 

Therefore the lllengthn of the dikes when seen in a horizontal 

cross section is termed the w i d t h  ( w 1 .  
The shortest side of the dike is the thickness ( t 1. Only width 

and thickness are visible on many of the natural sections through 

Oruawharo dikes. 

ii) Dikes are rarely linearly continuous. In detail, they 

are made up of segments..The segments can be coplanar or offset. 

Offset segments often overlap. A cusp is a localised thinning of 

along a segment. Segmentation occurs at different scale. Thus 

segments can sometimes be divided into subsegments. At an even 

smaller scale, dikelets, the rim dikes defined next, are made up 

of knuckle bones segments. 

iiil Oruawharo dikes are unevenly occupied bymagma, Commonly 







their periphery is defined by two rim dikes i.e. two dikelets 
which outline the flanks of the dike. In between the rim dikes 
there are host rock material and internal intrusives. They are 
four types of internal intrusives : fingers, sigmoidal or 

rhomboidal bodies of rnaaW, lava tablets and peperite. The term 

lava tablet was introduced because of the difficulty to separate 

in each case plate-like pieces of magma of intrusive nature from 

those which are reoriented spatter-like bombs of the tephra. The 

term lava tablets is purely descriptive, it has no genetic 

connotation. 

5.4.  The older dikes. 

The dikes of the first generation form two 

clusters : 

i) The first in the west is a cluster of four dikes. Dikes 

A ,  B and C strike NO80 to 090E and dike D strikes N120E. There 
are also apparently isolated fingers on the west side of dikes A 

and B in a poorly exposed area. 
ii) The second dike cluster, eastward 

is composed of dikes E and F striking from 
Most of the older dikes taper in thickness 

main dikes are now described in alphabetic 

of the first cluster, 

N090E to N140E. 

from west to east. The 

order. 

5.4.1, Dike A ( fig.5.3 1.  

Dike A is 29m wide, it is 2Ocm thick at its east end 

and 70cm at its westernmost visible extremity. The segments are 
localised and labelled by the distance in meters from the east 
end of the dike ( 1.e. position 0 meter ) as the scale in fig.5.3 

shows ( see also fig.5.4 ) .  

Dike A can be described in three segments : the segments 0 to 7m 

and 7 to 22m are linked by a bridge of chilled magma but the 

segments 7 to 22m and 22 to 29 m are separated in the plane of 
the outcrop. 

Three offsets divide the segment 0 to 7m into subsegments less 

than 2m wide with a thickness of 10 to 20cm. 
Conspiciously, whenoffset segments and subsegments overlap, they 



are bended toward the overlapping adjacent segment. In three 

cases ( position 4, 7 and 22m 1 ,  the offset is right-stepping but 
a fourth offset is left-stepping ( position 3m, fig.5.3b ) .  The 

overlap is asymmetric at the positions 7, 22 and 3m. In each 

case, the east side of the west sekent warps and thins regularly 

toward the east segment. In contrast, the west end of the east 

segment is blunted to sub rectany~lar and only an apophysis or 

horn overlap with the adjacent segment. The horn continue the 

flank of the segment opposite to the side of the adjacent 

interacting segment. The horn can be segmented ( position 22m 1 .  
There is a small cusp-like structure where horns initiate ( 

fig.5.3b, a & c 1. 
At the positions 7 and 22m ( segment interactions 1, the fingers 
of the west segments are subvert;ca\ ( relief on the field, 

circular outlines and internal stucture ) .  In contrast the 

features of the tip of the east segments are elongate in 
horizontal plan ( fig.5.3~ and a ) which suggests that their axes 

are oblique and closer from horizontal. 

* Segment 22 to 29m and west extremity of dike A .  

Structurally speaking, the segment 22 to 29m cannot be 
differentiated from the other segments, it interacts with the 

next segment eastward, has a cusp ( position 27m ) .  However in 

addition to the rim dikes, masses of chilled magma with the same 

thickness as that of the segment are present only at the segment 

extremities as finger-like bodies ( close to vertical cylinders 

in shape 1 .  The rim dikes are made up of, often welded, 
minisegments 20cm wide and best described as Itknuckle bones 

segments" as they are thicker at welded points ( 5 to 7cm ) and 

thinner in the middle ( 2 to 3cm, figs.5.3d and 5.2 ) .  Inside, 

the material re-sembles the host tephra and there are local 

concentrations of lava tablets. 

The lava tablets are vertical but their strikes varies to form 

elliptical structures thus defining a vertical lineation ( 

position 28m, fig.5.3d ) .  At least at two places, there is a 

circular mass of chilled magma in the centre ( positions 26 and 

27.5111 ) .  Cooling joints and internal structure permit to identify 





FIG.5.4. FEUYTICNSHIP THI- ( OR SEPARATICN ) VS POSITICN ONE EM) OF DIKE POR D m  
A, B AND THEIR RIM D m  EXIENSIONS, 

Oblique crosses are values measured on the field. ?he joininq lines have been drawn with 
abundant support from photqraphs and field sketches. 

,,,- : d i k e  

d ~ v e r q e n t  r i m  d ike  - *  
ex t e n s i o n s  

I : l i m i t  b e t w e e n  segments  



them as tips of fingers ( fig.5.3d ) .  

Because a swamp area lies west of the last visible part of dike 
A ,  the position 29m, it is not known if there is an extension of 

the dike in this direction. There is a small intrusive body on a 

poor outcrop 20m further west approximately along the trend of 

the dike suggesting that there is an extension of the dike. 

5.4.2. Dike B ( fig.5.4 1 .  

Dike B is composed of two structurally distinct parts : 

the dike proper and two rim dikes extensions wedging away from 

the last segment of dike B. 

* The dike. 

I The dike is measured in meters from its eastern end 

similarly to dike A ( fig.5.4 1. 
Dike B is formed of a maximum of three segments. There is offset 

( 1.20m ) but no overlap between the first two segments. The 

segments 13 to 16m and 16 to 31m are coplanar. The segments 0 to 

13m and 13 to 16m are nearly enterely made up of chilled 

magma.The segment 16 to 31rn is fingered with up to 12 cylindrical 
I 

separate or coalesced fingers along its width of 15 meters ( 
I fig.5.5 1. The outline of the segment is marked by segmented rim 

dikes. Rim dikes and fingers are separated along most of the 

segment width but they are locally welded. 

The long axis of the fingers and rim dike segments are close to 

vertical ( e.g. fig.5.5b ) except at the two extremities of the 

segment where they appear to be oblique or subhorizontal. Thus at 

the position 16m ( fig.5.5 ) the long axis of the south rim dike 
seems subhorizontal. At the other extremity of this segment, 

?finger 12 ( see fig.5.S ) is cut by the vertical cliff at the 

position 31m and the rim dikes are segmented in the vertical 

plane. 

At the same position of 31m, the dike is formed by a dense 

population of folded thin tablets and smaller clasts flanked by 

very thin rim dikes ( fig.5.6 ) .  The spatter level of the host 

tephra is adjacent to the outcrop and bombs or pieces of bombs 



FIG.5.5. DIKE B. 
a1 The segment 16 to. 31m is 
126cm thick at the position 

5Ocm thick at the position 16m and 
31m. The fingers, subcircular in 

cross section are numbered 
from 1 to 12. Note that there 
is no relative displacement of 
the marker level on either side 
of the dike ( marker is the 
fine level of fig.3.5 1.  Doeed 
surface are undifferen-tiated 
host tephra ( drawn on 
photograph 1 .  

b) View of fingers 
5 seen from above. 
of tape measure in 
inches ( drawn on 
photograph 1 .  

4 and 
Scale 



are likely to be present among the population of tablets. The 
tablets however are too many and their thin folded intricate 
nature together with the lack of clear break with the adjacent 
finger suggest an intrusive origin i.e. fig.5.6 is a swarm of 

peperite. The peperite will be described microscopically. 
The thickness of dike B increases from east to west as shown in 
fig.5.4. Locally the dike is banded forming small scale rib 
structures ( corrugated iron-like ) .  The trough are loci of 
bubbles bands and are separated by nearly non vesicular zones ( 

polished sample 40027 ) .  The spacing between bubble rich bands is 

irregular. All bubbles are of approximately the same size in a 
given band. 

* Rim dike extensions. 

West of the position 31m and until the position 75m, the 

only apparent intrusive phases are continuation of the rim dikes 
of the segment 16 to 31m. They can be followed on long continuous 
distance with a regular thickness in horizontal section, are 
segmented on vertical sections ( for instance position 31m on 
fig.5.5, fig.5.7 ) .  On a vertical plane, the segments can be 
coplanar ( e.g. figs.5.5 and 5.7 ) or offset. In all the observed 
cases, the upper segment is a step away relative to the lower 

segment and to the plane of symetry of dike B. Fig.5.8 shows the 

larger stepping observed, 75cm. On vertical sections parallel to 
the plane of the rim dike extensions, vertical bridges between 
segment with horizontal long axis form T junctions ( fig.5.9 1 .  

The distance between the rim dike extensions increases from 
1.2m at the position 31m to 6 meters at the position 75m ( 

fig.5.4 1 .  
The material between the rim dike extensions is that of the 

host tephra but the original bedding has been obliterated. 
The pla-.ty shape of the spatter-like bombs of the host tephra is 
an eAllent structural marker. Fig. 5.10 illustrates the extent of 
structural changes. At this locality, lava tablets, all or most 
of which bombs of the host rock, are subvertical in the inner 

side of the rim dike extension ( e.g. the side of the plane of 
symmetry of dike B, fig.5.2 ) .  Note that many of the lava tablets 



FIG.5.7. NORTH RIM DIKE 
EXTENSION OF DIKE 8. 
Oblong, nearly discrete 
segments with 
subhorizontal axis. 
Black seams accompany 
it. Hammer is 3cm wide. 

FIG.5.6. DIKE B AT THE 
POSITION 31m. 
The dike is formed of a 
dense population of folded 
lava tablets and other 
clasts flanked by very thin 
rim dikes. This is a swarm 
of peperite. Horizontal 
plane, field book gives 
scale. 



FIG.5.8. LATERAL OFFSET IN A VERTICAL CROSS SECTION THROUGH THE 
PLANE OF RIM DIKE EXTENSIONS OF DIKE B. 

Measured perpendicularly to 
the plane(s) of rim dike 
extension, the offset is 74cm 

The offset move the upper 
segment away from the plane o 

dike B. Drawn on photograph. 
Hammer is 30cm long. 

FIG.5.9. VERTICAL BRIDGE ALONG THE SOUTH RIM DIKE EXTENSION OF 
DIKE B. 
The bridge forms a "TI' structure. The feature is subvertical in 
the plane of the rim dike extension. Position 75m. Drawn on 
photograph. Hammer is 30cm long. 



are lower than the adjacent spatter level ( fig. 5.10 ) .  

At the position 45m, however, midway between the rim dike 

extensions and at the same level as the adjacent spatter level, a 
spatter-like bomb with very fragile apophyses occurs and is 

horizontal. This bomb cannot but be in its initial position. 

Therefore, judging from the orientation of lava tablets, the area 

immediately adjacent to the inner side of the rim dike extensions 

is very affected by structural bhanges but not the central volume 

between the rim dike extensions between the positions 45 and 58m. 

The rim dike extensions are not situated at the structural 

boundary between disrupted and undisrupted host rock. The rim 

dikes occur subparallel to black seams or joints ( described 

independently in section 5.4.6 ) found on their outer side on a 

distance of several decimeters ( fig.5.7 and 5.10 or outer and 

inner sides ( fig.5.5a ) .  The black seams appear to be the loci 

of structural change ( fig.5.5 and 5.10 1. 

5 .4 .3 .  Dike D. 

The structure of dike D is that of the wider parts of 
dikes A and B i.e. two rim dikes flanking discrete internal 
intrusives ( fig.5.11 ) .  This dike shows particularly well the 

welding between internal intrusives and rim dikes. The rim dikes 

and the internal intrusives have internal structures parallel to 

their periphery, yet where these bodies touch each other, they 

are welded and there is no selvedge. Dike D differs from dikes A 

and B in two ways : 

il The rim dikes of dike D are thick ( 40% of the whole dike 

thickness ) and continuous along the short observed plan. 

ii) The internal intrusives of dike D have sigmoidal and 
rhomboidal shapes. 

There are large empty cavities in the internal intrusives not in 

the rim dikes. 

There is in the dike a rounded block of host tephra with curved 

black seams ( fig.5.11 ) .  The material surrounding the block is 

structureless also lacking black seams. 



FIG.5.10. STRUCTURAL CHANGE BETWEEN THE RIM DIKE EXTENSION OF 
DIKE B ( position 58m 1 .  

M 
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block r a m s  

I 
zone lacking / 

black seams r a r e  bkrk 
north rim reams obrared 
er ten i ion in this a h a  

0 1  d ike  0 

The lava tablets of the disrupted area approximately match 
the spatter level but many tablets are lower than this level. 

The tablets seem to have rotated on horizontal axes. 
Black seams are described in section 5.5. 
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5.4.4. Dike E. 

The size of this dike and of its internal structures 

are sufficient for them to be seen on the scale of fig.5.1. It is 
formed of thin segments in its eastern part but abruptly thickens 
to 5 meters near the contact between tephra and underlying 

formation. Between the tephra-underlying formation contact and 

dike G, dike E forms a pattern of megafingers separated by right 
stepped megasigmoids repeated three times. West of dike G, dike E 

consists of rim dikes flanking internal intrusives. Rim dikes and 
curved internal intrusives are lm thick. The dike dips to 70° 

south along all its eastern side. 
The vertical plane of contact between the north rim dike and host 
rock ( washed away by erosion ) is exposed ( fig.5.12 1 .  Its 
geometry can be defined as three coalesced half cylinders which 
axes trend N11OE-30W. 
The corrugated iron-like rib-trough internal structure is also 
magnified. Polish surface shows that the ribs match thick poorly 

vesicular band ( < 5% vol. of bubbles ) and the troughs are 
centered on narrow vesicular bands ( > 20% vol of bubbles ) .  In 
the first troughs near the edge of internal intrusives, the 
diameter of bubbles is l m  or smaller. Welded contacts lack 

vesicles but are outlined by irregular empty cavities. 
A small dike stiking NO601 shoots off a curved offset on the 

south side of dike E. This dikelet is a model of segmented- 
fingered intrusion as illustrated in fig.5.13 ( also fig.6.3 ) .  

5.4.5. Dike F. 

This dike is composed of at least 5 segments. There is 

reciprocal bending toward the adjacent segment in the overlapping 
part of the two easternmost segments. The plane of the dike, as 
that of the eastern part of dike E dips to 70° south. The two 

longest segments on either side of dike G ( fig.5.1 ) consist of 
rim dikes flanking internal intrusives. However, apart from an 
ovoid lobe of chilled magma resembling pillow lava, dike F is 

characterised by a banded structure. Internal intrusive are 
tablet-like and parallel to dike flanks ( fig.5.14 1 .  Where the 



FIG.5.11. DIKE D. Upper plane of outcrop is vertical, lower plane 
oblique. Scale on tape measure in inches ( drawn on photograph 1 .  

rounded 
block 

o f  tephra 
w i t h  
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FIG.5.12. VERTICAL CONTACT WITH HOST ROCK ALONG THE STRIKE OF 
NORTH RIM DIKE OF DIKE E. 

The geometry is that 
of 3 coalesced half 
cylinders i.e. the 
intrusion was 
fingered. Step ladder 
approximately 2m high 
( drawn on photograph 
1 .  



dike is nearly completely formed of chilled magma, one can still 
see a pseudomorph of ribbon structure shown by void space. The 
very eastern end of dike F which crops out on the shore consists 
of several discrete ovoidal structures formed by a dense 
population of curved thin ribbons of chilled magma surrounded by 

host rock i.e. peperite. 

* Vesicles, 

The dike has been locally polished by the sea permitting 

detailed observation of the bubble pattern. Locally ( only 
deformed megavesicles ( centimetre long ) occur in the rim dikes 

in which no other bubbles can be seen with bare eyes. These 
megavesicles are embedded in the quenched margin. The pillow-like 

lobe of magma provide an interesting pattern of vesiculation. 
Only a few megavesicles have been observed in the 4mm thick 

selvedge which lacks bubbles. With bare eyes, no bubbles are 

visible until a distance at 1.5cm from the contact. From this 
point, bubbles are visible, first very small ( ,lmm ) and become 
gradually larger toward the apparent centre of the lobe of magma 

where their size reaches Zm,pipe vesicles are also present ( fig.10.6 ) 

The rise in bubble diameter is nearly regular but not strictly. 
Subt-le step change of the mean bubble diameter yield faint 
concentric zonations discernable to the unaided eyes. 

5.4.6. Siqmoidal intrusion. 

There is a small en echelon intrusion at the sigmoidal 
intrusion site ( fig.3.l ) .  Some of the segments have a sigmoidal 
or rhomboidal outline ( fig.5.15 I reminiscent of the internal 
intrusives of dike D ( e.g. rhomboidal intusive in fig.5.11 1 .  

5.5. Black seams. 

These have been mentioned in descriptions of dikes 
B and D. On an outcrop plane, Blaek seams are lines or strings of 

lines of a dark grey to black color. They are not outstanding 

features and a thin layer of mud or lichen are sufficient to 



FIG.5.14. DIKE F .  The dike i n  centre of the photograph is  
out l ined by t w o  t h i n  rim-dikes. In t h i s  dike internal  in trus ives  
are o f t e n  p l a t e - l i k e  and p a r a l l e l  to rim dikes.  



cancel them to the view. They are structural features i.e. have 
been planes of discontinuity or fractures in the rock even though 
they have been cemented by some processes posteriorly. The joints 

( i.e. apparently not cemented ) of fig.5.5 have the same 
structural characteristic, described below, than the black seams. 
The black seams are present in immediate surroundings of the 

dikes only andathey are subparallel to the dikes. Commonly, black 
seams run parallely to a rim dike, bend toward the rim dike at 
one extremity and merge asymptotically with this latter. When 
they are present, the black seams are several, subpa-rallel and 
form a segmented array. They are rarely isolated exkpt perhaps in 
the area midway between the rim dike extensions of dike B. 
Rhombic figures are drawn where stepped seams interact ( fig.5.16 
1. Note that a structure very similar to that defined by the 
black seams in fig.5.16 has been described by Rogers & Bird ( 

1987 fig.4a in which dikelets of magma substitute to black 
seams. 
Black seams cut through the spatter like bombs of the host rock ( 

e.g. fig.5.10 ) or t w a k o u d  them. 

The presence of black seams seems related to the degree of 
structural change. Thus at the position 58m, fig.5.10, black 
seams are present in the outer side of the rim dike extension, 
are lacking in the inner side but have been observed again in the 
central volume between the rim dike extensions. Further away 
along the extensions of dike B, at the position 70m where the rim 
dike extensions are some 6m apart, black seams are present in the 
inner side of the rim dike extensions ( fig.5.16 I .  Note also 
that black seams are present in a rounded block in dike D ( 

f i g 5 1  but not in the surrounding structureless material. 

Black seams or joints have been observed segmented on vertical 
planes ( e.g. fig.5.5, 5.7, 5.10 ) or horizontal plane ( e.g. 
fig.5.16 ) .  

5.6. Searas zones. 

NW of dike A, three fault-like E-NE-W-SW zones 
have been mapped ( see seauns zones left of tig.5.1 1 .  These zones 
are not vertical. The two northeasternmost seam zones dip in such 
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FIG.5.15. EN ECHELON INTRUSION 
WITH RHOMBOIDAL AND SIGMOIDAL 
SEGMENTS ( sigmoidal intrusion 
site fig.3.1 ) .  Note that white 
lichen covers the host tephra. 
Modern fractures on either side 
of the intrusion are probably 
due to gravity forces ( steep 
slope/cliff on the right, 
mangrove on the left ) .  Hammer 
is 30cm long. 

+y 
4 .  

FIG.5.16. BLACK SEAMS. 

Rhombic geometry at 
junction of left 
stepped black seams. 
Horizontal plane, 
inward of north rim 
dike extension of 
dike B approximately 
at position 70m. 
Hammer is 40cm long. 



a way that the two planes must meet at depth. 

The thickness of the seams zones varies from 5 to 30cm and form 

upstanding ridges on the shore platform. They represent area 

crossed by several wavy black seams which are of order of 

magnitude wider ( each 1 than those around the rim dikes ( e.g. = 
lcm instead of lmm ) .  The seams cut through or mould around big 

clasts. Even though particular attention was given to this 

aspect, no strike slip movement could be detected on the field 

along the plane of the seams zones but a good marker is missing 

at this locality. 

5.7. The younger dikes. 

Two parallel, structurally simple and thick dikes 

strike NSO-60 ( fig.5.1 ) .  Dike H is 10m thick, dike G 6 meters. 

The width of these dikes is unknown. The petrography of these 

younger dikes is little or not different from that of the older 

dikes ( fig.4.1 . One analysed sample ( sample 36183 appendix 1 

) shows that the same remark hold for geochemistry. 

Dike G is cut by a set of apparently subvertical conjugate faults 

* Internal structure. 

Dike G exposes a spectacular rib-trough internal structure ( 

corrugated iron-like, fig.5.17 . The wavelength of ribs 

increases from 1-2 cm at contact to some 20 centimetres inward. 

Each trough is centered on a plane of bubbles ( polish specimen 

40044 sampled at 30cm from contact ) . Near the sdvedge ( lst 

trough ) subspherical bubbles are 3mm in diameter. The size of 

bubbles increases regularly inward from one trough to the next up 

to centimetre size in centre of the dike. 

The zones with bubbles are narrow ( =1/3 of wave length 1 .  There 
is only one size of bubbles or nearly so in a zone. Between the 

bubbles rich zones, the solidified magma is totally bubble free. 
There is no other obvious differences between ribs and troughs. 

A 6cm thick dikelet ( N130-30NE, drawn in fig.5.21 ) intruded a 





40043 ) .  A first apparent difference resides in a subt_.le change 

in thickness of the alteration rim of the clasts of sideromelane 

( larger degree of palagonitisation ) .  The second change is 
textural. A t  the locality of the black seams zones, there is a 

bimodal distribut-ion of clasts in the host tephra: small angular 

clasts of sideromelane and broken crystals are dominant and there 

are big but less numerous scoriaceous clasts of tachylite with a 

quenched margin or not. It has been observed twice in thin 

sections that, where a black seams cut through one of the big 

clasts of tachylite, it contains at the same level several little 

clasts of tachylite resembling the big clast. These little clasts 

are not grouped together but instead are homogeneously 

distributed through the black seams. The size of clasts of the 

population of small clasts of sideromelane is unaffected. Some 

black seams do not cut through clasts of tachylite but mould 

around* them. 

In contrast with other black seams, the curved black seams from a 

rounded block of host rock in dike D ( fig.5.11 are cataclastic 

as they correspond to bands of finer material. 

5.9. Material found between rim dikes. 

5.9.1. Texture of host rock between the rim dikes extensions of 
dike B. 

Even though the host agglomerate intruded by dike B can 

be locally vesicular ( presence locally of big voids, > lmm, at 
triple points between clasts, p.3-13 , the clasts, fresh, are 

elsewhere in tight contact when observed microscopically. In 

contrast, there are no visible vesicle in hand specimen in the 

structurally affected area between the rim dike extensions. In 

thin sections however, small concave voids and empty space are 

abundant at all triple and many simple contacts between the 

clasts. Thus the porosity of the structurally affected area is 

higher than in the adjacent bedded tephra. The clasts are now 

fringed with crystalline clay minerals and might have been 

slightly rounded ( sample 40029 1 .  



5.9.2, Material found between the rim dikes proper. 

The microsection shown in Fig.5.18 cut through an 

interval between a rim-dike and an internal intrusive separated 

by only t w o  millimeters ( dike F . Clasts of pumiceous tephra 

and voids separate the two intrusive phases of the dike. 

Successive mineral precipitation occurred in the void ( three 

phases are seen on fig.5.18 . These secondary minerals also coat 

fracture walls in the intrusive phases. 

The appendages seen on the upper and lower parts of figure 5.18 

are part of the rim-dike ( upper and a large internal intrusive 
( lower ) which are in direct contact with material of host rock 

origin. There is no mixing of intrusive and host components ( 

i.e. no peperite ) .  

5.10. Peperite. 

Peperite has been described macroscopically as 

concentrations of lava tablets, often with a folded appearance 

( e .g .  fig.5.6 ) .  

The size of these intrusive. ranges down to a centimetric scale. 

Clasts can show brecciation but usually are intact and are 

completely surrounded by sideromelane despite outlines sometime 
tortuous. 

An interesting feature is the presence of large flattened 

vesicles ( 1 rm+ ) in parts of the periphery of some clasts. 

Trains of such flattened large vesicles can completely transect 

an area of sideromelane. The irregular swarm-like occurence 
leaves no doubt that the vesicles are the relicts of external 

fluids trapped by quenching of the magma. 

The two elements which form the peperite are 

eas; l$istinguishable microscopically. The tephra ( host rock 1 

is pumiceous, not the intrusive phase ( magma from dike tips 1 .  
Their proportion varies. For instance at the position 31m of dike 

B, the tephra forms 30 to 50% of the peperite ( sample 40028 1 ,  
at the east end of dike F it accounts for only 10% of the 

material( sample 40037 ) The texture also varies. At the 

position 31m of dike B, many voids are filled with secondary 



FIG.5.18. MATERIAL AND TEXTURE CCCURING BETWEEN RIM DIKE AND 
INTERNAL INTRUSIVE ( microsection, dike F ) .  

a p o p h q s ~ s  o f  south r l  m d i k e  I s ~ d e r o m e \ a n e )  

\ 

e d q e  o f  in terna l  i n t r u s i v e  I s i d e r o m e l a n e  i 

An appendage of the rim dike and of the internal intrusive are 
visible respectively in the upper and lower parts of the figure. 
Between the intrusive phases, they are four clasts of pumiceous 
tephra ( I to IV ) and a large void. Successive mineral 
precipitations filled the void. 



phyllites and oxides ( amorphous or crystalline ) which partly 
cancel to the eye its clastic nature ( sample 40028 . At the 

east end of dike F ( sample 40037 1 ,  the voids are filled by 

zeolites only. 

5.11. Microscopic observation of the magmatic phase 

5.11.1. Dike contacts. 

The direction of magma propagation was analysed using 
several sets of three oriented thin sections perpendicular to 

each other and from several contacts. 

The first few millimeters away from the contact within the b dike 

are composed of clear sideromelane. It is bugle free or buble 

poor but for elongate phenovesicles ( = 1 mm ) which are locally 

abundant and similar to those of the peperites ( trains of 

flattened bubbles ) .  

The orientation of phenovesicles ( 01anchard 9 fn 1974 , ~ ~ ~ 3 r d  Iqeo, 
s h ~ n e y  1985 ) indicates an upward, near to vertical inltial 

movement of the magma in the "knuckle bone segments" along the 22 
to 29m segment of dike A? This direction is subparallel to the 

long axis of the segment. Despite microscopic study, the 
direction of movement of magma could not be determined along the 

fingered north rim dike of dike E ( fig.5.12 1. 
Often dike contacts are very irregular with thin outgrowths, 

long of several millimeters and made up of fragile sideromelane 
which intrude the host tephra ( as seen near the top of fig.5.18 

for example ) .  

Disposition of regularly spaced outgrowths along a rim-dike of 
dike D imitates the asymmetrical pattern of sawteeth. These are 1 

to 4 mm long. Some of them extend to form little pods in the 
tephra and are attached to the dike by a narrow band of magma 

only 0.5 mm thick. The contact between magma and tephra is direct 
and in most cases there is neither hyaloclastitisation 

( granulation by quenching ) nor peperitisation ( dynamic 

mixing ) .  

Similarly to quenched contacts, welded contacts between internal 
intrusives or between internal intrusives and rim-dikes are also 



b 
buble free but they are made of tachylite instead of 

sideromelane. They can be outlined by the presence of megavoids 

or vesicles. Captured clasts of pumiceous tephra have been 

recognised at several welded contacts. Tachylite substitutes for 

the original sideromelane of the clasts evidencing the severe 

heat exchange. This observation indicates that before initiation 

of heat exchange and welding a quenched margin of sideromelane 

may have be present initially around all part of the internal 

intrusive welded or not. This is nearly certain if one considers 

that the selvedge is present until less than a few millimeters 

from welded contact ( fig.5.18 1 and that the bubble pattern is 
the same at contacts with sideromelane or welded. 

5.11.2. Internal part 

Further away from contact with the tephra ( 0.5 Cm to 1 Cm 

) ,  the sideromelane changes into tachylite. There is also 

apparition of a dense population of drusy vesicles ( e.g. 

initially 25% of volume at the edge of dike B ) which become 

bigger and more rounded with distance from the contact. Drusy 

vesicles are always filled with a yellowish clay material and 

are not visible macroscopically. 

Note : Baragar & A1 (1977 ) also described the 
systematic presence of clay minerals in interstitial 

position in pillows of ridge tholeiitic basalt. They 

identified them as chlorophaeites and saponites and on 

textural and geochemical grounds described them as 

having all aspects of primary minerals. 

In many thin sections the tachylite appears homogeneous. 

There is locally flowage structures defined by the phenocrysts 

but not continuous for more than a few centimeters. Segregation 

vesicles ( i.e. partly filled with very fine and dark tachylite 

are common in dike E and D where the tachylite is coarse ( many 

visible crystallites ) .  The paleo vesicle wall is well defined 

by the crystallites of plagioclase. The filling of segregation 

vesicles varies between 5 and 60% of total vesicle volume. 

The smaller vesicular bands of the rib structure can be 



observed in thin section ( dike B and D 1. They contrast sharply 
with the surroundings, not only by the presence of vesicle ( 

visible macroscopically 1,  but because the bands completely lack 

drusy vesicles. As drusy vesicles are yellow ( clay ) bubbles 

rich bands appear much darker. There is no other difference 

between the two kinds of zones that the exclusivity of one type 

of vesicle to the other ( either bubbles or drusy vesicles ) .  The 

texture of the tachylite is the same and bubble rich bands cannot 

be confused with segregation vesicles or veins. When well defined 

the bubbles rich bands are much thinner ( say 1/sth ) than the 
adjacent bubble free or poor bands. The size of bubbles from 

bands and drusy vesicles in between the bands increase O i b t ~ l t 5 f i ~ o u ~ \ ~  

inward. 
The texture is glassy everywhere in the thin dikes ( A, B & 

F ) .  Even at 30Cm from contact, microliths are less than 10'~ ( 

P1 ) or 10'~mrn ( pyrox. & opaques ) long. By comparison, the 

central part of dike G, one of the wide younger dike, is 
crystallized ( the crystals of the mesostasis are .l-.2 mm long 

) 

5.11.3. Internal structure of "knuckle bohes segments" of dike A .  

Study of "knuckle bones segments of dike A on polished 

hand specimen and microsections revealed the presence of two 

conspicuous types of inhomogeneities : 

i) In a specimen sampled at the position 22m and adjacent to 
a finger ( sample 40042 ) there ate some plastic "clasts" or 
bands, more viscous than the driving magma. Spectacular shear 
figures ( shear of bubbles ) occur along their contact 

( fig.5.19 ) .  This can happen along one side only, the "clast" 

elsewhere merging progressively with the driving magma thus 

providing evidence that one side only was more viscous. These 

plastic "clasts" are characteristically more vesicular but are 

not otherwise differentiable from the driving phase. Clearly the 

two are different rheologic states of the same magma ( of the 

rim-dike ) brought together by some dynamic effects. A few 

undeformed i.e. solid clasts could come from the host rock. 



On polished samples the plastic vclaststl can be followed locally 

and form thin ( few 10'lmm wavy flat amoeboidal faint shapes 

up to several centimeters in diameter and subparallel to the 

contact ( fig.5.20 1 .  The central part of the studied "knuckles 
bones segmenttt is then inhomogeneous with about one third to half 
of its volume taken up by the plastic "clastsv. From the contact, 

in addition to the quenched margin, fringes 1 Cm+ thick ( the 

studied rim-dike is about 10 Cm thick ) are free of these plastic 

bands. 

Continuous bands of deformed bubbles reminiscent of the 

deformation of "plastic clasts" have been observed in the 

internal intrusive of dike D. It is also notable that in dike D, 
there is more bubbles in the internal intrusives than in the rim 

dikes. 

ii) The second inhomogeneity in the Itknuckle bones segmentstt 

of dike A consists of irregular elongated patches, 50% of which 

is occupied by anastomosing calcite-zeolites filled voids ( 

fig.5.20, sample 40042 ) .  Their long axis is roughly 

perpendicular to the contact. a Nevertheless, contacts between the 

"plastic claststl and driving magma ( described above ) are often 
selected by the network of calcite-zeolites filled voids yielding 

outlines reminiscent of that of cedar trees. 

Even three dimensionally ( samples cut in cubes ) ,  these patches 

seem discrete. The geometry of the voids is characterised by many 

acute angles and angular and rounded elements of chilled magma 

are found in them. This geometry is similar to hydraulic type 

fracture systems but lacks the regular angular appearance of a 

brittle phase. 

A straight slit, between such a void and dike contact, 
interpreted as a cooling joint, is part of the system near the 

edge of the dike thus suggesting that the magma was in a static 

cooling stage. 

Voids similar to that observed in "knuckle bones segments of dike 

A occur in the internal intrusive of dike D. Their outline is 
more rounded. Also similar voids have been described in the 

spatter like bombs of the host tephra ( section 3.4 1 .  
Irregularly shaped cavities also generally filled with 



FIG.5.19. "PLASTIC CLAST". Contact between a "clast" plastically 
deformed ( right of photograph and driving magma ( left of 
photograph ) .  Sample 40042, scale bare lmm. 

- 

FIG.5.21. VOIDS IN DIKELET* 
Dikelet intruded along a fault 
plane which truncates dike C; 
drawn on sample 40034, real 
scale, section N120 
subvertical. 

FIG.5.20. SCHEMATIC 
REPRESENTATION OF "PLASTIC 
CLASTS" OR BANDS" AND 
ANASTOMOSING VOIDS IN "KNUCKLE 
BONES SEGMENTS" OF DIKE A. 

!rome lane 
marqins ) 
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calcite and zeolites and with their long axis perpendicular to 

the plan of intrusion are present in several dikes ( fig.5.21 1 .  
Their overall shape is similarly defined with acute angles and/or 

rounded contacts. They are generally observed at a few 
centimeters from contacts. At a microscopic scale, on good thin 

sections, there is no recognisable flow structures ( fossil path? 

) or joints between these voids and the contact. 

5.11.4. Polyphase intrusion in the rim dike extension of dike B. 

A vertical contact between two magmatic phases has been 

observed into the south rim-dike extension of dike B at the 
position 60 m. The two phases are vesicular and thin section and 

there is a slight chilling of the intruding phase which is also 
erosive. The drusy vesicles are deformed or disposed in thin 

bands and abundant but tiny neddles shaped microliths ( 1/20th of 

mm long 1 define a flow texture. There is some clasts of the 
tephra recrystallized in tachylite at the contact. 

5.12. Synopsis. 

A group of older dikes shows a consistent 

structure : they are composed of internal intrusives of various 

shape and flanked by rim dikes ( fig.5.2 . Between the rim dike 

and internal intrusive, the material is that of the host tephra ( 

section 5.9.2 ) .  There is no relative movement of markers on 

either side of the dikes ( e.g. fig.5.5 ) ,  however "black seams" 

are geometrically associated with intrusions. The host tephra has 

also been affected by structural shanges near the intrusives. 
Microscopically, the area affected by structural changes and the 

black seams are characterised by : 

i) coating of the clasts with secondary minerals 

ii) increase of rock porosity 

iii) mixing of the clasts. 

The corrugated iron looking of dike surface seems generated by 

the bubble pattern of the dikes. Two kinds of inhomogeneities are 
detected in the intrusives. The first is contemporaneous to 

flowage and formation of bubbles, the second podates flowage. 



CHAPTER 6 

TEIE ORUAWHARO INTRUSIONS AS CRACKS IN ELASTIC HOST ROCK. 
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6.1. Introduction. 

Many of the informations ( e.g. p.1-2 ) which can 
be drawn off dike intusions relate to mechanics and it is the 

mechanical aspect of intrusion of magma in rocks which will be 
studied first ( this chapter, chapters 7 and 8 ) .  

The pioneer was Anderson ( 1938 who compared a dike to an 

elliptical crack in an infinite elastic solid. The crack is 

pressurised internally or is submitted to regional tension, it is 

a dilatant crack. Analytical solutions for stresses around the 

elliptical crack being available, dikes could be analysed 
semiquantitatively. More recently the model has been develo-ped 

considerably by a group of geologists-mechanists of the U.S. 

geological survey led by Pollard ( see under Pollard or 

Delaney in references, 1973 to recent 1. 

It is legitimate, a priori and as approximation, to apply I ' the analytical solutions for the elliptical crack in elastic 

solid to the Oruawharo dikes because : 

1 i) They are sheet-like and no shear component has been 

detected in the move-apart displacement of the country rock on 

either- side of the dikes ( chapter 5 ) .  

i) The dikes cut through the host rock sharply ( suggests 
I brittle rather than ductile behaviour of host rock ) .  Direct 

observation after hydraulic fracturing experiments in tuff a few I 

hundred meters below the topographic surface showed that the rock 

responds mainly elastically ( Warren & Smith 1985 . Therefore, 

the elastic solution may be applicable to volcanic material like 

that of Oruawharo formation even if the confirhent is low. 

The quality of fit between theoretical expectations and observed 

features of the dikes will provide the degree of confidence that 

can be attributed to the model. 
The elastic theory yields two kinds of information : 

i) the state of stress around the crack; 

ii) deformation of the material and shape of the crack. 

They will be presented and applied to the Oruawharo dike 

intrusions in this order. 



6.2. Stress. 

In this section, the stress distribution around 

pressurised cracks is reviewed for the four following situations 

: i) crack in an isotropic stress field; ii) crack in an 

anisotopic stress field; iii) interacting cracks; iv) crack 

interacting with a free surface ( topographic surface ) .  

The solutions are two dimensional i.e., the cracks must be very - - 

long in their third dimension. Only the case in which the remote 

L reqional maximum principal stress, S1, and minimum principal - 
stress, 53, are respectively parallel and perpendicular to the 

width of the crack will be considered in this thesis ( fig.6.1 ) .  

The solutions are all available in geological literature. 

6.2.1. Stress distribution around a crack in an isotropic stress 

field ( S153 ) .  

The analytical solution is the same whether the crack 

is internally pressurised in a stress free system or is simply 

present in a tensile environment ( Anderson 1938, Delaney & 

Pollard 1981 . For dike intrusion of magma in a non tensile 

stress field, the effective internal pressure is the magmatic 

pressure, Pm, less the compressive regional stress perpendicular 

to the strike of the dike, S3, and is called driving pressure, Pd 

( Anderson 1938, Pollard 1973, fig.6.t this thesis ) .  

The characteristic of such a system is the concentration, purely 

geometric in origin, of large tensile stress, shear stress and 

stress gradients near the tip of the slit ( fig.6.2 ) .  For 

instance, the ratio 

stress at crack tip 

the tensile 

200 times higher than the driving pressure 

( Pollard & Johnson 1973 p.340 ) .  The contours of stress 

magnitude are similar for a disc shaped three dimensional crack ( 

Sneddon 1946 1 .  

6 . 2 . 2 .  Stress distribution around a crack in an anisotropic 

stress field ( S1>S3 ) -  

The stress field is altered if the regional principal 



............................................................... 
Fig.6.1. TWO DIMENSIONAL MECHANICAL MODEL FOR DIKE INTRUSION. 

W is the width and t the thickness of 
the elliptical crack ( dike ) .  The 
crack is very long in its third 
dimension i.e. perpendicularly to 
paper ( its length see fig.5.2 ) .  S1 
and S3 are the regional maximum and 
minimum principal stresses ( S1 > S3 
in compression ) .  Only the case in 
which Sl is parallel and S3 
perpendicular to the width of the 
crack are considered in this thesis. 
fi and 6 are the maximum and minimum 
principa? stress at any point. The 
internal ( magmatic pressure is Pm. 
When the regional stresses are 
compressive, the effective pressure 
acting on dike surroundings, the 
driving pressure is : Pd = Pm - S j .  
For the models, the x-axis wlll be 
parallel to dike width and the y-axis 
perpendicular to dike width all along 
the thesis. The origin is in centre 
of the crack. 

I stresses are anisotopic, i.e. if S1 > S3 ( fig.6.1 ) .  When the 
I magnitudes of the regional stresses are not negligible relative 
I 

I 
to the internal pressure of the crack ( Pm ) and that the 

anisotropy is strong, the trajectories of the principal more 

compressive stressGI is parallel to the crack along its sides. 

The trajectories of Gl along the crack when S1 is significantly 
I larger than S3 is therefore perpendicular to those of when S 1  
I = S3 as was illustrated in fig.6.2. However the stress field near 
I 

the crack tip is much less affected by changes in the values of 
S1 and S3 and keeps its intrinsic characteristics ( Anderson 

1938, compare his figs 1 and 2, Pollard 1973a treated for the 

case: S1=Pm=2xS3 ) .  

The presence along the dike of structural features of the second 

order seems to be the only possible method of detecting if the 

paleoprincipal stresses were isotropic or anisotropic ( Pollard & 

A1 1983 ) .  Second order tensile fractures are inferred to open in 

the direction of the maximum principal stress rl and second order 
folding or reverse faulting perpendicular torl ( Pollard & A 1  

1983 1 .  



FIG.6.2. STRESS DISTRIBUTION AROUND INTERNALLY PRESSURISED CRACK 
IN ISOTROPIC STRESS FIELD ( Sl=S3 1 .  
a) bold broken and doted lines are the 
trajectories respectively of G1 and G . 
Light broken double lines and shaded h s  

b, 
( . 2 )  

are contours of magnitude respectively of cl 
andC3 ( Cl>G in compression ) .  Tensile 
stress is negative. Stress magnitude are 
scalled by driving pressure ( see fig.6.1 
and dimensions by the width of the crack ( 
from Pollard & A 1  1983 1 .  
b) Contours of magnitude of principal shear 
stress, c, ( from Sneddon 1945 ) .  

crack'  



A dikelet offshot of the southern side of dike E ( P.5-16 and 

fig.5.13 ) can be interpreted as second order feature. The 

dikelet ( supposedly a dilatant crack 1 is oblique to the flank 
of dike E ( fig.6.3 . In solutions of the elastic theory, GI is 
significantly oblique to the crack ( dike E ) only when, either 

the regional stress field is not strongly anisotropic or the 

internal pressure in the crack is well in excess of regional 

stresses, anisotropic or not, as writte-n above. One of these 

situations may apply to dike E. 

FIG.6.3. OFFSHOT DIKELET ON SOUTH SIDE OF DIKE E ( horizontal 
plane 1 .  
This geometry may indicate that : i) the regional state of stress 
was not strongly anisotropic; ii) the magnitude of internal 
Pressure of The dike was well in excess of those of regional 
principal stresses ( drawn on photographs 1 .  

IKE E 

r i m  d ~ k e  



6 . 2 . 3 .  Interacting cracks. 

When several cracks are present in an elastic body and 

if they are close to one another, there is interaction of the 

stress fields generated around each crack. 

A - Interaction between two cracks. 

Fig.6.4 is an example of stress field around two interacting 
offset cracks. Comparison with the stress field of an isolated 

crack ( fig.6.2 ) reveals that : 

FIG.6.4. STRESS DISTRIBUTION AROUND INTERACTING CRACKS. 
Bold broken and dotted lines are respectively trajectories of ci 
and 9 , light lines are contour of magnitudes of GI. Stresses are 
norma ised by driving pressure, distances by crack width. No 
anisotropy in regional stresses ( S1=S3 ) .  From Pollard & A1 1983 
1 



i) the stress field of the tip area is the most affected. 
ii) the maximum principal stress trajectories ( Gl ) at the 

tip oblique toward the adjacent crack. 
iii) the area of maximum tensile stress has moved on the 

side of the adjacent crack. 

Swain & Hagan ( 1978 ) and Delaney & Pollard ( 1981 ) showed 

that the two cracks must theoretically bend toward another. Swain 

& Hagan ( 1978 ) obtained this reciprocal bending experimentally 

in brittle material and Delaney & Pollard ( 1981 ) illustrated 

natural occurrences of dike segments with reciprocal bending. 
Therefore the reciprocal bending observed between the 

segments of dike A ( fig.5.3 ) and between the two easternmost 

segments of dike F ( fig.5.1 is predicted by the elastic theory 

and may be cited as fine natural example of the phenomenon. 

B - Interaction in array of cracks. 

In array of en echelon cracks, the trajectory of the maximum 

principal stress at the tip of any crack oblique toward the 

adjacent crack and the area of maximum tensile stress joint the 

tips of the adjacent cracks ( Roger & Bird 1987 fig.12, 13 & 14 

. Therefore it may be expected that bending in opposite 
directions at either end of one crack of the array will form S- 

shaped cracks, i.e. sigmoidal segments, especially when the 
cracks are short. Sigmoidal segments in array of cracks have been 

produced in gelatine by Pollard & A1 ( 1982 fig.14 ) and natural 
t- occurences of sigmoidal dike segments are described in Rogers & 

Bird ( 1987 fig.9 ) It must be added that sigmoidal to 

rhomboidal segments can be produced among en echelon cracks by 

simple dilation in elastic solid without reciprocal bending at 

tips of segments ( e.g. Nicholson & Pollard 1985 fig.7 ) .  

Sigmoidal and rhomboidal segments occur in the "sigmoidal 
intrusionu ( fig.5.15 ) and dike D. 

6.2.4 .  Interaction of a crack with a free surface ( topographic 

surface ) .  

The notion of stress ( and strain ) ,  introduced by 





between a pressurised crack and a nearby free surface. Fig.6.5 

illustrates the results obtained by Pollard & Holzhausen ( 1979 ) 

and Pollard & A1 ( 1983 ) when there is a linear regional stress 

gradient perpendicular to the free surface. The trajectories of 

the maximum principal stress,Gl, are not affected near the tip 

of the crack relatively to the solution for a crack in infinite 

solid, i.e. they are sub parallel to the plane of the crack ( 

compare fig.6.2 ) .  The contour of magnitude of the minimum 

principal stress are not affected near the tip of the crack or 

dike ( compare fig.6.2 ) ,  however the area of maximum tensile 
stress spreads obliquely toward the free surface and reaches the 

free surface. The bands define 4 S 0  angles with the plane of the 

dike and carries tensile stresses with magnitude in excess of 

half the driving pressure of the dike ( fig.6.5 ) .  In contrast, 

the tension ahead of the tip and in the plane of the dike is 

lessened relative to the solution for a crack in infinite solid ( 

compare fig.6.2 ) .  

There are no known analogs to the oblique lateral spreading of 
I the area of maximum tension away from the tip of the crack which A 

1 forms when a crack interacts with a free surface ( Pollard & 

Holzausen 1979 ) .  Such a stress distribution therefore has 

quality of diagnosis. 

Several natural occu$ences of features produced by dike 

interaction with a free ( topographic ) surface are reported in 

Pollard & Al ( 1983 ) .  These are bands formed of array of tensile 

cracks which diverge obliquely from tips of modern eruptive 

fissures. The wedge of host rock outlined by these bands of 

tensile cracks ahead of the fissure is not or little affected by 

cracking. The pull apart displacement of each crack of the array 

varies from 1 to 5cm at the topographic surface. 

The angle defined by one of the tensile band with the plane of 

the dike varies with the distance from dike tip to the free 

surface from 40 to 70° ( this latter for tip very close to the 

free surface ) .  In fig.6.5, it is of 4 5 O  therefore the distance 

between the tip and any plane parallel to the free surface is 

equal to the distance on this plane between the plane of the dike 

and that of one of the two tensile bands. 



The rim dike extensions of dike B and accompanying array of 

black seams are much alike the occu~ences described by Pollard & 

Al 1 1983 1 but for the presence of magma in the inferred tensile 

bands ahead of the dike. It is therefore proposed that dike B was 

interacting with a free surface present at a higher altitude. 

An advantage of the Oruawharo site on other occu;ences of dike 

interacting with a free surface described in literature, is the 

presence of vertical sections through the tensile bands 

extensions from the dike as drawn in fig.5.8. Offset upper 

segments have always been observed to be displaced away from the 

plane of the dike relative to the segment below. This is 

compatible with results from the elastic theory. The trajectories 

of the maximum principal stress,Gl are subparallel to the plane 

of the dike ( fig.6.5 1 and the planes of the rim dike extensions 
of dike B are also subparallel to the plane of the dike. The 

tensile bands in which cracking occurs are oblique to the plane 

of the dike ( fig.6.5 therefore an en echelon pattern of 
discrete cracks is expected and the width of such cracks must 

exceed their length ( width & length defined in fig.5.2 . This 

is observed along the rim dike extensions of dike B where seams 
zone and rim dikes are segmented on vertical plane ( fig.5.5, 

5.7, 5.8 1 but are more or less continuous on horizontal plane on 
the shore platform. The magma apparently was moving along 
horizontal axes. 

Each step away from the dike plane in the array of crack 

represents an obstacle to propagation of the magma intruding 

upward ( the minute discrete horizontal rim dike segments in the 
vertical section at the position 31m of fig.5.5 cannot feed the 

45m long rim dike extensions ) .  Fig.5.9 suggests that bridges of 

magma eventually formed between offset fractures and that 
subsequently magma flowed horizontally. 

Only the west side of dike B ( and A? see p.5.9 is 
extended by rim dike extensions and black seams. There are two 

possible explanations to that : i) the east side of dike B is 
subvertical; ii) the free surface was not horizontal at a higher 

altitude above dike B but was an inclined surface dipping west 
and situated west of dikes B and A. 

Applying the rule which indicates that the distance between 



dike tip and a plane parallel to the free surface is roughly 
equal to the distance between a tensile band and the plane of the 
dike on this plane parallel to the free surface ( e.g. fig.6.5 ) ,  

one can predict that the tip of dike B is at less than 3m below 

the plane of the outcrop at the position 75m ( fig.5.4 ) .  

6.3. Deformation. 

The agreement between the geometrical features of 

the older dikes and those expected from solutions for stress of 

the elastic theory is satisfying. Direct application of solutions 
from the elastic theory will therefore be pursued with 

computations related to deformation. 

In the model of the elliptical crack, the width of each side 
of the crack is constant and there is a linear relationship 

between the crack or dike thickness at mid width ( i.e. maximum 

thickness 1 to, the driving pressure of the crack or dike, Pd, 
and the elastic properties of the host rock. 

In natural occurrences the thickness can be measured and either 

the elastic parameters of the host rock or the driving pressure 

in the dike must be estimated to calculate the value of the 

remaining variable(s). 

A such proceeding implies : i) that the shape of the dike is 

known and approximately elliptical; ii) that the host rock is 

approximately homogeneous and not excessively folded or faulted 

etc.... In other words, not all dikes can be modelled. 

6.3.1. Choice of dikes for modelling. 

The dikes A and B only can be used in modelling. The 

dikes A and B ( proper ) are entirely exposed, they crop out in 
an area little affected by faulting and folding and where strata 

are horizontal. 

It is inferred that the distance between the rim dikes represents 

the dike thickness. This is based on the following observations : 

i) When internal intrusives are lacking, host material 
occurs between the rim dikes therefore rim dikes were already 

widely apart when they intruded the tephra. 



ii) The thickness of the segments is completely independent 
of the internal structure of the dike whether this latter is 

entirely composed of massive chilled magma or partly occupied by 

internal intrusives ( dikes A, B, E 1 .  Even when internal 
intrusives are few, some of them extend from one side to the 

other ( in thickness ) of the segment as defined by the rim dikes 

( thin rim dikes, fig.5.3 1.  
iii) The rim dike extensions are clearly distinct from the 

rim dikes proper as shown by the change in slope in the diagram 

thickness-separation vs position along dike ( fig.5.4 1 ,  At last 
internal intrusives are absent between the rim dike extensions. 

6.3.2.  Shape analysis. 

Even though dikes A and B appear to be suitable for 
modelling, examination of fig.5.4 shows that it is not at mid 

width that the magnitude of thickness is the larger as one may 
expect. 

Pollard & Muller ( 1976 ) encountered this discrepancy and showed 

that it could result from the presence of gradient in the 

regional stress and/or magmatic pressure at the time of 

intrusion. Using the elastic theory, Pollard & Muller ( 1976 1 
showed that with a linear gradient, the final shape of the crack 

is that of a teardrop as : 

1/2t = I [ 1 - 4 (x/w)~ [ l/ZtO + 4 0  (x/w) I )  
with 12x/W I 5 1 Eq. 6.1 

where W is the width, t the thickness, to the thickness at mid 
width of the crack and G a constant proportional to the regional 

stress gradient ( Pollard & Muller 1976 eq.9b ) .  If there is no 

stress gradient, G = 0 and Eq.6.1 reduces to the equation of an 
ellipse. Note that when x = 0, i.e. at mid width of the dike, 
Eq.6.1 reduces to : 

1/2t = 1/2t0, 
In other words, the thickness of the crack at mid width is not 

affected by the presence of a linear stress gradient. 

The shape of the crack is controlled by the magnitude of the 

ratio : t0/4G. 



FIG.6.6. SHAPE OF CRACK IN ELASTIC SOLID WITH A LINEAR STRESS 
GRADIENT. t is the thickness at mid width and G a constant 
proportiona! to the stress gradient. t0/4G controls the shape of 
the crack. When t0/4G ->a the crack is elliptical. The asymmetry 
is maximum for t0/4G = 1 . tmav is the maximum thickness and Xmax 
the position of the maximum thxkness along the x-axis ( here 
represented for t0/4G= 1 ) .  From Pollard & Muller ( 1976 1 .  

FIG.6.7. RELATIONSHIP BETWEEN THE RATIO 
t0/4G WHICH CONTROLS THE SHAPE OF THE 
CRACK IN PRESENCE OF A LINEAR STRESS 
GRADIENT AND : 
a) THE M I M U M  THICKNESS OF THE CRACK; 
b) THE POSITION OF THE MAXIMUM THICKNESS 
ALONG THE WIDTH. 
Variables as in fig.6.6. From Pollard & 
Muller ( 1976 1 .  

! 
s-x 



t0/4G varies from +cowhen the crack is elliptical to 21 when, 
for the last time, the crack is still in equilibrium and has its 

most asymmetrical shape ( fig.6.6 ) .  The maximum thickness, the 

position along dike width where the thickness is maximum and the 

magnitude of the ratio t0/4G are interdependent in the manner 
shown in fig.6.7. The presence of a strong regional linear stress 

gradient can increase dike thickness down gradient of one third ( 

fig.6.7a ) .  The maximum thickness cannot be closer from the tip 

than W/4 ( fig.6.7b 1. 

6.3.3. The best fit model. 

Once the parameters to and G ( if necessary ) are 

known, it is possible to estimate the driving pressure and the 

regional stress gradient ( next sections 1. The present step 

consists in determination of to and G for dikes A and B. The 
geometry of these dikes has been given in fig.5.4. The best fit 
model was obtained by a simple graphical trial method. Values of 

the parameters to, t0/4G and sometimes W were tried succeBively 

in equation 6.1 and the resulting forms were graphically compared 
with that of dikes A and B. The area of the surfaces between the 

outline of the model and that of the dike ( dotked surface of 

fig.6.8 ) was used as a criterion to judge the quality of the fit 

together with considerations on the distribution of this surface 

( for a same area, the fit was considered to be better if there 
was several surfaces distributed around the outline of the dike 

rather than a large surface entirly on one side of the dike 
outline for instance ) .  

The parameters of the teardrop models drawn on fig.6.8 are 

reported in columns 2, 3, 4 and 5 of table 6.1 ( the following 

columns are for later use ) .  These are the best fit models. 

Elliptical models ( t0/4G ->d, G=O ) were found not to be 

satisfying because, in addition to a trend to yield a larger area 

of the surface between outlines of model and dike, the surface 

occurs all at once, or nearly so, on one side of the dike 

outline. 

That the value of the ratio t0/4G must be low for Oruawharo dikes 
can be read on fig.6.7b since the maximum thickness of dike A, B 



and each of their segments is always displaced toward the west 

end. 
Fig.6.8 and table 6.1 ( columns 2 to 5 ) give the necessary 

informations to decide whether the dikes should be modelled as 

one crack or as interacting segments. 

For dike A, cumulation of the surfaces between the outlines of 

the three models and three segments ( lower part of fig.6.8a ) 

yield a value 35% smaller than that of the equivalent surface in 

the one crack model ( upper part of fig.6.8a 1 .  The segmented 
models are also more satisfying because they follow more closely 

the shape of the dike than does the one crack model ( the portion 

0 to 3m was not modelled and will be discussed posteriorly in 

section 8.2.3.3.1A 1 .  
For dike B, the cumulative surface between outlines of models and 
segments is only 30% of that generated by the one crack model. 

On these bases, dike A and B will be modelled as segmented dikes 

in the followings. 

At this stage, two discrepancies appear between models and the 
I 

actual dikes A and B : 
1 i) The segments of dikes A and B are very blunt i.e. they 

are always too thick at extremities relatively to an elliptical 

or teardrop geometry. 

~ ii) The maximum thickness of the dikes and segments occurs 

at positions very close from the tip. The elastic theory 

indicates that the maximum thickness cannot be closer from a tip 
than W/4. 

Anderson ( 1938 ) and Pollard & Johnson ( 1973 ) did outline that 

generally dikes and sills do not have rigorously the theoretical 

shape and were often blunted. 

6.3.4. Driving pressure of an isolated crack. 

The value of to is not affected by the presence of a 

linear regional spess gradient ( fig.6.6 ) .  The relationship 

between segment thickness at mid width ( to ) ,  width ( W 1 ,  
driving pressure ( Pd) and elastic parameters of the host rock 

for one crack in infinite elastic host is ( e.g. Sneddon 1946, 

Pollard 1973, Fedotov 1976 : 



FIG.6.8. SHAPE MODELLING OF ORUAWHARO DIKES. 
The diagram is that of fig.5.4. X is the position in meter from 
the east end of the dikes. Vertical lines are limits between 
segments. bold broken lines: Oruawharo dikes from fig.5.4 ( field 
data ) .  Curved lines: best fit models defined by Eq.6.1 with 
parameters given in columns 2 to 5 of table 6.1. One of the 
criteria used to judge the quality of the fit is the area of the 
dotted surface. 
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1/2t0 Pd (1-V) Pd (1-v2) 
- =  - - Eq.6.2 

W 2P E 

where E is Young modulus,,L shear modulus and V Poisson ratio of 
the host rock. 

For given elastic parameters, the driving pressure is constant 

for a constant value of the ratio (1/2)t0/W. It is the relative, 

not the absolute values of to and W which are significant. 

The equation hold if the internal pressure is applied over the 

entire surface of the crack. A substantial error would be 

introduced if the pressure was acting on a small interval of the 

width in a "point force" way ( Sneddon 1946 p.242, Broek 1974 
p.79 1. 

6.3.5 .  Driving pressure of interacting segments. 

Pollard & A1 ( 1982 ) and Nicholson & Pollard ( 1985 ) 

showed that the dilation of a crack ( dike segment ) in elastic 

medium is very different of that given by Eq.6.2 if the crack is 

interacting with some adjacent cracks. Their analytical results ( 

Pollard & Al 1982 fig.16, Nicholson & Pollard 1985 p.588 ) show 

that the average dilation for an array of three subparallel 

segments with small offset and overlap ( e.g. dikes A & B ) is 

approximately the mean between the average of the values 
calculated for each of the segments considered as isolated and 

the value obtained for the whole dike considered as one crack 

only. 

Dikes A and B are best fitted with models of three interacting 

segments with small offsets and overlaps. Therefore, the driving 
pressure of Oruawharo intrusions will be approximated with the 
mean value between the average driving pressure calculated for 

the segments with Eq.6.2 and that computed for the whole dikes as 
one crack with Eq.6.2. 

Pollard & Holzhausen ( 1976 ) showed that all other 



parameters kept constant, the thickness of a crack interacting 

with a free surface is enhanced relatively to that of a crack in 

infinite solid. 

If a crack which is or was interacting with a free surface is 

analysed with the simple solution for crack in infinite solid, 

the driving pressure obtained with this latter will be too high 

and it should be corrected. Pollard & Holzhausen ( 1979 fig.7 

showed that when the free surface is at a dikance of L / 4  ( L is 

the length see fig 5.2 ) from the tip, to exceeds the value 

obtained with the solution for a crack in an infinite solid of 

20%. In other words, in such a case, the correction to effectuate 

is : 

Pd = Pd@ x .8 

( a relate to the solution in infinite solid ) .  

I 6.3.7. Computation of the driving. pressure of Oruawharo dikes 

with elastic parameters of volcanic tuff. I 

I A - Computation. 
1 

Eq.6.2. will provide the driving pressure of the dike 

if the elastic parameters of Oruawharo formation can be 

estimated. A review of literature revealed that volcanic tuffs 

are soft rocks. The shear modulus of volcanic tuff in Fedotov ( 

1976 ) ,  Lama & Vutukuri ( 1978 ) ,  Weisinger & A1 ( 1980 1 ,  Warren 

& Smith ( 1985 ) varies from 2.1 to 8.8 lo3 MPa. Weisinger & A1 L 
1980 ) presented a complete mechanical study of a tuff with 

pumice and their value : 

/* = 3.18 lo3 MPa and \) = .17, 
was selected for computation. 

The results are given in column 6 of table 6.1 ( other columns 

for later use . The mean driving pressure of segments is 269 

MPa, of the dikes 93 MPa. For three interacting cracks and 

interaction with a free surface, the approximation of the driving 

pressure of Oruawharo dikes is, at indicated in the bottom row of 
table 6.1 : 

Pd = 145 MPa. 
This value can now be compared to values of driving pressure 



6 - 2 0  

reported in literature for dike intrusions. 

B - Comparison with published studies. 

Johnson & Pollard calculated the theoretical 

driving pressure of magmas ascending by buoyancy. In optimal 
conditions for basalt, i.e. when these are Newtonian and rising 

from a reservoir deep in the crust, the driving pressure at the 

surface may reach 50 to 60 MPa ( Johnson & Pollard 1973 ) .  

Fedotov & A1 ( 1978 ) calculated that the driving pressure ( 

including gas pressure ) in a lm thick dike leading to the Great 

Tolbachick fissure eruption was likely in the interval 10 to 25 

MPa. 

Delaney & Pollard ( 1981 ) and Pollard & A1 ( 1983 ) computed 
driving pressure respectively of 2 and 20 MPa for kilometer wide 

dikes of various ages. 
At last, Fedotov ( 1976 1 and Wilson & Head ( 1981 1 argued that 

generally, the driving pressure of basic dike intrusions does not 
exceed 20 MPa. 

In view of these data from literature, the driving pressure 

computed for the small Oruawharo dikes appear to be too high of 

nearly one order of magnitude. Oruawharo formation must have been 
softer than a tuff. Yet, elastic moduli of tuffs are already 

among the lowest amid moduli of rocks. 

This discrepancy may be resolved if one considers that the dikes 

intruded a surtseyan cone ( chapter 3 ) ;  that they are adjacent 

to a vent of the volcano ( fig.3.10 ) and that their petrography 

is very little different from that of the tephra of the cone ( 

fig.4.1 ) .  In other words, the dikes may have intruded the tephra 
soon after its deposition before palagonitisation. 

6.3.8. Computation of the driving pressure of Oruawharo dikes 

with elastic parameters of non cemented qranular material. 

The dikes A and B are at the base of a typical 

surtseyan edifice ( chapter 3 and 5 . Some twenty years after 

the eruption, the bottom layers of the modern surtsey volcano are 



not palagonistised, Jakobsson & Moore ( 1980 ) reported that the 
drill hole through the Surtsey volcano bottomed at 123m below sea 
level in loose fresh glassy tephra. The cone of the Surtsey 

volcano however has already been intruded by dikes near older 

vents ( Jakobsson & Moore 1980 ) Oruawharo dikes may also have 

intruded loose tephra. Tephra is a volcanic sand, therefore, as a 

first approximation, elastic parameters of sand may be chosen for 

application in Eq.6.2. 

Swiger ( 1975 1 reviewed methods to estimate the elastic 
parameters of sand. He gave the shear moduli of two sands, one 

with gravel. measured by in situ megatests : 70 and 55.5 MPa. The 
response of the sand is said to be nearly elastic in the 

conditions of the experiments ( Swiger 1975 1. 
Moduli of sand increase approximately as the square root of the 

effective confining pressure ( Duncan & Chang 1970, Drnevich 

1972, Swiger 1975, Lambe & Whitman 1979 p.158, Wroth & Houlsby 

1985 1 .  If the elastic moduli are known at a given confining 
pressure, it can be estimated at different confining pressure 

with the simple equation given in Drnevich ( 1972 p.818 ) : 

/L- =,,Ai x ( 63 / 631 1 1/2 Eq.6.3 

in which (j-3 is the confining pressure and the subscript i for 
initial. Duncan & Chang ( 1970 ) stated that the variation of 

different elastic moduli with confining pressure follows a same 

law. 

The pressure at the base of a surtseyan edifice 150m+ to 

300m- high, built up of porous material ( the mean dry density of 
Oruawharo formation as it is today is 1.65 PIg/m3 ) less a column 

of water some loom+ high is likely to be in the interval 2 to 3 

MPa . 
The values measured for in situ sand at the surface by Swiger ( 

1975 ) are corrected with Eq.6.3 for confihents of 2 and 3 MPa 

and averaged. This yields shear moduli of respectively 250 and 
202 MPa for confihent of 3 and 2 MPa. 

Swiger ( 1975 also indicated that a Poisson ratio value of .3 

is commonly used for sand. 

All parameters required in Eq.6.2 are now estimated for this new 
model based on the assumption that the dike intruded non cemented 

tephra. The results are reported in the columns 7 and 8 of table 



e 6.1 respectively for confinment of 3 and 2 MPa. The estimate of 

driving pressure for dikes A and B formed of three interacting 
segments and interacting with a free surface is now in the range 

of 13 to 10.5 MPa depending of the confining pressure. 

This is in the expected range of geological values. Therefore, it 
is very likely that the tephra was not palagonitised or cemented 

at the time of intrusion. 

6.3.9. Effects of the change in mechanical properties of the 

surroundings of a crack; contact between the tephra and 
underlyinq formation. 

Only one of the older dikes, dike E, crosses through 
the contact beween the tephra and the underlying formation. The 

thickness of this dike increases abruptly near this contact. 

As pointed out by Fedotov ( 1976 1,  Eq.6.2 may also be used to 

investigate the effect of a brutal change in host rock 

properties. If the width and driving pressure of a segment and 
Poisson ratio of host rock are kept constant, the relationship 

between the half thickness at mid width of a segment in two host 

rocks with different elastic moduli is : 

p b  tea 
Alternatively, if the driving pressure, Poisson ratio and 

thickness are kept constant, the relationship between the width 

and elastic moduli is : 

Wb P b  
The thickness ( Eq.6.4 or width ( Eq.6.5 ) are respectively 

directly inversely proportional or proportional to the magnitude 
of the elastic modulus. 

AS application, the thickness of a segment crossing through the 

contact between a very poorly cemented sandstone with/*, = 800 
MPa ( compare table 2 of Peck & A1 1985 ) and a non lithified 
granular material withhb = ZOO MPa, is expected to increase four 
times ( Eq.6.4 ) .  

ALternatively, the thickness may not change but the crack tends 



to split in smaller segments ( for instance because discrete 

cracks exists ahead of the dike 1 which width is a fourth of the 
parent segment, a mechanism which may be responsible for the 
segmentation of some dikes. 

Therefore, even a moderate change in magnitude of the elastic 
modulus provoKes large variations in the geometry of the crack. 

It is very likely that the abrupt thickness change of dike E 

results from the crossing by this dike of the contact between two 

formations of different mechanical properties. This can be 

further tested because : 

i) The dike which dips southward at this locality cut 
through the contact obliquely. Due to this dip, immediately above 

the contact, only tephra opposed resistance to dilation of the 

south side of the dike. By contrast, perpendicularly to the north 

side, there was a wedge of tephra underlied by the older 

formation. Therefore, if the modulus of the underlying formation 

was higher, the southern side offered the least resistance to 

deformation and, relatively to the plane of the dike in the older 

formation, one might expect the dike to thicken asymmetrically 

and preferentially southward. 

ii) The map also suggests that dike E intruded a fault plane 

with downfaulting of the south side. The effect is also and 

perhaps even more significantly to favour an asymmetrical 
I thickening of the dike toward the south if the modulus of the 

older formation is higher. 

Whichever of these origins is responsible, the dike thickens 

asymmetrically southward thus confirming that the elastic modulus 

of the underlying formation was significantly higher than that of 
the tephra. 

The results of modelling of all the segments of dikes A and B are 

consistent but for the easternmost segment of dike B. Modelling 
of this segment yielded values of driving pressure consis+@.'jy one 

order of magnitude lower than for other segments ( table 6.1 

column 6, 7 and 8 ) .  It is doubful that the driving pressure in 

this segment could be different from that of the others segments 

of dike B. Relative to the other segments of dike B, this segment 

, is the closest from contact with the older formation which 



elastic modulus appear to be higher than that of the tephra. This 

suggests that there was some kinds of interaction between this 
segment and the underlying fomation. This segment therefore was 

not used with the other segments for modelling as shown in table 

6.1. 

6.3.10. Regional stress gradient. 

A - Computation. 

There is a simple relationship between the constant G 
introduced in shape analysis ( Eq.6.1 ) ,  the width of the crack, 

the elastic parameters and the linear regional stress gradient. 

The relation is ( Secor & Pollard 1975, Pollard & Muller 1976, 

Delaney & Pollard 1981 1 : 

G = A S  (1-V) - Eq. 6.6 
w2 

16P 
where AS is the regional stress gradient and other variables 

defined with Eq.6.1. 

The tear drop geometry of a crack is controlled by the magnitude 

of the ratio t0/4G as : t0/4G ->&, ellipse; t0/4G = 1, maximum 
asymmetry ( fig.6.6 ) .  

Equation 6.6 reveals that for a given gradient and elastic 

parameters, the magnitude of G increases proportionally to the 

square root of the width ( Eq.6.6 ) .  For short fractures, it is 
therefore difficult to quit the elliptical geometry even though a 

same gradient would initiate pronhced teardrop geometry for long 
fractures. Conversely, low value of the ratio t0/4G, i.e. high 

values of G, for short fractures indicate a very high stress 

gradient or a very small shear modulus. 

The regional stress gradient at the time of intrusion of 

Oruawharo dikes can now be evaluated. the elastic parameters are 

those of section 6.3.8 ( and columns 7 and 8 of table 6.1 ) and G 

and W have been determinated by the shape analysis and figure in 

the columns 2 and 5 of table 6.1. 

The results are given in the two last columns of table 6.1. The 
estimates are 325 to 262 MPa/100m, a result a priori very 



anomalous. 

B - Potential origins for the teardrop asymmetry of dikes. 

There are at least five potential origins to formation of 
teardrop asymmetry in cracks or dikes : 

i) Presence of a free surface and crack interaction. 
When a crack interact with a free surface, it loses its 

elliptical shape to adopt a teardrop geometry ( Pollard & 

Holzhausen 1979 ) .  However Pollard & Holzhausen ( 1979 )'s 

computations show that the asymmetry is small ( t0/4G = 9 or 10 
in their fig.7 1 .  Fig.6.7a shows that for values of t0/4G in 
excess of 4, the asymmetry may be neglected. 

Interaction between cracks has a shilar effect only when it is 
limited to one side ( Delaney & Pollard 1981 ) .  The asymmetry of 

the segments of Oruawharo dikes does not correlate with segment 

interaction. 

ii) Lateral change in elastic properties. 
Section 6.3.9 studied the effect of change in elastic properties 

of the host rock. A gradual change in these elastic properties 

may produce a regular variation in crack dilation. 

For instance it may be that the influence of the elastic modulus 

of the underlying formation weakens westward below the segment 0 

to 13m of dike B since the contact dip westward. As seen in 

section 6.3.9 this segment seems affected by the presence of the 

underlying formation. Dike A and the west part of dike B however 

are vertical and intrude horizontal strata. Therefore, it is 

doubtful if lateral change in elastic properties can explain the 

repeated asymmetric geometry of the segments and dikes. 

iii) Lateral variation in magmatic pressure. 

Lateral variation of pressure in a segment has the same effect 

that presence of a stress gradient in the host rock. Pollard & 

Holzhausen ( 1979 p.48 ) showed that the variation of pressure 

along a segment is controlled by the rheological properties of 

the system. It can be shown that no significant pressure gradient 

can exist in the segment of Oruawharo dikes because their width 

is small and the magma was fluid with a small yield strength ( 

chapter 10 . In addition the propagation of magma, at least in 



some segments was dominantly vertically upward ( e.g. p.5-2f ) .  

iv) Horizontal stress gradient produced by irregular 
topography. 

It is assumed that the horizontal stress is proportional to the 

overburden height ( e.g. Pollard & Muller 1976 p.981 1 .  Rough 
calculations intended to model Oruawharo environment showed that, 

even if the horizontal stress is equal to, and varies with, the 
vertical stress, the horizontal stress gradient will not exceed 

.S MPa/100m. Warren & Smith ( 1985 measured at the edge of a 

mesa a horizontal stress difference of 3 MPa between two sites 
SOOm apart and moving away from the slope. If the variation is 

homogeneous, the gradient is .6 MPaI100m in this natural example. 

V) Horizontal gradient of tectonic origin. 

Horizontal stress gradients can at last be produced by tectonic 

forces ( e.g. folded area, proximity of a fault ) .  Pollard & 

Muller ( 1976 p.981 ) for instance, used solutions of the elastic 

theory for bending of a plate to estimate the variation of the 

horizontal stress in a plane cutting through a fold. There are 

sharp folds at the anticline-syncline site ( fig.5.1 ) not far 

from the dikes. Using the model of elastic bending of the 
substratum ( Pollard 6 Muller 1976 eq.18 ) for sharp fold? the 
horizontal stress gradient may reach magnitudes of the order of 
50 MPa/100m. The model however does not apply to dikes A and B 
because the beds are not folded along the width of the dikes. 

The interpretation suggested for the northern site ( fig.3.11 ) 

suggests that normal faulting may have been present at some 

stages at the base of Oruawharo volcano. The horizontal stress 

gradient is likely to be high at vicinity of an important fault. 

C - Consequences. 

The tear drop geometry of Oruawharo dikes, even though not 

unique in character ( e.g. Pollard & Muller 1976 fig.2 and 3 

corresponds to a very high stress gradient or very low elastic 

parameters because the dikes are short ( see commentary of Eq.6.6 

1 .  Only in tectonically active area can a horizontal stress 
gradient exceed a few MPa/100m. This may indicate that there 

was a horizontal stress gradient of tectonic origin at the time 



of intrusion. However, even in areas tectonically active, a 
horizontal stress gradient exceeding 100 MPa/100m appears to be 
totally exceptional. Considering that the tephra was not even 

palagonitised at the time of intrusion, the result obtained from 

the elastic theory, 3 2 5  to 2 6 2  MPa/100m is judged to be 
anomalous. If the magnitude of elastic modulus is lowered in 

order to have a reasonable horizontal stress gradient, the 

magnitude of the modulus is in turn anomalous. 

6.4 .  Conclusion. 

I 
The geometrical features or the planes of I 

Oruawharo dikes have been compared to theoretical paths of 

propagation of one or several dilatant cracks in an unlimited or I 

I limited elastic medium. The results are as follow : 
I 
I i) The reciprocal bending of adjacent segments with overlap 

observed in the dikes is predicted by the theory of elasticity. 

ii) The existence of long band-like zones with tensional 
cracks which start at the tip of a dike then flare away from it, 

is predicted by the theory of elasticity when a free surface is 

present ahead of the tip. 

The use of the theory of elasticity for the analysis or Oruawharo 

dikes appears therefore justified. In addition, judging from 

literature, the two features cited above can be referred to as 

particularly good examples. 
I There are other applications of the elastic theory such as : i) I 
I the presence of sigmoidal and rhomboidal segments in en echelon 
I 

arrays of short crack; ii) the compatibility of the presence of 

an offshot dike oblique to a parent dike with results of the 
theory when the driving pressure of the parent dike is high 

relative to the magnitude of regional stresses or if these latter 

are isotropic. 

All these good results however relate to one aspect of the 

elastic theory, the analysis of stress fields. 

The results of the analysis of deformation are not as good. 
On one hand, they provide us with three major informations : 

i) the dikes should not be analysed as one crack but as 3 

interacting segments ( section 6 . 3 . 2  I ;  



ii) the tephra was not cemented when intruded by the dikes ( 

section 6.3.7 1 .  
iii) there was a gradient in the horizontal stress field ( 

section 6.3.9 1 .  
On the other hand there are three discrepancies : 

i) the shape of the dikes is too blunt and cannot be 

reproduced with a simple teardrop model ( fig.6.8 1 ;  
ii) the maximum thickness of the dike is much closer from 

the tip than permitted by the elastic model; 

ii) the magnitude of the stress gradient calculated with the 

elastic theory is at least 5 times too high ( section 6.3.9 ) .  

However since it is now known that the tephra was not cemented, 

the origin to these discrepancies can be foreseen : 

is non cemented granular material linearly elastic as inferred by 
the theory? In the next chapter, one will attemptto answer this 

question. 



CHAPTER 7 

MECHANICAL BEHAVIOUR OF UNC- GRANtTLAR MATERIAL 
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7.1. Introduction- 

Application of the solutions of the elastic theory 

for an elliptical slit to dikes A & B showed that the tephra was 
not cemented when it was intruded by the dikes. It also yielded 

anomalous results ( section 6.4 1 and it became clear that more 

has to be known about this type of material. 

This chapter presents a review of the mechanical properties of 

uncemented granular material. The points of interest are : 
i) is a such material linearly elastic?, iil is it elastic at 

all?, iii) is there a simple way to characterise its behaviour 

analytically?. 
The relationship between total strain ( elastic or not ) and 

stress is presented first. Separation of the total strain in an 

elastic and an inelastic components is then easily added. At 

last, the effect of the volumetric behaviour of the material on 

stresses when the material is rapidly loaded in presence of water 
completes the chapter. 

7.2, Choice of a guide material for the tephra. 

An uncemented tephra is a volcanic sand. A tephra 

produced by a vent submerged in water is very angular and has a 
poor sorting ( fine sand to pebbles, chapter 3, see also Sheridan 

1972, Kokelaar & Durand 1983 ) .  It would be desirable to use 

mechanical properties defined for this type of tephra but a 

research of such data in literature remained fruitless. In 
addition, a large variety of data is necessary to gain a general 

overview. 

Most of the data selected are from medium sand. Most of them have 

a mean grain size in the range . 3  to .6 mm. Their composition and 

origin are diverse as is their grain shape ( rounded to angular 

and sorting. They should therefore be representative of the 

behaviour of non cemented sand. 

7.3. Methodolwical approach. 

In many experiments in soil mechanics, load ( and then 



stress ) is imposed and deformation ( and then strain ) is 

recorded. For this reason, the descriptive concept of the "stress 
path" has been used ( e.g. Lambe & Whitman 1979 ) .  Consider a 

very small cube of soil under a building site ( or adjacent to a 

dike ) . ~ t s  state of stress is defined by the values of GI, G2 
and 6 there. This values of $, G2 and can be plotted on a 

diagram of stress ( a Mohr or a GI vs G3 stress diagram 1 .  If a 
story is added to the building, the state of stress in the small 

cube down under is changed. This new state of stress is also 

plotted on the stress diagram and so on. These points define a 

curve ( on the stress diagram ) which is named a stress path. If 

instead, when the load is constant, the states of stress of each 

of the adjacent small cubes forming a vertical prism just under 

the building are plotted at once on the stress diagram, this 

named a stress 2inq . 
Strain, pore water pressure, and strength of sand are 

particularly dependent on the stress path i.e., practically the 

elastic parameters are different from one stress path to another 

for a given material. For this reason Lambe ( 1967 advocated 

the following method : i) determine the stress path, ii) use the 

relevant elastic parameters ( from experimental data 1. Jones & 

Addis ( 1986 ) recently recommended use of the method in geology. 

This will be particularly convenient in this work because the 

stresses will be computed by an analytical function ( chapter 8 

1 .  
The stress vs strain relationship for sand can also be 

represented by a simple function and it depends on parameters 

which are dependent on the stress path. 

All the data which follow come from experiments on the triaxial, 

in reality axisymstric, apparatus. It is the only widely used 
experimental method and the only one with enough published data 

to provide a comparative overview for one type of material ( 

comparatively very few plane strain or "3-D" experimental data 

have been published 1.  
Before the characteristics of some simple stress paths is 

investigated, the non linearity of the elastic behaviour of sand 

must be examined. 





6.3.8, the driving pressure was calculated with elastic moduli of 

two sands, one with gravel, tested in situ ( from Swiger 1975 ) .  

Because Swiger ( 1975 p.87 b 89 ) gave an estimate of the strain 
reached during respective experiments, the initial elastic moduli 

can be estimated from the curve of fig.7.1. The procedure is 

explicit-ly presented in appendix 2. 

Since elastic moduli can be estimated for a wide range of 
confining pressure by Eq.6.3 ( also appendix 2 1 ,  the method 
allows estimation of initial elastic moduli for any required 

situation. An illustration for (r3 = 3 MPa is given in appendix 2. 

7.5. Behaviour of drained sand for three simple stress paths. 

Many loading conditions of a material can be 

related to three simple types of variation of the main stresses 

or stress paths in triaxial experiments ( in compression Gl > G3 
) : 

i) 6 = constant: the confining stress of the cylindric specimen, 
Gj, remains fixed when the axial stress Gl varies. 
ii) = constant: the axial maximum compressive stress 6 is now 
fixed and the confining stress, G ,  around the cylindric specimen 
varies. 

iii) Gm = ( Gl + 2 6  ) / 3  = constant: and Gl and G3 vary in an 
inversely proportional way as defined in the  formula.^, is the 
octahedral normal stress acting normal to the planes which normal 

unit vectors make equal angles with the directions of the 

principal stresses ( e.g. Nadai 1950 ) .  

A numerical example of each of these stress paths has been drawn 

on fig.7.2 ( ignore the failure and strain lines at this stage 1 .  

All stress paths, IA ( G~=cT 1, IB ( G1=ct ) ,  IC ( G = c t  1 
initiate from a same arbitrarily chosen stress state at I where 
fi = G3 = 3 MPa. The stress diagram vs G3 was chosen for its 
simplicity. 

The study of the behaviour of non cemented granular material is 

conducted in two steps : i) failure lines ( as explained further 

) are drawn on the stress diagram Cl vs G3. In this way, the 
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FIG. 7.2. STRESS DIAGRAM Gl VS 6 FOR MEDIUM SAND OF INTERMEDIATE 
PACKING. 

on this GI vs G3 diagram, the failure lines ( value of cl and Cj 
at failure I derived from experimental data for sand ( given in 
appendix 3 ) are drawn together with two strain lines . 5  and 1% ( 
value of Gl and G3 at the given strain 1. 
IA,IB and IC are chosen examples of the three simple stress paths 
Gj =ct, Cl = ct and G = ( G1 + 2 &j ) / 3  = ct treated in text. 
The constant here is T M P ~  for the three stress paths which 
initiate from the point I. The stress path I3 is an isotropic 
compaction. The critical confining pressure ( vertical line ) is 
the value of t) at which the sand is deformed isovolumetrically 
at high strain. Left of this line, the sand is dilatant and right 
of this line it shrinks when highly strained ( section 7.5.1.5 1 .  



diagram provides failure strength of the material for a wide 

range of experimental conditions. It does not however show the 

shape of the stress vs strain curve. 
ii) with data from this diagram ( failure strength, stress path 

) ,  the stress vs strain curve can be described by accepting an 

hyperbolic shape proposed by some authors. 

The procedure will be illustrated with the first stress path 

investigated, G3=ct. Only differences from this need then to be 
mentioned for the two other stress paths. Some complementary 

elastic properties, needed further in this study, are also given. 

7.5.1. Stress path 6 = ct. 

7.5.1.1. Construction of the failure line. 

The value of the stress deviator at failure,GDfail. is 

taken on the stress vs strain curve from a published experiment 

at a given confining pressureG3. Since by definition,Gl = G3 
+GDf is also known and one point is defined on fig.7.2. 
The failure line drawn on fig.7.2 is obtained by repeating this 

operation for a number of available stress vs strain curves ( or 

simply given numerical values 1 at different 6 .  Strain lines are 
defined in the same way. In this case, the stress deviator is 

that at the chosen strain value and this war done for f =. 5% and E 
=1% on fig.7.2. The data used to define these lines are given in 

appendix 3. All workers tested the sands in two extreme states, 

loose and dense. Initially, the failure lines were drawn for both 
states. However, because one is looking for a ( simple 1 guide, 
an intermediate line has been drawn, that of fig.7.2. 

Figure 7.2 is important because it gives the values of GI and C3 
at failure when a stress path is known or the strain at some 

values of Gl and 6. 
It must be outlined that, since the failure or strain lines have 

been defined with data of deviatoric experiments only, fig.7.2 

informs exclusively about deviatoric strain. If one follows the 
path IJ along the isotropic line on fig.7.2, the specimen will 
contract. This strain is not recorded in deviatoric experiments 

and there is no information about it on fig.7.2. This component 



of strain must be determined independently. 

7.5.1.2. Establish-ment of the deviator stress vs strain curve. 

It has been well established ( Kondner & Zelasko 1963a & b, 

Duncan & Chang 1970, Hardin & Drnevich 1972, Swiger 1975, Lambe & 

Whitman 1979 p.158, Wroth & Houlby 1985 p.33 and others ) that 

the deviator stress vs strain curve for sand can be approximated 

by a rectangular hyperbola. From the equation of a re'ctangular 
hyperbola referred to its asymptotes as axis ( i.e. of the type 

xy = k ) ,  a translation of these axis ( in the present case 

labelled GD and€ ) in order to have the origin on the curve 
yields : 

£ GD = 5 - I  + ( GDFail. - I ' m  ( 7.1 

where & is the axial strain, Ei the initial Young modulus and 
cDFail the stress deviator at failure. 
Because the curve met the asymptotes at infinity only, Kondner & 

Zelasko ( 1963 p.308 & 322, also Duncan & Chang 1970 ) found 

necessary to apply in computation a correction on the value of 

GDFail which they multiplied by a coefficient J of 1.043 ( 

independent of confining pressure ) .  This will be followed in 

this thesis. 

The function was shown by Kondner & Zelasko ( 1963a & b ) to be 

compatible with the concept of the Mohr-Coulomb failure 

criterion. 

The hyperbolic relation has been tested for several stress paths 

( e.g. c3 = ct,Gm = ct in Kondner & Zelasko 1963, simple shear 

in Hardin & Drnevich 1972 ) and many types of granular material ( 

e.g. Kondner & Zelasko 1963a figs. 20 to 25 1 .  The hyperbolic 
relation is not intended to be exact but to be a reasonable 

representation over a large range of strain ( Kondner & Zelasko 
1963a 1.  

As example the stress vs strain curve for a medium sand at a 

confining pressure of 3 MPa has been drawn on fig.7.3 ( upper 

curve only ) .  This is the stress vs strain curve which matches 
the stress path IA of fig.7.2. Only the stress deviator at 



FIG.7.3. HYPERBOLIC REPRESENTATION OF THE DEVIATOR STRESS VS 
STRAIN CURVE FOR SAND. 

S T R A I N  

Three examples are given from top to bottom respectively for the 
stress paths G3=3 MPa,G=3 MPa andG1=3 MPa ( see fig.7.2 ) .  For 
each hyperbola ( Eq. 7.1 T, the stress deviator at failure GFail 
is derived from fig.7.2 and the initial Young modulus Ei from 
appendix 2b. Crosses ( stress deviator at strain of . S  and 1% 
are also derived from fig.7.2. 

failure, CDFail and the initial Young modulus Ei are necessary 

to draw the stress vs strain curve ( Eq.7.1 ) . GDFail is known 

from the point defined by the intersection of the stress path IA 

and failure line on fig.7.2 and Ei is derived from Swiger's 

moduli as indicated in appendix 2. In addition, figure.7.2 gives 
two points of the stress vs strain curve ( for strain of 0.5  and 

1% 1.  These are reported as crosses on fig.7.3 and they should 

ideally plot on the hyperbola. 

The discrepancy is high for this stress path. Of course, one 
cannot expect-a good match from such.a set of heterogeneous data 



but there is at least another reason, the choice of the reference 

strain for determination of initial elastic modulus, Ei. 

7.5.1.3. Estimate of precision of the hyperbolic representation. 

Usually the hyperbolic curve is fitted on a set of data 

points over a range of strain and in this way, reasonable 

agreement are obtained. However, when as in the present case, one 

looks to draw the hrperbola from value of its two constants only, 

a certain lack of control on one of these constants will reflect 

on the curve. Ei is the tangent to the curve when - >  0 ( 

Kondner & Zelasko 1963 ) ,  but the origin of the axis of strain ( 

the "zero" point ) is somewhat arbitrary and dependent upon the 

apparatus sensitivity which can be quite different from an 

apparatus to another ( e.g. 2.5 in Handin & Drnevich 1972, 

3.5 in Kondner & Zelasko 1963 . To this must be added that 

the hyperbolic curve does not model that of natural sand very 

well at very low strain ( Kondner & Zelasko 1963, Hansen 1963, 

Duncan & Chang 1970 ) ,  therefore it is not permitted to 

extrapolate for the value of Ei at very low strain on the base of 

the hyperbolic form. The consequences of the choice of the 
reference strain are obvious from fig.7.1. Following Hardin & 

Drnevich ( 1972 ) the reference strain has been chosen at 2.5 10' 

5 .  A different choice would change the curve shape and the fit. 

Such discrepency is not usually observed at high strain ( Kondner 

& Zelasko 1963 ) .  Comparing with experimental curves at high 

confining pressure ( e.g. 3.5 MPa in Bishop 1966 ) the writer 

found that the hyperbola reaches the failure line at 

approximately the same strain. 

The link between the overall shape of the hyperbola and each 

of its constants,CDFail and Ei, can be analysed by moving the 

origin of the axis back to the intersection of the asymptotes. 

Then, from Kondner & Zelasko ( 1963a or b 1 ,  it can be shown that 

the equation of the hyperbola changes to : 

i . e .  it is of the form xy = - k geometrically represented by 



fig.7.4. The curve has a F I G. 7 . 4 .  ) Y ( = f 3 )  

large radius of curvature 

when the value of k is 

large, a small radius of 

curvature ( knee shaped ) 

when the value of k is 

small. k is inversely J % W X ( = ~ )  

proportional to Ei but is 

proportional to the square 

of GDFail. Theref ore, 

CDFail 1s much more 
influenea'on the shape of 

the curve than is Ei. In 

addition, GDFail varies 

linearly with the 

confining pressure ( the failure line on fig.7.2 is nearly 

straight 1 but Ei varies with the square root of confining 

pressure ( Eq.6.3 ) .  At last it will be shown in the next section 

( also appendix 2b ) that Ei is less variable to change in stress 

path than is GFail ( See fig. 7.2 for this latter 1. 
The shape of the hyperbola therefore is mainly controlled by the 

value of GDFail. Yet, once the value of GFail is fixed ( in 

fig.7.4, yo=cDFail 1, the value of Ei finishes to constrain the 

hyperbola ( in the fig.7.4, xo is the ratio GDFail/~i; the 

intersect of the lines x=xo and y=yo'is the origin for equation 

In summary, the shape of the stress vs strain curve is more 

dependent on GDFail than it is on Ei. As the confining pressure 

or stress path vary, the variation in the shape of the hyperbola 

is also mainly controlled by GDFail. However, when the hyperbola 

is defined by the value of its constants only, the choice of 

reference strain introduces a definite uncertainty because Ei is 

very dependent on this choice ( fig.7.1 1 .  
The hyperbolic formulation will be used as a semi-quantitative 

estimate. 

7.5.1.4. Yield strength ( Gys 1 



~t is convenient to define the stress level ( SL ) as ( 

Duncan & Chang 1970 p.1635 ) : 

SL = G ~ /  G ~ a i l .  ~q.7.3 
It is a measure of the fraction of strength mobilised. 

If the subjective eye estimate to determine yield strenght, 
cysf recommended in Jaeger is adopted ( 1969 p.50: Gys is at the 
limit of the lower steep and straight and upper curve portions of 
the stress vs strain curve ) ,  the yield strength is often found 

to be at a stress level ( SL ) of . 4  to -45 ( e.g. Holubec 1968 

fig 1 & 2, Duncan & Chang 1970 fig.6, Daniel 1975 fig.1 1 .  
The repeated occuience of yield strength in the interval .4 < SL 
< .45 is unlikely to be fortuitous because : 
i) it will be shown in a next section ( section 7.6.2.1B ) that 

there is also a change in deformation mechanism in the interval 

.4 < SL < . 4 5 ;  

ii) a main change of slope often present on the diagram axial 
strain vs volumetric strain also corresponds to a stress level in 

the range .4 to .45 ( e.g. Duncan & Chang 1970, Holubec 1968 1 .  

Handin ( 1966 ) recommended to use for yield strength a defined 

value rather than a subjective name. On the basis of the curves 

referred to above, the yield strength ( cys ) is arbitrarily 

chosen as the point of the stress vs strain curve which stress 

level is . 4 2 .  This value approximately indicates the change in 

shape of the stress vs strain curves but it correlates with 

varying values of strain ( CyS ) from one curve to the next ( 

change in confining pressure or stress path, e.g. fig.7.3 1 .  

7.5.1.5. Volumetric strain. 

Two elastic parameters are necessary to characterise the 

mechanical behaviour of a given material ( Jaeger 1969 ) .  So far, 

only the axial strain was considered which gives information on 

one elastic parameter only, the Young modulus. The second source 

of information usually given in published experiments is the 

volumetric behaviour of the material from which the value of a 

second elastic parameter, the Poisson ratio ( 9 1, can be derived 
or vice-versa. 

Loose sands shrink but densely packed sands dilate with 



deformation. The important threshold for a sand is the "critical 

confining pressure", (j-3Crit,I i.e. the confining pressure at 
which the sand undergoes deformation at constant volume ( E,=O or 
V=.5 ,  this refers to high strain 1.  The critical confining 

pressure is smaller for angular than for rounded sand. From 

experimental testings and literature review given in Bishop ( 

1966 1 ,  Seed & Lee ( 1967 and Finn & A 1  ( 1967 1, the critical 
confining pressure for medium sand of intermediate density are in 

the range 1 to 1.5 MPa. This discards the high values 

characteristic of well rounded sand considered as non suitable 

for the tephra. A value of 1.3 MPa is arbitrarily retained for 

computations to be conducted further in this thesis. 

Holubec ( 1968 ) showed that the elastic properties of sand are 
only function of its void state and of the stress magnitude, that 

they are not dependent on the past loading history of the sand. 

The data of fig.7.2 for a sand of intermediate packing ( the void 

state ) allows to appreciate critically this behaviour. If the 

properties of the sand was strictly controlled by the stress 

magnitude i.e. a point on fig.7.2, the failure line should not 

change with the stress path. The failure line for the stress path 

c1=ct ( this stress path is treated next ) has also been drawn in 
fig.7.2. As can be seen on fig.7.2, the two failure lines do not 

superimpose exactly and the deviation between these two lines is 

a measure of the precision of Holubec's statement. For 

semiquantitative estimate however the mechanical properties of 

the sand can be considered to depend of the state of stress only. 

As application of this principle, the critical confining pressure 

is a vertical line on the GI vs G3 stress diagram and the 
selected values of 1.3 MPa is reported as such on fig.7.2. The 

concept of critical confining pressure applies for highly 

strained sand. It does not apply at small loading because the 
value of the Poisson ratio is not constant, it is smaller ( e.g. 

. 3  ) at low strain for all sands ( e.g. Breth & A l  1973 1. 

7 . 5 . 2 .  Stress path GI = ct. 

A -Failure line. 



For the stress path Gl=ct, the slope of the failure line on 

the 6-1 vs G3 diagram is slightly higher than it is for the stress 
pathG1=ct ( Borg & A 1  1960, Breth & A1 1973; see appendix 3b 1 .  

Accordingly to the data of appendix 3b, the failure line for the 
stress path Gl=ct on f ig.7.2 was defined by increasing the slope 

of the failure line of the stress path G3=ct by .3. 

B - Deviator stress vs strain curve. 

It is defined by equation 7.1 introduced in section 

7.5.1.2.. An example for Gl = 3MPa has been drawn on fig.7.3. The 
yield stress is in the range . 4  < SL < . 4 5 ,  the strain at the 

yield point, < ys, however is less than .2% in constrast with .5- 
.6% for the stress path G3 = cte. 

C- Poisson ratio. 

When GI is kept constant, the Poisson ratio varies in the 
opposite way to that of the stress path G3=ct. It varies from . 5  

-.6 at low strain to very low value before failure ( Breth & A1 

1973, Duncan & Chang 1970 ) .  

C - Elastic modulus. 

Experiments have shown that, from a same initial state of 

stress, the elastic modulus is higher for the stress path Gl=ct 

than it is for G3=ct ( Borg & A1 1960, Breth & A1 1973 1 .  In the 

test of Breth & A1 ( 1973; .I< 6 < . 5  MPa ) ,  the maximum Young 

modulus when Cl=ct exceeds the elastic modulus of the stress path 

r3=ct by 50 MPa and shows no apparent relationship with confining 

pressure in the conditions of the experiments. Therefore to avoid 

or limit introduction of error, the Elastic modulus whenGI is 

kept constant will be defined in further computations as : 

EG1=ct = + 50 MPa. 

7.5.3.  Stress path G, = ct. 



This stress path is intermediate between the stress paths cl=ct 

and G3=ct since GI increases ( as in G3=ct when G3 decreases ( 

as in Gl=ct ) as expressed by : 

Gm = ( GI + 2 G 3  )/3 = Cte 
This is the stress path IC of fig.7.2. Since it is intermediate, 

it is inferred that its properties will also be intermediate. 

This must apply for the slope of the failure line and for the 

magnitude of the Elastic modulus which will therefore be defined 

by : 
- ErmSct - + 25 MPa 

These are minor corrections. The deviator stress vs strain curve 
is defined with Eq.7.1 as previously and has been drawn on 

fig.7.3 for G, = 3MPa ( stress path IC of fig.7.2 1. 
The curve is intermediate between those which correlates with the 

stress path Gl = 3 MPa and G3 = 3 MPa. The yield strength ( Gys 1 
is approximately at . 4  to .45 x SL, and the corresponding strain 

( lys ) has a value of .3, intermediate between the two previous 
values. Experimental curves for this stress path can be found in 

Kondner & Zelasko ( 1963 figs 5,6,14 & 15 and Holubec ( 1968 

fig.2 1 .  

7.6. Separation of the elastic and inelastic components of 

strain. 

7.6.1. Stress paths which do not lead to failure. 

In isotropic compaction ( e.g. stress path IJ on 

fig.7.2 ) ,  half of the strain is elastic for sand of medium 

density up to 1.5 MPa ( Fragazy & Voss 1986, ~ i n g  1982 1.  Fig.7.5 
is an experimental curve for a coarse angular material in 

oedometric test ( E3=0 , another path which does not lead to 

failure, ( Terzaghi 1925 fig 1, the curve of fig.7-5 is 

intermediate between those for dense and loose packing, see also 

Whitman & Lambe 1979 chapt.10 1. Forty percent of the strain is 
elastic. 
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FIG.7.5. STRESS VS STRAIN CURVE FOR OEDOMETRIC ( axial 
deformation only LOADING OF COARSE ANGULAR SAND OF INTERMEDIATE 
PACKING. The sand was made by crushing quartz pebles. Relaxation 
of loading permited to separate the elastic and non elastic 
components of strain. Computed from Terzaghi ( 1925 fig.1 ) .  
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7.6.2.  Stress paths which lead to failure. 

7.6.2.1. Axial strain. 

A - Mechanical behaviour of sand. 

A fundamental characteristic of sand is that the non elastic 

component of strain is entirely and definitely fixed at the first 

loading on a defined deviatoric stress path. In other words, 
after the first loading, a sand can be considered as entirely 

elastic for the considered stress interval. This is illustrated 

by fig.7.6. 

Jaeger ( 1969 p.51 ) generalised this to most non linear stress 

vs strain curve. He wrote "the solid is found to behave as if its 

elastic properties were unchanged but its yield stress was 

increased" which describes perfectly the sketch of fig.7.6. 
The magnitude of the unloading reloading modulus of sand, Eur, is 



FIG.7.6. MECHANICAL BEHAVIOUR OF SAND. 
For the understanding of the mechanical behaviour of sand, it is 
important to outline that the non elastic component of strain, 
& , is enterely fixed at the first loading. This can be 
iElustrated by a translation of the origin on the x-axis by an 
amount E p  : 

When unloaded then reloaded below Gc, and when in static 
equilibrium at C, the sand is linearly elastic. If loading is 
increased in excess of G, the stress vs strain relationship is 
that of the hyperbolic representation right of the point C. Note 
that a volume of sand deformed slowly may be regarded to be in a 
succession of equilibrium state. If loading is increased 
stepwise, at onset of any successive step loading, the sand is 
linearly elastic whatever the position along the hyperbolic 
stress vs strain curve. 

different from that of initial modulus Ei and has been shown by 

many workers to be nearly constant for a wide range of stress or 

strain. As a result, after first loading, a sand is not only 
elastic but is linearly elastic ( Maklouf & Steward 1965, KO & 

Scott 1967, Duncan & Chang 1970, Daniel & A1 1975, also Wroth & 

Houlby 1985 1 .  

Duncan & Chang ( 1970 ) noted that the Poisson ratio at unloading 

and reloading is smaller than that of first loading. 

B - Experimental determination of the elastic component of 
strain. 



Fig.7.7 compiles data from literature on the relationship 

between the elastic and non elastic components of strain. 

A coarse but distinct relationship appears between the ( non 

dimensional ) stress level ( Eq.7.3 and the elastic component 

of strain ( also non dimensional 1 .  Because the data cover a 
range of confining pressure of .1 to 2 MPa and two stress paths, 
this suggests that the relationship between stress level and 

elastic component I fig.7.7 1 is largely independent of confining 
pressure and stress path. The elastic component is found to be 

nearly constant below a stress level of 40 to 45%. Above this 

level, yielding occurs and the elastic component is quickly 

diluted. 

FIG.7.7. RELATIONSHIP BETWEEN THE STRESS LEVEL ( normalised 
stress deviator ) AND THE ELASTIC COMPONENT OF STRAIN ( 
normalised by total strain 1.  
The data are given in appendix 4. They cover a range of confining 
pressure from .1 to 2 MPa, two stress paths G3 = ct and Gm = ct ( 
triaxial apparatus ) .  The point A has been arbitrarily chosen in 
a band of likely values of the relation SL vs strain ratio for 
sand of intermediate pdking ( see text 1. 

0 ' 1 I I 1 I I I I 

10 2 0 
I I I I I I 

3 0 c 0 5 0 
STRAIN RATIO 



The change in composition of total strain occurs at the same 

stress level, .4 to .45 than does the yield stress on the stress 

vs strain curve ( section 7.5.1.4 ) .  Therefore the change in 

mechanism of deformation can also be read directly from the 

stress vs strain curve. 

Since fig.7.7 is non dimensional and therefore has general use, 

it is convenient to identify or at least to estimate the value of 

the strain ratio Ee/Etot at the yield strength ( SL=.42 1 .  

Because of the spread of the data, there is a wide band of strain 

ratio which corresponds to a given stress level. KO & Scott ( 

1967 fig.7 ) have discussed more precise data on a diagram akin 

to fig.7.7 but not superposable as some parameters and the 

apparatus used were different. Their experimental data show that 

the curve shifts across the diagram when the packing of the sand 

is changed, with the curves for dense sand on the right and for 

loose sand on the left on fig.7.7. The variation is shown 

qualitatively by the point for loose sand in fig.7.7. The data of 

KO & Scott ( 1967 fig.7 ) shows that the difference is especially 

large at low stress level, rather small at high stress level. For 

a sand of intermediate packing, it would be reasonable to choose 

a point to the right of the variation curve ( fig.7.7 uses data 

mainly from dense to medium dense sand at any given stress 

level. On this basis the value E,/ Etot=. 45 has been chosen as a 
reasonable estimate of the ratio of elastic on total strain for 

sand of medium packing at yield strength ( SL=.42 ) .  This is 

point A of fig.7.7. 

C - Analytical method of determination of elastic or non 
elastic components of 'strain. 

One will now show that the elastic and plastic components of 

strain can be separated by manipulation of equation 7.1 ( p.7-7 ) 

and application of Hooke's law. This is made possible by choosing 

the ratio & /GD as variable. The equation of the hyperbola changes 
to ( Kondner & Zelasko 1963a 1 : 



The elastic component, given by Hookets law with Eur as elastic 
modulus ( Fig.7.6 ) ,  can also be expressed as function of the 

variable E/cD as : 

The two equations are linear and of the form y=ax+b and y=c where 

y is the strain/stress ratio E/cD and x the total strain Etot On 
a diagram E/f i  vs &tot, Eq.7.4 represents an inclined line offset 

from the origin and equation 7.5 a horizontal line parallel to 

the x-axis ( fig.7.8 1 .  
The constants of Eq.7.4 are that of the hyperbola ( section 

7.5.1.2 ) .  However the value of the modulus Eur in Eq.7.5 must be 

determined. 

A direct link can be established between fig.7.7 and fig.7.8 

because at any same CD, Ee/ETOt and ( Ee/bD)/(ETot/~D) are 

equivalent. 

Taking the stress path 63'3 MPa as example, from the stress vs 

strain diagram ( fig.7.3 ) ,  or from Eq.7.1, the total strain at 

yielding,€$,,is 5 3  This value is reported on abscissa of 

fig.7.8. Still on fig.7.8, on a vertical line at this strain of 

.53, the point which is at the fraction .45 up the length from 

the abscissa to the intercept with the oblique line C3 = 3MPa ( 

value of t t o t / ~  ) is the value of the ratio g e / ~ .  

The horizontal line passing through this point is Eq.7.5. 

The two lines drawn ( i.e. Eq.7.4 & 7.5 1,  it is now easy to 

determine the ratio elastic vs total strain for other values ( 

e.g. as indicated on fig.7.8, for a total strain of 2%, the ratio 
is .21 ) and the value of l/EUR can be read on the y axis. By 

this method Eur is 33% higher than Ei ( sand of medium density 1 .  
The construction is not valid below the yield strength or 

strain where the relation between elastic and plastic strain is 

different ( fig.7.7 ) .  In this area, as mentioned earlier ( p.7-9 

1 ,  there is some deviation from the hyperbolic law for total 

strain and also from linearity for the elastic strain ( Holubec 

1968 fig.10 ) .  

However, above yield strength, the method yields satisfying 

results. If value of strain ratio for total strain larger than 



FIG.7.8. GEOMETRIC METHOD FOR SEPARATION OF ELASTIC AND INELASTIC 
COMPONENTS OF STRAIN. 

The three upper oblique lines are from Eq.7.4 for the three 
stress paths of fig.7.2 and 7.3. At yield, i.e. atCxg on the 
abscissa, the value of E e / r D  ( i.e. ordinate of elas IC component 
) is at the fraction .45 ( this value from point A of fig.7.7 1 
up the length from the abscissa to the intercept with the oblique 
line of the related stress path. At this point passes a line 
parallel to the abscissa ( Eq.7.5 ) .  With these two lines, the 
relative components of strain can be found anywhere ( example at 
gtot=2% for the stress path G3=3 MPa 1. 
................................................................ 
the yield strain are determined from fig.7.8 and then plotted on 

fig.7.7, there is reasonable agreement of results. 

Compared to the work of Duncan & Chang ( 1970 ) and Holubec ( 

1968 ) the present method yields unloading-reloading rnoduli,Ed\la, 

which, if anything are minimum estimates. 

In fig.7.8, the construction has also been made for the stress 

paths rm=3 MPa & c1=3 MPa ( stress path of fig.7.2 and stress vs 



strain curves in fig.7.3 1. The figure illustrates the difference 
in the reversible part of strain between these three stress 

paths. 
~ l l  these results can be obtained directly from the 

equations. The values of strain at yield, Eys, is derived from 
Eq.7.1, the values of EtotlrD atEyS from Eq.7.4. Eur is from 

Eq. 7.5 with, at yield, & e=. 45 f tot. At last the .non elastic - 
strain is : 

E p  = [ (  ETot/G - ~ur-' ETOt/GD ) I  x ETot 
Eq.7.6 

7.6.2.1. Volumetric strain. 

Below the yield strength, only a small part of volumetric 

strain is elastic ( e.g. 20% in Holubec 1968 fig. 1 1 .  Above this 
stress level and for compression or shear paths, sands shrink L 
or dilation is reduced or suppressed when ( and only when 1 

they are unloaded ( Holubec 1968, pu & A1 1985 1 .  

7.7. Secondary settlement 

In contrast to primary settlement defined as that 
I- 

occuring in the first hour ( in situ megatests ) ,  Swiger ( 1975 ) 

investigated secondary settlement defined as that which occurs 

after one hour. Study of secondary settlement under heavy 

structures showed that it is proportional to the logarithm of 

time. It takes several years to double deformation by secondary 

settlement in sand ( Swiger 1975 ) .  It will be seen later that 

the life time of Oruawaro dikes as fluid filled sheets is very 

short ( a few hours . Secondary settlement can consequently be 

ignored. 

7.8. Undrained behaviour of saturated sand. 

The behaviour of sand is unchanged in undrained 

condition ( water cannot escape ) but effective stresses : 

6&f. = 6 - u: Gef. = 5 ' U Eq.7.7 

where U is the pore pressure, substitute total stresses. Since 



the behaviour of sand in drained condition has been described, 

only the pore fluid pressure and its variation with loading 

needs to be analysed for sand. 

7.8.1. Isotropic loading. 

The relationship between the rise in pore fluid 

pressure and an increase in total confining pressure for porous 

material is given by ( Skempton 1954 ) : 

4 u  = sac, (a) 

in whichnu is the change in pore fluid pressure, B a pore 
pressure parameter andAG3 is the change in total ( by opposition 

to effective ) confining stress. 

B should have a value of 1 for water saturated sediments ( 

Skempton 1954 ) .  Experimental data however show that for 

saturated sand, B has a value of .95 0.98 ( , Fragazy & 

Voss 1986, Dierichs & Forster 1985 ) or even lower ( .9 at 35 

MPa, Fragazy & Voss 1986 1. Accordingly ( from Eq.(a) ) the 

effective confining pressure increases slightly with increasing 

isotropic compression ( and no liquefaction can occur 1. This has 

been confirmed by experiments ( Fragazy & Voss 1986 1. 
The main conclusion remains that in great contrast to the drained 

situation, the effective stress acting at any point of the grain 

skeleton is lit-tle changed even though the total stress can be 

greatly increased. 

7.8.2. Deviatoric loading. 

If an elastic material is submitted to purely 

deviatoric stress, the change in pore fluid pressure is given by 

( Skempton 1954 : 

wherenu, B andAG3 are as defined in (a) andAGl is the change 

in total maximum principal sress. 

In contrast to the situation in which only the confining stress 

has been increased ( Eq,(a)), the presence of a deviatoric 



component results in a change of effective stresses a c c  z : ~ . f l r l n ;  

pressure even if B=l. The volumetric strain 1s glven by ~ 3 3 i e ' s  

law ( Skempton 1954 : 
3 

Eve = 1 3  CS& . - . . Jl 

where Eve is the volumetric strain of the ldeal elastlc 1 ,  C j  
3 

is the soil compressibility and2 27, a summation of i r .2 

variation of the three principal stresses. 

For natural material which are not ideal elastlc bodlcs, Z q  b 

has to be changed for I Skempton 1954 ) : 

C U = B . A . ( L . ; i  - L G  1 ( C J  

where A is an additional pore pressure parameter. 

The volume change related to the deviatoric component cf tztil 

stresses can be seen as related to A by : 
3 

EV = - A  csZa;; 
L - l  

so that for linear elastic material A = 1 / 3 .  

In triaxial experiments. A is determined from the change i n  Fcre 

pressure and related change in applied stresses with E q  ( c l  

Skempton 1954 ) .  

When the material is loaded, the magnitude of A is related :z 6 
( positive in dilation, negative in contraction ) in ;he 

following manner : 

If E v  = 0 then A = 0 

if Ev > 0 then A < 0 
if Ev < E v e  then A > 1/3 

At low strain there is little difference between sands of 

different packing and the value of A does not depart too such 

from 1/3 ( see volumetric strain in section 7 . 5 . 1 . 5  . T h e  For -  

pressure coefficient A becomes important at hlgh straln % h e r e  

some sands dilate when others are very compressible. When tte 

value of the pore pressure coefficient A is high and p c s ~ t ~ v e ,  

the sand tends to liquefy when loaded anisotropically. 

Combining the expressions of the components of the change of psrn 

pressure for isotropic ( Eq.(a)) and deviatoric loading ( 

Eq.(b) 1 .  one have Skempton 1954's equation : 

The "critical pressure" ( f = 0 ,  defined in sectic.? 7.5.1.5 

- 1  used for further computation has been fixed as 1.3 NPa I 



section 7.5.1.5 1 .  In other words, when G3ef. = 1.3 MPa, the 
deformation ( high strain ) is isovolumetric, i.e. A = 0. 

Effective stresses have origin in volume constraint related 

to pore fluid compressibility. They are not independent of the 

sediment or rock since the pore pressure coefficient A and B are 
experimental values for a given material. Note however that A and 

B are distinct from the elastic parameters of the material ( i.e. 

value of pore pressure coefficients can be similar for 

overconsolidated clay or dense sand but these will have different 

values of E and ) .  

Skempton's equation is a convenient way to account for the 

diphasing of a sediment. The pore pressure coefficient A and B 

have been used in coupled elastic theory ( A = 1/3 ; e.g. Rice & 

Cleary 1976, Ruina 1978 ) .  

There is an alternative method. If effective stresses are not 

used ( i.e. total stresses only are used 1 ,  a correction is 
applied and to the Poisson ratio and to the Young modulus when 

these are introduced in computation ( Skernpton & Bjerrum 1957, 

Davis & Poulos 1963, Schiffman & A1 1969 ) .  

7.9. Conclusion. 

Often less than 50% of strain is reversible for 

sands but their stress vs strain are linear at low strain ( 

approximately up to half their failure strength ) .  However once 

loaded, sands are linearly elastic when in a state of equilibrium 

and if unloaded or reloaded up to this load. 

~ o s t  aspects of the behaviour of uncemented sand in drained or 

undrained conditions can be approximately described by simple 

functions. The parameters of the functions are simples and their 

values, determined experimentally, are available in literature. 

These functions are applicable to axis~etric conditions ( 

triaxial apparatus ) .  By use of these functions, stress vs strain 

relationship can be determined for any stress paths as 

recommended by Lambe (1967 ) or Jones & Addis ( 1986 1 .  
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PART I 

DERIVATION OF THE MODEL 



Application of the theory of linear elasticity to 

Oruawharo dikes surprisingly yielded two nearly contradictory 
results, to know : 

i) the geometric outlines of the dikes are those expected 
from stress distribution around cracks in elastic solid ( p . 6 -  

27 1 ;  
ii) the shape of the dikes could not be reproduced by 

calculating displacements with the same elastic theory which also 

yielded anomalous results ( excessive horizontal stress 

gradient 1.  
Since, the mechanical properties of sand have been derived. It is 

now known that it is not simply linearly elastic and a critical 

appraisal of the method is necessary. 

In this chapter, the scope is unchanged, i.e. : 

i) what was the driving pressure of the magma. 
ii) had the results gained from application of the linear 

elastic theory being satisfying, it was known at once that the 

material was linearly elastic. Since sand behaviour is quite 

dependent on the applied stress level and tends toward plasticity 

at high stress, it is now important to know the physical state 

reached by the tephra at any place around the dike. 

The requested results will need to be coherent with field 

observations i.e. the discrepancy generated by use of linear 

elasticity must vanish. 

One is now confronted with a double task : 

i) reconciliation of the encouraging agreement between 

stress distribution of the elastic theory and field observatio 

with the elastoplastic behaviour of sand; 

ii) establish-ment of a practical technique to carry out 
computation. 

This will be conducted in 3 steps. 

First it is necessary to establish a sound theoretical approac 

to the problem. A closer look at the notions of force, stress, 

displacement-and strain follows. 

The second step is practical. Mechanic parameters tll of sands are 
defined from triaxial experiments 1.e. in axisymetric conditions. 



The dike will be modelled in plane strain ( strain permitted in a 
plane only ) also a conversion of the data is necessary. Last, 

the new technique to carry out computation of displacement will 

be presented. 

8.1.2. Force, stress, displacement and strain, a closer look. 

The two fundamental quantities of mechanics are, 

on one hand, force and stress ( and this is the basic concept of 

statics ) ,  on the other hand, displacement and strain ( and this 

is the basic concept of kinematics of deformable bodies ) .  

A - Stress; the equations of equilibrium 

The stress is the amount of force per unit area of 

surface on which the force acts. Assuming that forces are 

continuously distributed in the body, the stress components at 

any point in a solid body are known when the ( differential 

equations of equilibrium are solved with respect of the boundary 

conditions ( e.g. Timoshenko & Goodier 1970 ) .  

B - Strain; the compatibility equation 

Whereas stress is related to forces, strain is related 

to displacement. Strain is the unit elongation ( the derivative 

of the displacement ) .  Just as forces, displacements are assumed 

to vary continuously through the body and this implies that there 

is certain relations between the strain components. The relation 

is expressed by a differential equation called condition of 
compatibility. In the theory of elasticity this relation is 

derived on the assumption that the strain is small ( square of 

strain components are negligible; Timoshenko & Goodier 1970 1 .  

C - Solutions for stress and displacement 
There are several alternative ways to calculate stress 

and displacement but in any case, it is necessary to take into 

account some mechanical properties of the system ( stress and 



strain, taken separately, are concepts independent of material 

properties 1. 
The linear elastic theory solves simultaneously the 

differential equations of equilibrium and the condition of 

compatibility. As it is necessary to substitute for one variable, 

Hooke's law is introduced. Therefore the solution applies for a 

material linearly elastic and for small strain or displacement. 

There are two different ways, not equivalent conceptually, 

to obtain a solution for the theory of elasticity : 

i) The equation of equilibrium in term of displacement may be 
regarded as fundamental and solved, this is the theory of elastic 

deformation ( Jaeger & Cook 1979 p.122, Davis & Poulos 1963 ) .  

ii) Alternatively, stresses may be regarded as fundamental, this 

is the theory of stress distribution ( idem cited 1.  
Another solution is to solve the equations of equilibrium 

with the coulomb's criterion of failure ( i.e. plasticity for 

soil i.e. Bruggeman & A1 1939, Sokolovski 1960, Jaeger & Cook 

1979 chapter 16 ) .  Solutions derived from this approach apply to 

soil at onset of failure. 

D - The finite element method 
10 parallel to the methods of force and displacement 

( equilibrium and compatibility ) ,  another way of looking at 

mechanics was develop-ed using the concept of energy . It uses 
the so called principle of virtual work ( e.g. Richards 1977 

p.39, Timoshenko & Goodier 1970 p.250 ) .  

The energetic approach proved to be advantageous in-treating 

complex systems in a piecewise manner. Thus the solution of 

finite element method is an important number of simple 

simultaneous equations which can be solved with matrix algebra by 

computers. 

A finite element version used by many workers in soil mechanic 

was presented by Clough ( 1960 1.  Here the strain of each element 
is arbitrarily defined as being constant or varying linearly 

along its boundaries. The elements are connected at nodal point 

only where the energetic balanctis made. With such constraints 

compatibility is assured anywhere in the system. The method is 



approximative as equilibrium is not always respected at element 
boundaries. 
The finite element method is of interest here as it can be used 

to treat some problems in which the material is not linear 

elastic or is elastoplastic ( e.g. Zienkiewicz & Cheung 1967 

chapter 12, Desai & Abel 1972 chapter 19, Martin & Carey 1973 

chapter 7 ) .  For instance, a common treatment has been to 

attribute to the elements a bilinear behaviour ( first elastic 

then perfectly plastic i.e. plastic flow occurs above a given 

yield stress; Hoeg & A1 1968, Baker & A1 1970, Dunlop & Duncan 

1970 ) .  One will return to this later. 

From the prec-.eding developments, it is clear that 

there is not one but several ways to look at a mechanical problem 
and compute stress and displacement. Furthermore, none of these 

methods are equivalent and one of them will generally be found to 

be more appropriate,physically to a given problem. A first step 

is to define the variable. 

E - The variable 

When the magma of an intrusion is stiff as illustrated 

for intermediate and acid compositions by Johnson & Pollard 

( 1973 ) and Bertaw & Gagny ( 1978 ) ,  displacements might be 

considered as imposed and forces the variable. 

In contrast, features of basaltic dikes often indicate that the 

magma was fluid at intrusion time ( e.g. Watterson 1968, Currie & 

Fergusson 1970, Rogers & Bird 1987 ) .  This is the case for 

Oruawharo dikes ( thin horns & rim dikes 1 and it will be 
confirmed in a later chapter that the magma was nearly Newtonian 
when it intruded the tephra. 

In such a case, the internal pressure ( i.e. forces 1 is imposed 

and displacement the variable. 

It has been shown ( e.g. Anderson 1938, Sneddon 1946 p.233, 

Timoshenko & Goodier 1970 chapter 6, Jaeger & Cook 1978 chapter 

10 ) that in an elastic medium, an initially infinitely thin 

crevice has the shape of an ellipse after the application of a 
liquid pressure as the only load. Thus the use of the elliptic 



crack model, much develo-ped and popularised by Pollard & 

coworkers in application to geology, and often referred to in 

this thesis, has the displacement as variable. 
An ultimate goal in mechanic analysis is to compute 

displacements, yet the concept of stress is probably more 

commonly used. In the followings, it will be shown that these two 

quantities behave in a very different manner with variation of 

material properties. The advantage gained in using the stress 

concept will then become apparent. 

8.1.3. Influence of material properties on stress distribution 
and displacement 

8.1.3.1. Linear elastic material 

The solution for internally pressurised elliptical slit 

in an homogeneously stressed linear elastic solid in plane strain 
condition was derived by Pollard & Johnson ( 1973 ) and Pollard ( 

1973b ) gave the solution for anisotropic stress field. Thus a 
solution directly applicable to the geometry of dike intrusions 

is available and can be studied directly. Pollard & Johnson 

( 1973 ) and Pollard ( 1973b ) gave the two solutions for 

stresses ( theory of stress distribution ) and for displacement ( 

theory of elastic deformation ) .  

In these solutions it is immediately seen that the three 

equations for stress lack any mechanical characteristic of the 
material even though two elastic parameters figure in the two 

equations for displacement ( Pollard & Johnson 1973 Eq.24 and 

Pollard 1973b Eq. 34 to 38 1 .  
Thus, if the solution for displacement is specific to one and 

only one type of material, the stress distribution is identical 

for any elastic material whatever the values of its elastic 

parameters. This is not restricted to the pressurised slit. 

Indeed, Timoshenko & Goodier ( 1970 p.31 ) showed that this is 

true for any simple plane strain and plane stress mechanical 

problem. It is for this reason that stresses determined on a 

given transparent elastic material by optical method 

( photoelasticity ) can be applied immediately to other material. 



A certain matching between this theoretical law and the 
results derived by direct application of the elastic theory to 

Oruawharo intrusions is worth emphasizing. Variation of dike 
thickness ( displacement ) cannot satisfyingly be reproduced by 

the elastic theory, yet, the geometry of intrusion follows the 

path one expects from the stress distribution of the linear 

elastic theory ( p .6 -27  1. 
The fundamental theoretical result of the elastic theory and 

the initial results of Oruawharo dikes analysis converge. This 

suggests that generally stresses are little dependent on material 
properties even if the material is not linearly elastic, by 

opposition to displacements. 

8.1.3.2. Critical appraisal of the use of elastic stress solution 

to problems involving complex material 

In which measure can the elastic theory be applied to 
non cemented sand? Some authors who made considerable use of the i 

theory in a practical way have answered this question. I 

A - Practical opinions 

In their book on soil mechanics, Lambe & Whitman ( 1979 

p.105 ) mentioned that the few good compar,isons between 

theoretical elastic stress distribution and measured stress in 

soil are good. They recommended its use and estimate that 

resulting error can reach 25%. 

Workers of soil mechanics who studied the composition of 
strain for sand all emphasized that there is no solution which 
does not include elastic behaviour and concepts for sand ( e.g. 

Terzaghi 1925, Maklouf & Steward 1965, KO & Scott 1967, Duncan & 

Chang 1970, Daniel & A 1  1975, Ting 1982 ) .  

In introduction to their chapter on linear elasticity, 

Jaeger iS Cook ( 1979 p.109 ) explained that the elastic theory is 

essentially set up on the simple basis of linearity. As many 

material are linearly elastic when unloaded ( this is the case 

for sand see fig.7.6 ) ,  they argued that, with the appropriate 

reservations it is fairly widely applicable. 



B - use of the finite element method 

* Decomposition of the problem 

The method treats one by one each element of the system. If 

the elements are elastic, the result ( must ) converge with 

analytical elastic solutions. When the elements have a bilinear 

behaviour ( elastic then plastic above a given stress 1 ,  in most 

cases, local failure ( plastic flow ) will occur in a locus of 

stress concentration. 

HOW does local failure affect the distribution of stress? 
~t failure, the stress cannot increase as this would yield 

infinite straining. straining cannot be infinite since the 

element is compatibly contained by adjacent elements which have 

not failed. Thus, excessive stress concentrations, artefact of 

the elastic theory for most material, are avoided i.e. the stress 

distribution is modified. If instead of a bilinear material the 

stress vs strain relationship of the element is hyperbolic ( e.g. 

fig.7.3 ) the process is simply more gradual. 

* Numerical results 

Some numerical solutions follow which treat problems 

inaccessible to the elastic theory. 

First the history of loading seems to little affect the 

distribution of stress. Clough & Woodward ( 1967 ) showed that 

the final stress distribution in a dam is virtually unchanged if 

the total load ( weight ) is applied at once or by addition of 

succedive layers. 

Baker & A1 ( 1970 ) made a concrete comparison between the 

magnitudes of stresses in purely elastic and elastoplastic 

material. In the case of a tunnel these authors showed that local 
failure at the walls suppresses the high stress level yielded by 

the elastic theory at this position. Immediately at the back of 

the failed area, and this is the wanted information, there is a 

local maximum difference of 14% between stresses from the elastic 

( lower 1 or elasto plastic ( higher ) models, difference which 

goes diminishing away from this area. 
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In problem concerned with the loading of a semi infinite 
plane the stress distribution distinctly diverges from the 
elastic pattern only when the failed area spatially surrounds 

loaded area ( Hoeg & A1 1968 1 .  
the 

c - conclusion 

In regard to stresses, there is convergence between opinions 
of authors who have been involved with earth material, basic 

principle of the finite element method and comparison of closed 
solutions of elastic and elastoplastic theories : the mechanical 

properties of the material has little effect on the stress 
distribution derived by the elastic theory exhpt at failure. It 

suggests that for a material with a hyperbolic stress vs strain 
relationship, and at the condition to limit the study below 

failure, it is unlikely that stresses at any point diverge from 

the elastic solution from more than say 15020% in the highly 

stressed area. The divergence should not exceed 10% in most other 

parts of the stress field. 

8.1.4. The crack problem in mechanics 

Stresses concentrate at the tips of a crack and Sneddon ( 

1946 p . 2 3 0  ) and Barenblatt ( 1962 ) ,  for instance, pointed ot 

that there is no purely elastic solution for a sharp-pointed 

crack. The basic assumption of fracture mechanics is that the 

elastic stress distribution is applicable to the crack 

surroundings if a correction is made to account for non 

elasticity at the tip. 

All available models converge in their conclusion that the 

presence of non elastic processes makes the crack behave as if it 
. was wider than its physical size ( e.g. Dugdale 1960, Barenblatt 

1962, Rice 1968, Broek 1974 ) .  

The effect of the theoretical stress concentration ( not real 

most material ) yielded by the elastic theory is to give to t 

theoretical crack system a rigidity that it does not have in 

nature. The corrections adopted in fracture mechanics intend 

restore the actual flexibility of the crack model. 

for 

.he 



In the following modelling, the inevitable inelasticity at tip 
will be treated by the fracture mechanics approach, i.e. an 
effective width will be estimated. Once the correction is made, 
the elastic theory can be applied away from the tip ( Broek 1974 
chapter 4, Turner 1978 p.42 1 .  

8.1.5. Selection of the model 

The applicability of the different theoretical 

approacgs presented above are now considered in application to 
the Oruawharo intrusions. 

A - The theory of elastic deformation ( see p.8-3 and with 
available solution for dike configuration in Pollard C Johnson 

1973 and Pollard 1973b ) must be discarded. It is valid only for 

a given material linearly elastic and does not apply to non 
linearly elastic material. This solution however was applied in 

chapter 6 ( Eq.6.2 and table 6.1 1 .  This invalidates the results 
of this table. 

B - Equations satisfying Coulomb's criterion of failure ( 

plasticity, p.8-3 ) .  Numerical solutions show that the elastic 

stress distribution changes only at onset of failure ( p.8-8 1. 
thus, up to near failure, the solution involving Coulomb's 

equation is misleading and incorrect ( Dunlop & Duncan 1970 

p.471 ) .  

C - The elastic stress theory in contrast has some 
potential. Stresses are little sensitive to material properties 

also it is much less important if they are derived on the base of 

linear elastic material. The solution nevertheless cannot be 

applied if large area of the studied system have failed ( in 

which case the preceding plastic treatment would applies 1 .  
However it will be a good approximate solution even if there is 

D - Finite element method. By its versatility, the method is 



a potential powerful tool. Solution for linear elastic or 
elastic-perfectly plastic material can be easily obtained on a 
routine basis ( i.e. the result is known to be valid ) .  However, 

d 
the elastic-perfectly plastic model adresses metal rather than 

upper crustal rock masses ( Jaeger 1969 p.49 ) .  Also analytic 

solutions exist for slit in elastic perfectly plastic material 

and it is on the base of the results obtained that the effective 

crack's length correction of some authors is based ( Broek 1974 

chapter 4 1 .  
The only interest in setting a program of finite elements to 

model Oruawharo dikes is to introduce the specific mechanical 

behaviour suspected for the sand. From dike description, tensile 

cracking of the host rock appears as one of the key features ( 

chapter 5 as is also suggested by results of the elastic theory 
( chapter 6 ) .  Such behaviour has already been introduced in 

finite element method ( e.g. Zienkiewicz C Cheung 1967 chapter 12 

) but the method is by no meansat a stage of routine basis ( 

Desai & Abel 1972 p.437 ) .  Great care must be taken in setting 

elements properties because of the consequences this can have on 

the continuum, especially since the results cannot be verified 

relatively to an exact solution. Wroth C Houlsby ( 1985 p.39 1 
mentioned that spurious results have already been obtained and 

showed that the technical solution for such problems is by no 

mean a simple one. 

The theoretical aspect and technical problems are a research 

topic in itself and therefore beyod the scope of this work. 

The theory of stress distribution will consequently be used in 

this thesis. 

8.1.6. Presentation of the model 

A - stresses 

The model derived by Pollard ( 1973b ) for stresses can be 

used for non linear elastic bodies with a moderate loss of 

precision. 

Even though Pollard ( 1973b ) also gave an accompanying 

program to calculate stresses, the APL computer language he used 




