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was not available in Auckland at the time of this research and 
the solution was reprogrammed by the writer in " ~ d ~ c  ". This 
program ( appendix 5 1 will be referred as program "stress1' in 
this thesis. The program only treats the case of the minimum 
compressive principal stress perpendicular to the dike and 

maximum compressive stress parallel to it ( see fig.6.1 I .  
Skempton's equation ( Eq.7.8 p.7-23 ) has been introduced and the 

program lqstress'l computes the effective as well as total 

stresses. Since, at a high stress level, the pore pressure 

parameters are dependent on the material involved, the effective 

stresses are valid for the chosen material only ( but not the 

total stress ) .  

B - Displacement 

For a given magmatic pressure, Pm and regional stresses S 1  

and S 3 ,  Pollard ( 1973b I'solution gives the stresses around the 
dike. With stresses known, strains can easily be derived from the 

hyperbolic stress vs strain relationship. Then displacement can 

be obtained by integration. The displacement at mid flank of the 
dike is its half thickness. In the present study, the 

displacement is known from field work and it is the driving 
s 

pressure which must be determined. This will be done by succes'ive 

trials ( iteration ) .  

Before to present the computation of displacement step by 
d 

steps, it is necessary to aaress the practical problem of 
conversion of data on the behaviour of sand from axisyd?tric 

experiments to plane strain situation required for the field 

model. 

8.1.7. Derivation of the stress vs strain relationship of a 
Hookean material for axi&tric and plane strain situation 

8.1.7.1. Hooke's law 

In one dimension the unit elongation or strain of a Hookean 

solid is given by ( Timoshenko 6 Goodier 1970 p.8 1 : 

E l  = G/E (a) 



and is accompanied by the lateral strain components : 

- - J ( G1/~ 1 ;  € 2  - f 3 = - v  ( G l / E  1 ,  (b) 
where V is the Poisson ratio. 
In three dimensions with the three principal stresses GI, c2 and 
Gj acting on the elementary volume, the total strain is obtained 
by a simple method of superposition ( Timoshenko & Goodier 1970 

p.8 ) and yields : 

€1 = 1 / ~ [ G ~ - \ t ( % + G j  1 (c) 
E j  = 1/E [ Gj - \ I  ( G1 +GZ 1 I .  ( d )  

The superposition method is legitimate when deformations are 
small i.e. displacements do not affect significantly the action 

of the external forces ( Timoshenko & Goodier 1970 p.8 1 .  

8.1.7.2. Particular cases 

Equations (c)-(d) can be simplified for the simple 

axisydktric or plane strain cases. In the following, the equation 
for one strain component only is given, the others can be derived 

by analogy. 

Triaxial apparatus : 

For this axi~~etric experiment, G2 = q. 
In the direction of main compressive stress the strain is : 

El = 1/E G - 2\163 1 (el 

Plane strain : 

The strain components exist in one plane only, € 2  = 0. This 

implies, C2 = ( + Cj ) and thus, substituting into equation 

( c1  : 
E l ~ = ~ l  ( 1 - V Z  1 -cl ( 1 + )  J .  ( f )  

8.1.7.3. Strain measured in triaxial experiments; implication for 

the stress diagram 

A triaxial test consists of two components ( e.g. Head 

1982 p.592 ) : 

i) A confining pressure denoted by c3 is applied. This is the 
cell pressure which acts equally on all surfaces of the rock 

specimen directly or indirectly through a fluid medium. The 

resulting straining, f3, is not usually measured. 



ii) A deviatoric load, GD, is introduced. Depending on the stress 
path, the force on the piston ( from outside the cell , ,  is 

progressively increased or it is kept constant ( with a force 
acting from outside the cell ) and the cell pressure, G3, is 
reduced. The strain, ED, induced in this step is recorded. 

Thus, the strain, E D, recorded in a such experiment is 
related only to the differential stress component,GD ( Price 

1958 p.111, Head 1982 p.592 ) .  The total stress and strain are : 

=GD + G3, 
El = t o  + E3, 

and Hooke's law is written : 

~ x i s ~ e t r i c  1 Plane strain 

now the straining induced by the cell pressure,c3 is not known 

and is obtained from (91) or (g2) when GD = 0 and ED = 0 ( GI = 

or 

€ 3 ~  = 6 (1-2V) (hl) E 313 = C3 [ 1-V( 1+2W 1 (h2) 
The strain which is actually measured is the total strain 

[ general Hooke's law (gl) or (g2) 1 less this straining (hl) or 
(h2) and its expression in term of stresses. This yields [ simple 
subtraction (g) - (h) 1 : 

 ED^ =GD (ill I  ED^ = GD (1-v2) (i2). 

These are the correct expressions of Hooke's law for the partial 

recording ( deviatoric only leading to most published deviator 

stress vs strain curves of triaxial experiments ( when the 

complete stress vs strain curve is given, then the stress axis is 

defined by 6--1-2~~3 i.e. equation (e) and (gl) above e.g. Jaeger & 

Cook 1979 fig 4.2.5 ) and equivalent values for plane strain 

condition. 

These expressions are not equivalent with Hooke's law 

expressed in the form of deviatoric and volumetric portions 

( e.g. Nadai 1950..chapter 24 ) but merely apply to the 



specific mechanics of the experiment ( a cell pressure and 
an external load 1.  

The failure and strain lines of the stress diagramGl vs G3 ( 

fig.7.2 ) have been built exclusively from such deviator stress 

vs strain curves from axi~~etric experiments in which ED is 
given for a set of values GD and G3. 

Now on one hand the solution to the stress function around a 

pressurised elliptical slit in plane strain condition is 

available ( Pollard 1973b 1, on the other hand an estimate of the I 

stress vs strain relationship for the intruded material is also 
available even though only for axis$etric conditions. 

I 
Different experimental or natural conditions lead to measurement 

of different quantities. One of the important aspect of the 

linear elastic theory is apparent here, its ability to convert 

quantities determined in a given simple experiment to another 

configuration ( Jaeger & Cook 1979 chapter 5 ) .  Thus a chosen 

value ED from uniaxial condition [ equation (ill above 1 can be 
obtained in plane strain condition ( equation ( i2) 1 if E/( 1-V* 

I 

substitutes E for a given material. Since E is a material 

constant, any value € $  from uniaxial condition can be produced 

for an elastic material in plane strain condition if GD(l-v21 

substitutes CD i.e., from the definition of GD, G~ ( 1-v2 1 and 
(1-v2) substitute and Cj. This implies that the deviator 

stress vs strain curve obtained from a triaxial test or derived 

from plane strain experiment are identical if the stress axis is 

changed [ as between equ.(il) and (i2) 1. The x-axis, the strain, 
is unchanged. Note, however that the confining pressure is also 

modified by ( 1-q2 1 . 
If the two stress vs strain curves are geometrically identical 

and since only the values of the deviator and confining pressure 

are necessary to define points on a stress diagram ( e.g. Gl vs 
6 ,  fig.7.2 ) ,  it follows that strain lines are identical if the 

and Cj axis of the stress diagram are substitubd by ( ~ - v ~ I G ~  

and ( 1 - V 2 ) ~  for a plane strain situation. 
The only interest in defining a such new stress diagram is to 

permit comparison of deformations derived in different conditions 

for a same material. 

If a such comparison was to be undertaken, then, the stress level 



will be : 
SL =GD(l-v2) / G ~ ~ ~ ~ ( ~ - v ~ )  

GDFail (1-v2) is read directly from the new stress diagram G1 ( 1- 
v 2 )  vs G3 ( 1-v2). The quantity computed from the stress function ( 

GI, c3 and Go ) however must be converted by the factor ( 1-v2 ) to 

enter the new stress diagram and be compared with available 

experimental values of the material expressed in term of stress. 

8.1.8. Application of formula applying elastic theory to non 
cemented sand 

Previous developments showed that the elastic 

theory can be applied to problems of soil as long as the soil 

does not fail. One of the main feature of the stress diagram of 

fig.7.2 however is the failure line. In the following, some 

experimental aspects of sand behaviour at failure are reviewed 

and compared to the elastic theory. 

Kirpatrick ( 1957 ) ,  Bishop ( 1966 ) ,  Lambe & Whitman ( 1979 

P.141 ) and Wroth & Houlsby ( 1985 p.31 outlined that there can 

be no real question of the validity of the Mohr-Coulomb criterion 

of failure because it fits test data from sand reasonably well. 

The yield functions of Tresca and certainly of Von Mises can be 

discarded for sand. 

The Mohr-Coulomb failure criterion is independent of the value of 

the intermediate principal stress, G2. Thus the intermediate 
principal stress can be neglected which simplifies calculations. 

Thus theGI vs C3 diagram could 'a priori' be used in plane 
strain condition as well as Kondner4s hyperbola which also is two 

dimensional. 

However this independence on G2 is not complete ( Wroth 6 

Houlsby 1985 p.31 ) .  The value of the coefficient of internal 

friction, $ ( there is a direct connection with the failure line 

of the Gl vs G3 diagram e.g. Price 1958 p. 111 1 are 
systematically different in axisfletric and plane strain 

experiments ( Kirpatrick 1957, Bishop 1966, Pu & A1 1985 1. 

Accordingly the shape of the stress vs strain curve established 

from experimental data are different when drawn on a same diagram 

- ( same stress axis, for instance Pu & A1 1985 fig.3 1.  If the 



conversion of the elastic theory [ multiplication or division by 
the factor (l - ~ z )  ] is effectuated on the experimental data of Pu & 

A1 at failure ( V=.5 ) ,  then the two curvesmatches each other. 
It could be objected that since the correction is dependent on 

the value of the Poisson ratio, it will be less efficient for 

loose sand the volume of which is reduced even at failure. 

This nevertheless is ih agreement, at least qualitatively, with 

experimental results. Thus the difference in the angle of 

internal friction between axisymhetric and plane strain 

experiments varies linearly with the packing of the sand from . 5  

for low packing to 5 for dense packing ( Bishop 1966 fig.8; also 

Lambe & Whitman 1979 fig.ll.10, Pu & A1 1985 1. 
AS predicted by the elastic theory, data obtained in uniaxial 

experiments corrected by a factor ( 1-v2 1 matches those 
obtained in plane strain experiment and vice versa. This 

agreement verified at failure for sand is encouraging. Indeed 

such conversion complements the use of two-dimensional treatment 

as the GI vs c3 diagram ( failure lines ) and Kondner's 

hyperbolic representation. 

In the followings the new diagram GI ( 1-v2 1 vs G~ ( 1-v2 1 will 
be used in order to match stresses computed with solutions of a 

plain strain model with data of uniaxial experiments. The program 

"stress" ( Pollard 1973's equations, appendix 5 this thesis 1 
prints stresses corrected by this factor. Stresses can then be 

directly plotted on the new stress diagram. 

8.1.9. Canwtation of displacement ( Drivinq Pressure 1.  

8.1.9.1. Introduction 

In this work, the calculation of displacement is used 

only to find the internal pressure of the dikes. For this, the 

displacement along the normal at mid flank of the dike is the 
simplest one ( and this is eq.6.2 for Hookean material ) .  It is a 

plane of symmetry for stresses and for displacements. As outlined 

by Nadai ( 1950 p.380 ) ,  if the principal axis of strain 

coincides with the principal stress direction, then it is 

sufficient to introduce the ( elastic and/or plastic ) stress vs 



strain relationship in finite form. 
The normal at mid flank of the dike is also the trajectory 
initiating at dike flank which is the more distant from the tips 
and this is where the effect of the correction for tip failure is 

optimal. 

8.1.9.2. Uniqueness of solution 

The solution for displacement ( and then driving 

pressure ) which will be calculated is subject to condition. For 

a linear elastic material the solution is unique because there is 
a unique stress vs strain relationship. For sand however the 

stress vs strain curve does not follow the original hyperbola if 

the pressure drops but an unloading straight line ( fig.7.6 ) and 
the elastic and plastic components of strain are separated. 

Indeed, if it was assumed that the pressure did drop, for a given 

value of strain ( then displacement 1,  there would be an infinite 
number of possible solutions for stress ( then driving pressure 

) .  To obtain the unique solution, It is therefore assumed in the 

fallowing that the magmatic pressure remained at its maximum 

value. The consequences of such an assumption will be discussed 

whith the final results. 

The study of displacement cannot answer the question of a 

possible drop of the magmatic pressure before cooling but the 

study of other mechanical aspects can. It will be shown in 

chapter 10 that the pressure did not drop during cooling. 

8.1.9.3. Displacement of deviatoric oriqin; program "strainv 

Straining of sand is very different for isotropic and 

deviatoric loading and there is no simple way to treat the two 
simultaneously ( Wroth & Houlsby 1985 1 .  The program 'lstrain" now 
presented only calculates strains and displacement from 

deviatoric origin. Another set of operations will be presented to 

calculate displacement resulting from compaction. 

In the program "strainv1 given in appendix 6, stresses are given 

by the program ustressll and strain and displacement are 

calculated by the functions presented in chapter 7 as exposed in 



the following. 
~t is necessary first to run "stress" for the shdied loading 

conditions to have knowledge of the stress path. With knowledge 
of the stress path, the stress at failure, &DFail, and the 

initial Young modulus, Pi , can be estimated using respectively 
fig.7.2 and appendix 2. 

From these data, the program can calculate the unloading- 

reloading Young modulus, EUr ( p.7-19 to 7-21 ) .  

The decomposition of strain is different below and above a stress 
I 

I 

level ( SL ) value of 0.42 : 
I 
I 
I * When 0 5 SL 5 .42 : I 

The relationship between the SL and the ratio of elastic/plastic 
1 

strain is assumed to be linear. It is the straight line passing 

by the two points ( 50,O ) and ( 45,.42 ) of fig.7.7. The 

equation of this line is : 
I 

I 
- .5 + ( SL/8.4 ) fe/ETot = . 5  - ( SL/8.4) or Fp/ETot - 

where Ee and Fp are elastic and plastic strain components. 
By this choice, one intends to reproduce approximat-ely the I 

behaviour of medium sand of intermediate packing ( right side of 
I 

the medium dense field on fig.7.7 ) .  

* When SL > .42 : 
Above yield strength, the elastic and plastic components of 

strain are determined from the hyperbolic representation of total 

strain and Hooke's law as explained in p.7-19 to 7-21. For 

instance the plastic strain is given by Eq.7.6, however CD ( 1-v2 I 

I 
substitutes GI, ( section 8.1.7 1. 

The displacement is then obtained by integrating numerically 1 
I 

by the rectangular rule ( Kreyzig 1983 p. 786 ) the function : 

ETot ( o r E p o r E e  = f ( ~ )  

where y is the distance along the normal to the dike. 
i 
I 
I 

If n intervals are equal then : 

J;(y)dy = dy [ ETotl + ETotZ + *-• + ETotn 1 Eq.8.1 

The geometric construction is given in fig 8.1. 

8.1.9.4. Displacement of isotropic origin; consolidation 

Near the earth surface dikes propagate rapidly ( I to 

100 cm/s in Delaney & Pollard 1981 ) .  Pore water cannot migrate 





Skempton & Bjerrum ( 1957; also David & Poulos 1963, Lambe & 

Whitman 1979 P.491 1 gave an approximate method of calculating 

displacement on the basis of a stress vs strain curve from 

oedometric experiments. For a strip loading ( plane strain ) ,  the 

displacement is : 

uc = A voed. Eq. 8.2 
where Uc and Iroed. are displacements respectively due to 
consolidation and from oedometric test, V the degree of 

consolidation ( 0 5 V 5 1 ) and A the pore pressure coefficient. 

It is assumed that A is constant along the line of displacement. 

Fig.7.5 is an oedometric experimental stress vs strain curve. It 

can be fitted by a power law regression : 

loed = a(T 
b Eq.8.3 

in which : 

a = 1.8621; b = .883568 for 0 < G <  7.5 MPa 

The variation of isotropic stress during consolidation is simply 

the difference between total and effective main compressive 

stress calculated by the program ttstresst'. The oedometric 

displacement is therefore computed from Eq.8.3 using the 

rectangular rule ( Eq.8.1 ) .  The displacement due to 

consolidation is directly obtained from this by equation 8.2. 

8.1.10. Estimate of precision for the model 

Several simplifications have been made to obtain 

the model. 

i) The model is mainly two-dimensional, a limitation 

acceptable since the behaviour of sand is little affected by the 

intermediate principal stress ( p.8.16 ) .  

ii) However, neglect of the intermediate principal stress 

introduces an error in computing the pore pressure since the pore 

pressure coefficients have been derived by Skempton ( 1954 ) for 

axisymhetric condition. Bishop ( 1954 ) judged the error to be 

acceptable since he applied it to a typical example of plane 
strain situation : dams. No attempt has been made to modify this. 

iii) The effect of failure at dike tips will be corrected 

with methods of fracture mechanics. Apart from the tip, if the 



tephra around the dike was not intor close to, a state of 
failure, the error introduced in using the stress distribution of 

elastic theory should not exceed 10% over most of the stress 

field and 15-20% in the highly stressed area ( p.8.8 1 .  
correction for failure at the tip will be discussed first in part 

I1 of this chapter. 

iv) The equations of the elastic theory are derived on the 

basis that strains are small. This is not always the case when 

dealing with soft rocks. Clough & Woodward ( 1967 p.548 ) ,  Duncan 

& Chang ( 1970 p.487 ) have estimated that the improvement 
reached by using theory of large displacement would be 

insignificant below a strain of 5 to 10%. 
BY no means could any of the results obtained be considered 

to be exact but the model is expected to yield good 

semiquantitative estimates. 



MECHANICAL MODELLING OF ORUAWHARO DIKES 

PART I1 : APPLICATION 



8.2.1. Outline 

In this second part, the total displacement along 
the normal at mid flank will be calculated for given magmatic 

pressures. The final target, the half dike thickness measured on 
the field, i.e. a displacement of .28m ( table 6.1 ) will be 

reached by an iterative method. The procedure is illustrated by a 

flow diagram in fig 8.2. 

There ate three distinct, nearly independent steps in this 
computation : 

i) estimation of effective width; 

ii) calculation of deviatoric displacement; 

iii) calculation of consolidation displacement. 

They will be presented in this order. 

No routine method exists for the first step, estimation of 
the effective width. In fact, such correction on the width has 

not been applied previously to calculation of driving pressure of 

dike intrusions. It will therefore be necessary to explain why 

such correction is necessary and how it can be done. 

The theoretical base and methods for the two last steps, 
calculation of deviatoric and consolidation displacements, have 

already been presented. All that is left to do is to choose the 

value of the parameters involved and to present the results. 

For convenience in presentation, the magmatic pressures used in 

the following computations ( top of the flow diagram fig.8.2 ) 

are the correct ones, i.e. they will yield a displacements equal 

to the measured half thickness of the dikes or segments. 
Therefore all values computed for each of the three steps of the 

procedure are the approximated values for the Oruawharo 

intrusions. 

8.2.2.  In situ stresses. 

A large volcanic cone 100 to 300m high, formed of low 

density tephra and partly lying in water will impose at its base 

a vertical stress ( Ci-; ) of the order of 4.5 to 3 MPa 
corresponding to an effective vertical stress of 2 to 3 MPa ( 



Fig.8.2. DETERMINATION OF MAGMATIC PRESSURE BY ITERATION 

I 

Choose a magmatic pressure 
I 

procedure of fracture mechanics 

I 

Define stress path by using program "stressH 
and the Gl ( 1-v2 vs 6 ( 1-v2 1 stress diagram 

I 
- 

Compute deviatoric displacement for the 
undrained state, VUN, with program flstrainll 

I 
L 

Compute displacement due 
to compaction, vc 

Final displacement 
is (/= uD + Vc 



p.6-21 1 .  
The relationship with the horizontal in situ stress ( Gh ) is 
given by : 

G h = K o G  
where KO is the coefficient of pressure at rest for a material 

loaded for the first time ( Lambe & Whitman 1979 p.100 ) .  

For sand of intermediate packing, KO is in the range . 4  to . 5  ( 

Terzaghi 1920, Bishop 1958 and 1972, Finn & A1 1971 1 .  
It is found that the pair of effective stress Gv, Gh obtained in 
this manner plots left of the failure line on fig.7.2, which 
indicates failure. This suggests that deformation occurs at the 

base during the built up of such a cone. 

When this happens, the concept of coefficient of pressure at rest 

is no longer valid. The relationship between G; and Ch evolves 
and the new coefficient Kp, called coefficient of passive stress, 
can rise to 1 and beyond ( Lambe & Whitman 1979 p.165 1.  

For convenience the notation ERSl and ERS3 is introduced for 

Effective Regional Stresses ( ERSl maximum in dike plane, ERS3 

minimum perpendicular to the dike 1 .  
Because of uncertainty about the size of the cone and value 

of the horizontal stress, two cases will be treated. These are : 

CASE 1 : ERS3 = 1.5 MPa, ERSl = 2MPa; 
CASE 2 : ERS3 = ERSl = 3 MPa. 

They bound a range of values in which regional stresses are 

likely to be found and also give an example of the anisotropic 

and isotropic states. 

In the first part of computation, the geometric characteristics 

of dike segments are taken from table 6.1, i.e., W = 8.87 and t = 
.56m as mean values for segment and W = 32.5, 1/2 t = .39 as mean 
value for the whole dike. The programs "stress" and "strainu only 

apply for isolated pressurised slit ( no interaction, no free 

surface ) .  The displacement for three interacting segments is 
approximately the mean of the displacement for one of these 

segment ( isolated 1 and displacement for the whole dike ( 

section 6.3.5 1 .  

8.2.3.  Failure at dike tips 



Displacements are modified around a crack when 

failure occurs in the tip area. The change is proportional to the 

extent of the failed zone. failure can occur laterally from the 
tip where shear stresses are concentrated or in the strike of the 

crack where tensile stresses concentrate ( fig.6.2 1 .  The type of 

failure is dependent on the material involved, therefore 

experimental data and natural observations are presented first. 

The theoretical extent of the failure zone by direct application 

of the elastic stress function will be calculated next. At last 

available methods of fracture mechanics, proper for crack-like 

cavities, will be applied to the dikes. 

8.2.3.1. Failure at tips of cracks in rocks : the process zone. 

The failure of metal at the tips of cracks which they 

may contain has been studied for some time. Most metals yield 

i.e. they flow plastically and the zone where failure occurs is 

called plastic or process zone ( e.g. Broek 1974 ) .  Studies of 

the processes operating at crack tips in rocks have also been 

conducted more recently. They showed that the processes in rocks 

are different from those in metals. 

A - Laboratory experiments 

Close observation of the tips of forced tensile cracks in a 

large variety of rocks by Kobayashi & Fourney ( 1978 ) ,  Weisinger 

& A1 ( 1980 ) ,  Peck & A1 ( 1985 ) revealed that there is no 

plastic flow. The process zone ahead of the tip is a thick and 

wide area which contains many discrete microcracks. These are not 

unstable since further increase of the load provoked the opening 

of new subparallel cracks. Only a few of these will eventually 

joint to form the ultimate failure surface. ~eisinger 6 A1 ( 1980 

) and Swanson ( 1984 ) argued that in some cases the process zone 

may traversed the whole specimen- tested. 

The process zone varies with the nature of the rock in which 

the crack is contained. Grained igneous rock develops thicker 

process zones ( Kobayashi & Fourney 1978, Peck & A1 1985 ) .  In 



the weakest rock tested, a porous and uncompletely cemented 

sandstone, Peck & A1 ( 1985 a&b ) observed only one surface of 

cohesion loss from which loose grains have dropped. 

Preexisting structural discontinuities in the rock ( microcracks 

& pores ) ,  not its composition, remains nevertheless the most 

important factor influencing the process zone ( Peck & A1 1985 ) .  

These recent results from cracking in pure tension converge 

with previous observations made on rocks subjected to shear where 

tensile microcracks appear first ( e.g. Brace & aombolakis 1963, 

Lajtai & Lajtai 1974, Jaeger & Cook 1979 fig.4.5.2, Horii-Nemat 

Nasser 1985, Etchecopar & A1 1986 1 .  
Dikes are forced megacracks in a host rock and it can be 

expected that features equivalent to the microcracks described 

above are present. 

B - Megacrack systems 

While laboratory investigation of geologic material at the 

tip of preexisting slits under tension is rather recent, study of 

natural equivalent at a megascale is very new. 

Some workers have outlined the relevance of the pro- ~ e s s  zone to 

hydraulic fracturing ( e.g. Ruina 1978, Warren & Smith 1985 1 .  
Four recent papers described the nearly systematic presence 

of dilatant cracks ahead of dike tip or joints parallel and 

adjacent to dikes of basic magma ( Delaney & Pollard 1981, 

Pollard & A1 1983, Delaney & A1 1986, Roger & Bird 1987 1 .  These 
were convincingly interpreted in the light of Pollzrd & 

coworkers's model as resulting from tensional cracking ahead of 

the dike tips. Delaney & A1 ( 1986 )Is data show that these 

joints extend as far as lorn+ sideway from important dikes in 
sedimentary rocks. Roger & Bird ( 1987 p.84 ) gave an average 

lateral extension for the cracked zone of 1 to 5m perpendicularly 

to smaller dikes in gabbro. Pollard & A1 ( 1983 fig.16, 23 and 

24 ) illustrated hundred of meters wide ( width of fig.5.2 ) 

bands of tensile cracks flaring from tips of dike segments 

at Hawaii. 

Oruawharo dikes are another example. The rim-dike 

extensions of dike B lie among black seams ( figs.5.7, 5.10 and 



5.16 ) or joints ( fig.5.5 found into 30cm perpendicular to the 
rim-dikes. There is no lateral displacement along the plane of 
the black seams. When these are close to each other, they 

interact ( fig.5.16 1 .  
In one instance, the plane of a seam was found to have a 

cataclastic texture which would indicate shear ( dike D p.5-24 ) .  

However, the seam occurs in, and is limited to, a rounded block ( 

fig.5.12 ) .  Isolation of this block is interpreted further in 

this work as produced by fluidization and, if this is correct, it 

proves that the seams ( but not necessarily the shear ) existed 
before onset of fluidization. Further arguments in support to 

this interpretation will be presented later in this work ( 

chapter 9 ) .  

These black seams and joints, are strictly related to the 

intrusions geometrically and are tensional in character ( section 

5.5 ) .  They lie in a zone which wedges from the tip of dike B to 

a free surface ( section 6.2.4 ) .  This zone was subjected to high 

tensile stress ( fig.6.5 1 .  The black seams and joints are 

naturally interpreted as a narrow array of tensile cracks ( also 

Godinot & SpBrli 1984 1.  

C - Discussion 

For earth materials, the dominant non elastic deformation 

ahead of the tip of open cracks is the opening of pull apart 

cracks. This phenomenon operates from microscopic to megascopic 

scale. It affects rocks as diverse as massive gabbro and shale 

and poorly and non cemented sandstones. 

There is nevertheless a difference between the features 
observed from laboratory experiments at atmospheric pressure and 

from dike intrusions brought to the surface by erosion. Thus 

Delaney & Pollard ( 1981 ) and Delaney C A1 ( 1986 1 measured 
joints as far as 10-15m away from some dikes. At least for the NW 

dike at Ship Rock ( Delaney & Pollard 1981 1 ,  they estimated that 

the shale was soft and friable at the time of the intrusion, 

Similarly, there are strong arguments to suggest that Oruawharo 

dikes intruded non cemented tephra, yet there is an array of 

tensile cracks. These two occu~ences of array of tensile cracks 



ahead of pre&rised slits in soft rocks seem in contradiction 
with the one crack observed by Peck & A1 ( 1985 ) to develop 
ahead of tensile fracture in incompletely cemented material. 

The effect of confining pressure remains to be assessed ( 

Delaney & Pollard 1981 p.56 ) .  ~oungimodulus of sand increases 

with the square root of the confining pressure. Terzaghi, as 

early as 1925 ( his p.989 claimed that the confining pressure 

provides sand with elastic properties just as would cementation. 

It seems likely that confining pressure is the cause of the 

difference between process zone of a material tested in 

laboratory at atmospheric pressure and that of material buried in 

the earth. 

8.2.3.2. Theoretical stresses at dike tie 

Observations in the laboratory or in nature are 

insufficient to permit a quantitative estimate of the width of 
the process zone. A first guide for estimating this width is to 

use the elastic stress function. 

Such application must be considered critically because one of the 

boundary conditions imposed to obtain the solution is that there 

is no diplacement perpendicular to dike strike ahead of the tip. 

This condition is violated by the development of open cracks. 

In the following section, after a short review of the effect 

of tip shape on stress magnitude at tip, the theoretical results 

will be presented for tensile stresses along the strike of the 

slit and shear stresses at the side of the tip. 

A - Influence of the tip shape on the magnitude of elastic 
stresses. 

In the model used in this thesis ( Pollard 1973 1,  the tip 

of the crack is supposed to be elliptical in shape and the stress 

there is given by the equation of column 2 row 1 of table 8.l(b). 

The tips of Oruawharo dike segments, as preserved are not 

elliptical. Their approximate radii of curvature are compared 

with the theoretical curvature in table 8.l(a). Because this 

discrepancy is a rather general occur'ence, Pollard & Johnson 



( 1973 eq.27 ) proposed, to correct for this, the substitution of 

r, the radius of the tip, with 1/2t in the equation. Consequently 
( 2wIr is substituted with [ W/(1/2)t I in the original 

equation ( i.e. row 1 of table 8.1.b ) .  

Further blunting of the crack can be simulated by using the 
theoretical stress at tip of a narrow slit with semi circular end 

( elastic medium as given in Rice ( 1968; row 3 of table 8 . l ( b )  

in this thesis ) .  

The results of the application of these three formulae to 
Oruawharo dike's segments are given in the last column of table 

8.l(b). Such values apply strictly to a point ( they vanish 

quickly away from the tip e.g. Pollard 1973a fig.7b ) and are 

purely theorical but show that blunting, generally, will tend to 

stabilize a tip by lowering the maximum stress concentration 

there. 
The following computations, derived from Pollard ( 1973 1's 

solution, apply to elliptical cracks. 

B - Tensile stress 

Tensile stresses ahead of the dike are obtained with the 

program "stressM by imposing y = 0 when x/W ( normalised distance 

in dike strike varies ( x/W 2 .5, fig.8.3 1. Magmatic pressure, 
P,, of 5.4 and 7.3 MPa are used respectively for CASE 1 ( small 
volcanic cone, anisotropic regional stress ) and CASE 2 -  ( large 

volcanic cone, isotropic regional stress 1 .  A value of Poisson 

ratio, V = .2, has been used in agreement with Breth & A1 ( 1973 

) ' s  experiments for the path Cl=ct ( p.7-13 ) .  The pore pressure 

coefficients of Skempton control the pore pressure variation,AU, 

during loading ( section 7.8 ) .  Initially the system is assumed 

to be undrained and the pore pressure coefficient B is assigned a 

value of .95 ( p.7-22 ) .  This however yields very high negative 

value of the pore pressure variation,A~.  his is not possible as 
water cavitates. 

* Cavitation of the pore fluid 

Water can sustain negative pressure only when it is 



TABLE 8.1. SHAPE OF DIKE TIP AND ITS EFFECT ON STRESS 

CONCENTRATION 

(a) : Csmparison of the theoretical radius of ellipses with same 
width, w, and thickness, t, than Oruawharo dike segments and the 
real radii of these segments. 

Average 1 8.87 1 .28 

Dike 
segment 

Theor. rad. at 
tip ( c m )  : 

r=[ (1/2)t12~l/lw 

.9 

. 6 5  
2.93 
.81 

4 . 9 6  

2.05 

Approx. of 
real radius 

( cm 1 

W 
( m ) 

(b) : Reduction of stress singularity at the tip of a slit during 
blunting. The result is the same in the range of regional stress 
( CASE 1 and CASE 2 defined in section 8.2.2 1 treated in this 

i/2t 
( m )  

work. 

Model & 
value of r 

ellipt. slit 
Pollard 73 

Poll.&Jons.'s 
substitution 
r=9.3Cm 

semi circ. 
slit; Rice 68 
r=28Cm 

Equation of maximum 
stress at tip 

Oruawharo segment 
CASE 1 or 2 

I substitutes 
I W/(1/2)t 



absolutely pure ( Schweitzer C Szebehely 1950 1 .  In practice, 
boiling or cavitation ( i.e. formation of bubbles throughout the 
fluid mass 1 occurs when the external absolute pressure imposed 

on the liquid is equal to the vapor pressure of the liquid ( 

Vennard & Street 1976 1 .  Cavitation has been observed 
experimentally during loading of saturated sand ( e.g. Bishop 

I 1954 p.152, Bishop & Eldin 1950, Seed & Lee 1967 1 .  This 

influences directly the value of the pore pressure coefficient 3 

based on : 

i) the identity between total volume change and pore volume 

change ; 

ii) the control of the volume change by the mechanical properties 
of the fluid phase. 

B = 1 relates to undrained condition and this implies that the 
pore fluid is incompressible. Once cavitation occurs, the 

presence of a gas phase causes compressibility of the fluid and 
the value of B drops. 
At 40°c ( the temperature at the base of the Surtsey volcanic 

cone today ) vapor pressure for water is 7.4 lo3 Pa ( Vennard & 

Street 1976 1. If dike propagation is quick enough so that 
equilibrium of temperature of water with surroundings is very 

incomplete, the system will be close to an adiabatic expansion 

and water temperature will drop. 

At OOC, water vapor pressure is 6 lo2 Pa. These are very small 

values comparatively to the pressure imposed by the water column 

( order of 106pa ) i.e. when the pore pressure will drop to zero 

at the front of the dike, cavitation will occur. The pore fluid 

- pressure will actually be zero when the change in pore fluid 
pressure,AU, given by program "stresstt will have a negative 

value equal to the pressure imposed by the regional water column 
I 

at this point i.e.aU = -1 to -1.5 MPa. This was found to happen 
very early when the results were plotted on the stress diagram 

ow line 
and the total stress path'( B = 0 ) must be followed all along. 

Fig.8.3 illustrates the stress 1ihQ for Oruawharo segment for 
CASE 1 ( small volcanic cone, anisotropic regional stress field 

) .  The general result is that the stress l i h ~  intersects the 

failure line at y/W = .68 ( mean of CASE 1 & 2 i.e for the range 
in which regional stresses are likely to be found for the 



segment and whole dike. This corresponds respectively to 

distances of 1.6 and 5.8m from the tip. 
~f water could not cavitate ( B = .95 ) ,  then, the distances are 

only of 4 and 10 cm for the segment and the entire dike 

respectively. Also, De Gennes ( 1987 showed that, in absence of 

cavitation in the tensile cracks ahead of the dike, the speed of 

crack propagation is low, controlled by the viscosity of the pore 

fluid. 

vaporisation demands an additional input of energy from the 

intrusive system ( latent heat of vaporisation is respectively 

2.5 lo3 and 2.41 lo3 KJoule/Kg at 0 and 40°c; Keenan & A1 1978 ) ,  

energy which, ironically, is also used to cool the pore fluid 

ahead of the dike. 

C - Shear stress 

High magnitude shear stresses are concentrated in two drop- 

like zones on either side of a slit-like cavity ( fig.6.2b). 

To investigate the theoretical state of stress in this area 

with the program ffstresslt, x/W is fixed at .5 when y/W varies. 

The values of the magmatic pressure are as used in computation of 

tensile stresses above. 

* CASE 1 

The stress l i n e s  are illustrated on fig.8.4 for the segment. 

They are justified briefly in the following .me s b s p a h s  h r l . S  +oSnNpd super- lmp-d eh i+t s k c n  Ln@!i. 

~nitially, V = -3, A = 1/3 ( see respectively p.7-12 and 7-23 ) 

and B = .95 ( stress l i b &  (a) of fig.8.4 ) .  Above a few % strain 

the sand starts to dilate since the stress l i n e  crosses the 

critical confining pressure, ficrit. ( vertical line at = (1- 
v 2 )  = 1.3 MPa see p. 7-12 ) . In such a case the stress at failure 
is at the intersection of the critical confining pressure line 

and the failure line ( see Seed & Lee 1967 P.338 ) .  By iteration 

this was found to be verified when B = .95, A = -.I5 and V = - 6  ( 
stress line (b)). The value of AU computed with program l'stresslf 

h 
however is sligtly too negative. To s-imulate cavitation and 
suppress the excess pore pressure variation, B has to be lowered 



Fig.8.3 STRESS LiNE AHEAD OF THE TIP OF ORUAWHARO SEGMENTS 

( x/w 2 .s, y/W = 0 ) 

w = 8.87, t = .15m 
P, = 5.3 MPa, V = . 2  
ERS3 = 1.5, ERSl = 2 
MPa. 

The width, W, and 
thickness, t, are from 
table.6.1. The choice of the 
magmatic pressure, P,, is 
explained p 8-22 ERS3 and 
ERSl are the effective 
regional stresses which 
defines CASE 1. y/W is the 
normalized distance from 
the centre of the slit. 3 
is the Poisson ratio. 

s l i t  ' 
J- Lhw 

I Fig.8.4 STRESS Lid€ SIDEWAY FROM THE TIP. 

~ ( x/w = .5, y/W varies 

Parameters are defined in 
fig.8.3. In addition B and A 
are the Skempton's pore I 
pressure coefficients. 

' " ' O f i i  
Yaw 

: is the 
efficient stress path 

W = 8 . 8 7 ,  t = .15m 
P, = 5 .3 ,  ERS3 = 1.5, 
ERSl = 2 MPa / 

/ 
/ 

Stress lines : 

(a) 
(b) 
(c) 
(d 1 

B A V 

.95 1/3 .3  

.95 -.I5 . 6  

. 8  -.I5 . 6  
0 / .6 



slightly and there is evolution toward a stress l i n t ,  defined by 
B = .8 ,  V = .6 and A = -.I5 ( stress l i n e  (c) of fig.8.4 ) .  

On such a stress l i n e ,  the failure line is reached at y/W = .22 
i.e. at nearly 2m sideway from the tip ( i.e stresses from y/W = 

0 to .22 exceed the strength of the sand 1 .  
If next all the excess pore water is drained away, 3 is 

unchanged ( .6 ) as the grain frame of the rock is in a state of 

dilatancy but now, in a drained state, B = 0. This stress 

(d) reaches the failure line at y/W = .49 ( = 4.3m ) from the 

tip. The results are the same for the whole dike ( failure at y/W 

= .22 and .49 after drainage ) .  Thus it is when draining occurs 

that failure is the less likely to be avoided in this area where 

stresses are mainly deviatoric. 

* CASE 2 

In this case the situation is much simpler as the stress 

l i n e  does not cross the critical confining pressure line ( A = 
1/3, V = . 3  ) .  The stress l i n e  crosses the failure line at y/W = 
.24 i.e. 2m from the tip for the segment and 7.8m for the dike. 

If draining is to occur, i.e. B drops to zero, there is very 

little change in the stress f i n e .  The failure line is reached at 
y/W = . 3  showing again that it is when draining occurs that 

failure is the most difficult to avoid in this region. 

A very wide zone of failure is then indicated by 

the elastic theory. These values however are not real as the 

actual failure of the material is ignored. 

It can be shown with the program and the stress diagram 

for sand, that along a plane perpendicular to the strike of the 

dike, and ahead of the tip ( i.e. x = ct when y varies ) ,  the 

failure line is reached first in the strike of the dike ( y = 0, 
tension when the maximum lateral shear straining ( along y/W, 

at the same x ) is only 1% well away from failure . This and 
natural observations demonstrate that the shear stress 

singularity at the side of tip for dikes is for a big part an 

artefact as cracking in dike strike will release stresses. 

Spurious near the tip, the theory is unable to resolve this 



question. In the following section, a different approach will 
consequently be followed. 

8.2.3.3. The approach of fracture mechanics 

Fracture mechanics is the study of crack-like features. 

It uses parameters in which geometry of the system and mechanical 

properties of the containing material are involved. 

It has two goals. First, the theory provides parameters to 

measure the resistivity to crack propagation. Secondpit considers 

the effects of the crack on the environment, particularly on 

displacements in the cracked medium. These two functions will be 

treated in this order. In each case the concept of fracture 

mechanics is first presented then applied to the system of 

Oruawharo dikes intrusions with some adaptations when this seemed 

necessary. 

8.2.3.3.1 Resistivity at crack tip 

A - The stress intensity factor KI and fracture toughness 
KIC* 

For a simple crack in an infinite medium, either in a 

regional tensile field or submitted to internal pressure ( e.g. 

Broek 1974, Knott 1978, Hayes 1978a : 

KI = [ 4 2 Pd Eq.8.4 

but some workers use the alternative definition : Eq.8.4/(6) 1/2 

The subscript I is for mode I, tension only I I1 is for shear, 
111 for torsion ) .  The more common criterion for failure in 
fract-ure mechanics is : 

K~ = K ~ c  Eq.8.5 
where KIc is the fracture toughness, a property of the rock 

obtained in experiments. Thus for a system in equilibrium, KIc is 
defined as KI. 

The stress intensity factor, KI, is a parameter necessary for the 
solution of the elastic stress function over a small volume very 
close to the crack tip ( e.g. Irwin 1957, Broek 1974, Cherepanov 

1979 ) .  However, being function only of the width of the slit and 



loading, it should not be regarded as being particularly 
associated with stress but as a characteristic of the mechanical 
environment as a whole ( Hayes 1978 p.11 1 .  The fracture 
toughness KIc ( a fixed value ) is a characteristic of the 
material system as a whole and independent of the nature of 

processes acting at the tip ( Cherepanov 1979 1 .  

B - Computation of fracture toughness, KIc for the tephra. 1 

Oruawharo dikes did not reach the surface because their 

upper tip can now be observed. It is reasonable to infer that 
they were in a state of equilibrium. The fracture toughness is 
therefore given by the stress intensity factor. For an isolated 

slit, this is given by eq.8.4. 

* Effect of segment interaction on the stress 
intensity factor. 

The stress intensity factor of an isolated crack in infinite 

medium ( Eq.8.4 1 will be named KImin the following. 
When two cracks or segments interact, there are two effects on 

the stress intensity factor : 

i) the presence of another proximal crack ( collinear or offset ) 

increases the stress intensity factor at the interacting tip (two 

to three times as the separation tends to zero, e.g. Delaney & 

Pollard 1981 fig. 24 a&b ) .  

ii) for the two offset cracks, KI nevertheless drops below KI, 

for overlap greater than offset ( Delaney & Pollard 1981 p.29 1 .  
If a crack is interacting at either end and is not too long, 

there is cumulation of the effect of interaction of the two tips 

and the stress intensity factor KI will generally be much higher 

for segments of a dike than if these segments were isolated ( Kr, 

; Delaney & Pollard 1981 1. 
As the complete solution to compute KI ( Pollard 1977 ) was not 

used in this thesis, comparison will be done with published 

results. For the NW dike of Ship Rock studied by Delaney & 

Pollard ( 1981, table 4 ) ,  the writer calcula-,.ted that KI is in 

average three time higher than it would without interaction, i.e. 



than KIM ( up to five times for some segments 1 .  For a dense 
array of en echelon segments studied by Roger & Bird ( 1987 

fig.12 and table 1 ) ,  the average stress intensity factor is four 

time K p .  

The geometrical configuration of Oruawharo dikes is closer from 
that of the NW ship rock dike than from the one of Roger & Bird 

I s .  In Oruawharo dikes, however, only one segment, the central 
one, interacts at either end. The mean value is therefore lower 

and approximated to KIc = 2.5 KI-. 

1 * Free surface effect 

Eq.8.4 does not account for the presence of a free surface ( 

section 6.2.4 1. Beside the gecmetry of the tensile zone 
( flares aways 1, Pollard & Holzhausen ( 1979 ) demonstrated that 

the stress intensity factor is increased at the tip facing the 

free surface. As previously, one will refer to published 

numerical results. For the tip facing the free surface KI = 1 . 2 5 -  

1.5 KIw. KI for the other tip is unaffected or is slightly 

lessened ( .9; Zollard & Holzhausen 1979 ) .  If in application to 

the dikes, KI = 1.3 KIooon the side facing the free surface and 
is unchanged the other side ( arbitrary choice ) ,  then as a mean 

KI = 1.15 Kid. 

I Therefore, on the basis of comparison with the numerical analysis 

mentioned in this section, the fracture toughness for Oruawharo 
dike can be roughly estimated by : KIc = 2.9 K I e  

I * Result 

If the driving pressure of the dike is 4 MPa, then, the 
fracture toughness for the intrusive system is : 

KIc = 43 Mpa.m1I2. 
This result can be compared to the average value given by Delaney 

& Pollard ( 1981 ) for the NW Ship Rock dike in shales. They used 

the alternative definition of KI ( see comments of Eq.8.4 ) and, 

converted, their result is 135 M~a.ml/~ i.e. three time the value 

computed for the tephra. 



As outlined by Delaney & A1 (1986 1 ,  Roger & Bird ( 1987 1 and 
Maalde ( 1987 ) ,  all these values are much higher than expected 
from laboratory experiments ( about two orders of magnitude see 
Atkinson 1984, Peck & A1 1985 1 .  Delaney & A1 ( 1986 ) and Roger 

& Bird ( 1987 1 explained the discrepency by the difference in 
scale ( from micro to mega ) with the simultaneous propagation of 

many joints, many of macroscale during dike progression. 

The visible array of cracks surrounding the rim-dike extensions 

of dike B further supports this interpretation. It will be noted 

that the relation between computed magnitude of host rock 

resistivity is in agreement with the difference in nature of the 

material, size of intrusion and confining environment. Delaney & 

Pollard ( 1981 ) estimated that the Manco shale ( the host rock 

of the NW Ship Rock dike ) was "soft friable" ( their p.8 ) at 

the time of intrusion at lOOOm under the earth surface. It was 

shown in this thesis that the tephra was uncemented at the time 

of intrusion at about 200m below the surface. Its "megastrength" 

is three times less than that computed for the Manco shale. The 

width of the segments of the NW Ship Rock dike is also one order 

of magnitude higher than that of the Oruawharv dikes. The result 

obtained by Roger & Bird ( 1987 ) are also compatible with this 

reasoning. 

* Anisotropy of the process zone 

When a free surface is present, there is a stress asymmetry 

revealed through KI ( Pollard & Holzhausen 1979 as presented 

above in computation of KIc. Thus the tensile process zone should 

be wider and extend further toward the free surface. This is an 

obvious expectation since it is extended by two lateral tension 

zones wedging away from the tip ( fig.6.5 ) .  

Structures at the tips of dike A are asymmetric. Rim-dikes, 

horns, lava tablets and peperites ( fig.5.3 ) are nearly 

systematically present at the western tips and central part of 

the dike segments. In contrast, the same features have never been 

observed on the eastern side of any of the segments. This 

suggests that the conditions were not favorable for their 

formation on this side. This is interpreted as an evidence of the 



asymmetry of the process zone. 
It was not certain in section 6.2.4 ( p.6-10 ) whether the 
features of dike B were to be explained by the presence of a 
paleo-free surface directly above or above and west of the dikes. 
The features of dike A might help to solve this problem. They may 
attemptively be explained by two different hypotheses : 

i) The paleo-free surface was directly upward. The axis of 

the tip along the width plunge westward for all three segments. 
The tip of the dikes crops out at eastern extremities, is below 

the plan of this outcrop at the west extremities and rim dikes 

are actually rim dike extensions. 

ii) The paleo-free surface was upward and west of the dikes. 
The presence of rim dikes and horns at west extremities, not at 

eastern extremities, is explained by the difference in the stress 

intensity factors generated by the free surface. 

The first hypothesis seems very unlikely. Some reasons for this 

were given in section 6.3.1 and there are no arguments to support 

that dike tip always crop out at eastern ends and always are 

below the surface of the outcrop at western ends ( fig.5.3 1 .  The 

second hypothesis therefore is likely the correct one. The 

geometric features of dike A and B are compatible with the 
presence of a free surface above and west of the dike site. 

The zone affected by a shear stress singularity at tip side must 

also be considered in discussing the process zone. As discussed 

in section 8.2.3.2 C ( p.8.34 ) the elliptical crack model cannot 

really be used to estimate shear failure near the tip, and one 
must rely on field observations. The blunt nature of the tips at 

either west or east extremities suggest that some kind of shear 

failure occurred at least locally. This however might be a late 

event since it is when drainage occurs that the lateral shear 

stresses are maximum ( section 8.2.3.2C and fig.8.4 1 .  
Tensile failure and shear failure are evidently interdependent. 

The asymmetry of tensile stresses ( as indicated by KI at 

either extremities of the dikes, will also reflect on shear 

stress concentration. If only a small number of open cracks were 

formed on the side which does not face the free surface, then, 



results of the elliptical model might be more relevant there. The 

stress relaxation ( sand cannot hold the theoretical values ) has 
then to be achieved by shear failure ( plastic flow of the sand 

1 
Plastic theory of flow around a semi circular tip of a slit under 
tension predicts inflation of the slit backward of the tip ( Wang 
1954 ) .  This is a possible explanation for the east end of dike A 

( position 0 of fig.5.3 1 .  

8.2.3.3.2. Correction for failure at the tip in an elastic stress 

field 

Other than resistivity to crack propagation, fracture 

mechanics considers the mechanical consequences on the containing 

medium of inelasticity at the tips of the cracks. 

Workers on fracture mechanics argue that the elastic stress field 

of the elliptical model remains applicable if the crack is 

treated theoretically as wider than its physical size. Thus, as I 
I 

explained by Barenblatt ( 1962 p. 57 ) ,  there is an additional 1 
unknown, the effective width of the crack. 
There is no model treating the physical existence of an array of 

tensile cracks in a process zone. There are two main approaches 

to estimate the extent of the process zone : i) the Irwin's 

plastic zone; ii) the Barenblatt-Dugdale's model. 

A - Process zone of small size ( Irwin's plastic zone 1 .  

This class of solutions initially proposed by Irwin for 

plastic flow in metal uses the theorical elastic stress field 

derived for the area immediately adjacent to the tip. Delaney & 

A1 ( 1986 eq.6, compare with Broek 1974 eq.4.1 ) used a such 
approach for dikes. Applied to Oruawharo intrusion, it yields a 

width of the process zone two order of magnitude in excess of the 

width for which the equation is defined ( as given in Knott 1978 

p.20 ) and the solution must be discarded. In replacement, as 

outlined by Ruina 1978 p.278, Delaney & A1 1986, the general 

solution of the stress function ( Pollard 1973 atb, program 

"stress" 1 can be used. 



As seen earlier, it indicptes tensile failure as far as 1.6m away 

from the tip of the mean segment ( neglecting interaction ) and 
6m for the mean whole dike but the solution also indicates large 

area of shear failure sideway from the tip. 

B - Barenblatt-Dugdale model 

The Barenblatt-Dugdale model brings a sound and 

needed theoretical support for the observed tensile fracturation 

ahead of dike tips. The process zone is treated as being only one 
crack ahead of the loaded slit. However, it will be shown that a 

simple substitution in the equation gives to it a much increased 

versatility. Particularly, its use can be extended to process 

zones in which an array of cracks is present. 

* Model 

The process zone is inferred to lie ahead of the tip of the 

crack and along its strike. The model takes advantage of a 

special property of the point force solution : if a force is - 

applied at a point in the middle of a slit, the stress intensity 

factor is inversely proportional to the width of the crack ( 

Broek 1974 1 in opposition to the crack loaded evenly by a fluid 
pressure ( Eq.8.4 ) .  

In the Barenblatt-Dugdale model, the slit is loaded over a 
central part of its width ( the physical crack ) and opposite - 
forces ( e.g. atomic attraction, yield strength or simply 

regional compressive stress ) act  on an additional, non loaded, 

extension of the slit ( see accompanying 

In respect to its application to dikes, 

the extension of the slit, 5 , non loaded 
by the magmatic pressure, will be named 

"empty wedge" or "empty crackv1 in the 

following. 

The model is based on the requirement ( 

Broek 1974 Eq.4.10 ) : 

K~co = - K w ~  Eq.8.6 
where KI,is the stress intensity factor 

figure I . 

empty wedge + w 

due to the driving 



pressure in the crack and KWmis the stress intensity factor due 
to the regional compressive stress pressing on the empty wedges. 

KIoois given by Eq.8.4 but the total width, central part loaded 
by the magmatic pressure plus empty wedges is used. KWmis given 
by ( from Barenblatt 1962 p.113 and Broek 1974 Eq.4.14 ) : 

= 2Pm [(1/2)W + 5 1'/2 cos-~i(l/2)~/[(1/2)~+5 ]}/c 1/2 Kwm 
Eq.8.7 

A relation for the width of the empty wedge is obtained by 

substituting Eq.8.4 and 8.7 in Eq 8.6 and rearranging. 

The width or length of the empty wedge of a crack in an infinite 
elastic medium without tensile strength is thus given by ( 

Barenblatt 1962 p.112, but also Dugdale 1960, Broek 1974 p.95, 
Sammis & Julian 1987 Eq.1 ) : 

1 ( =  1/2 W [ [sin ( f i S j  / 2Pm I -  1 Eq.8.8 

with W, crack width, Pm, magmatic pressure and S3 compressive 

regional stress perpendicular to the slit ( see accompanying 

figure pik41 1.  
Stress intensity factors depend upon crack size and internal 

pressure in exactly the same manner as stresses at tip do because 
they are part of the solution for stresses at tip ( see p.8-35 1 .  

However, by using stress intensity factors only, the model 

bypasses the actual distribution of stresses ahead of the tip of 

the physical crack. 
It simply compares two magnitudes of stress intensity factors. In 

this manner, the magnitude of KIoois translated into width of an 
empty wedge on which there is no size limitation. This solution 

appears much more appropriate for rocks than are plastic 

solutions. There is no generation of a shear stress singularity 

at the tip as in the elliptical elastic model. 

The Barenblatt-Dugdale model might be directly applicable in some 

cases since dikes have been described ahead of which only one 

crack is apparent ( Roger & Bird 1987 p.85 1 or following 
regional jointing ( Delaney & A1 1986 1. 
Barenblatt ( 1962 p.112 ) ,  Delaney & Pollard ( 1981 p.56 1 ,  

Sammis & Julian ( 1987 ) and Maalde ( 1987; for disk shaped dikes 

1 applied the model to hydraulic fracturing and dike intrusions. 

* Adaptation 



When there are several cracks ahead of the dike or a free 
surface near the dike etc..., the stress intensity factor is no 
longer dependent on the size of the crack and loading only. 

Indeed other factors as for instance the proximity of the other 
cracks alter the value of the stress intensity factor. 

As it is exposed in literature ( Eq.8.6 1,  the Barenblatt-Dugdale 

model only applies to cracks remote from other influences since 

K I ~  is used. 
Yet, the model gains a great versatility simply by substituting : 

KI = Xk K~oo Eq.8.9 
for KIooin Eq.8.6. As defined in Eq.8.9, Xk is the stress 

intensity factor for any crack configuration, KI, normalized by 
the stress intensity factor of this crack when remote from any 

influence, KIw.With this substitution, Eq.8.8 changes for : 

5 = 1/2 w [ [ sin (<(P,-X~.P~) / 2 pm ) 1-I-1 I Eq.8.10 
There are two immediate applications for Eq.8.10 : 

i) Free surface ( topographic surface ) near dike : 

As calculated by Pollard C Holzhausen ( 1979 see p.8-37 this 

thesis , Xk is different from 1 in presence of a free surface. 

The effect of a free surface is present along the whole distance 

between dike tip and the fr-ee surface. There is no condition to 

the use of Eq.8.10 in this case. 

ii) Interacting cracks which are nearly collinear : 

In this case Xk can be as high as 5 ( see p,8-35 1. However, with 
increasing overlap, Xk decreases again ( Delaney & Pollard 1981 

fig.24b, also Pollard & A 1  1982 fig.12A ) .  The simple equation 

8.10, only treats for one value of Xk and the user must be aware 

of the drastic change of the physical situation with overlap. 

* Array of tensile cracks. 

It has been calculated that the presence of many cracks in an 

elastic medium generally reduces the magnitude of Xk ( Barenblatt 

1962 p.111, Delameter & A 1  1975 ) .  

This lowering of the stress intensity factor for each crack of 

the array can be interpreted in two ways ( Delameter & A1 1975 p. 

78 : 



a) only part of the loading to which this region of the 
elastic medium is submitted is effective for each crack; 
b) the loading to which the elastic medium is submitted is 
fully effective on each crack but the resistance of the 

crack to tension is increased. 

Either situation can be simulated with the adapted Barenblatt- 

Dugdale model. 

Let us call Yk the stress intensity factor of a crack, part of an 
array, normalized by the stress intensity factor of an identical 

crack when isolated in an elastic medium. Yk is smaller than 1. 

It is required that the stress intensity factor of the wedge be 
equal to the stress intensity factor generated by the magmatic 
pressure in the crack ( Eq.8.6 1. The interpretation a) above can 
then be written : 

Yk K ~ g - K w o o  Eq.8.11 
i.e only part of the loading is effective on the empty wedge. 

Eq.8.11 can also be seen as the substitution of llYk Pdl1 to Pd in 

Eq.8.4. Equations 8.11 and 8.9 are identical in form. 

The interpretation b) above can be introduced in Eq.8.7 by 

substituting Pm/Yk to Pm. Pm, the magnitude of the magmatic 

pressure, is the quantity which, in the mathematical model, is 

opposed along the empty wedge to the driving pressure, Pd, in the 

dike ( see Eq.8.10 ) .  The difference of the two values is of 

course the regional compressive stress, S3 ( Eq.8.8;and Eq 8.10 

when Xk=l ) .  The quantity Pm/Yk is larger than Pm since generally 

Yk is smaller than 1 when the crack is part of an array. 
Therefore the wedges oppose more resistance to crack opening. 

This substitution is written : 

KW = KWaD/Yk Eq.8.12 
The substitutions 

Eq.8.9, Eq.8.11 or Eq.8.12 have exactly the same effect on the 
system. There is no difference between Xk and Yk mathematically. 

Therefore, normalised values of the stress intensity factor 

computed for cracks in arrays can be directly used in Eq.8.10. In 

the following applications all normalized stress intensity 

factors will be introduced through Xk in Eq.8.10. 

* Application 



Delaney & Pollard ( 1981 p.56 1 calculated the width of the 
empty wedge for the NW Ship Rock dike ( Eq.8.6 1 .  Their 
calculation indicated that no open crack ( 30cm only which 

relatively to hundred of meters wide segments is negligible ) 

could be present ahead of the segments of NW Ship Rock dike. This 
result appears anomalous because extensive arrays of tensile 

cracks are observed with this dike ( Delaney & A1 1986 ) .  For the 

MJ Ship Rock dike, Xk=3 ( p.8-35 ) .  Equation 8.10 [ with Pm=26, 
Pd=2 and (1/2)W=170m from their table 4 ] yields a 12 meters wide 

empty wedge. 
Thus Eq.8.10 permits a correction of this published result. At 
least one crack ( the empty wedge ) can be expected for some 
length ahead of the segments of the NW Ship Rock dike. 

It will now be demonstrated that, by comparison with 

the above application, the condition at the tip of Oruawharo 

dikes is considerably more favorable to development of open 

cracks. First the computations are done for the empty wedge of 

the Barenblatt-Dugdale model. In a second paragraph, the value 
will be corrected by considering not one but an array of crack. 

In a third paragraph, the adopted model will be used to 
investigate the theoretical anisotropy in the width of the 

process zone when dikes approach the topographic surface ( free 

surface ) .. 

- One empty crack : 

First for the average segment of Oruawharo dikes ( initially Xk = 
2.9 see p.8-37; Pm = 6.25, Pd = 4 and W = 8.87~1 ) Eq.8.10 
indicates that there is no stable solution ( i.e. Xk.Pd > Pm ) .  

This guaranties the presence of at least one crack ( the empty 

wedge ) in the process zone. As the overlap between dike segments 

and process zones increases, Xk will drop sharply. This will 

limit the size of the process zone. 

The situation is more simple when considering the whole dike 
because only the free surface effect needs being considered. The 

model predicts a 24m wide empty crack ( Xk= 1.15, see pa-31: 



- Array of tensile cracks : 

The normalised stress intensity factor ( Xk ) of cracks in an 
array varies between 1 and . 3  ( Delameter b A1 1975 table 1 1 .  
For Oruawharo dikes, this yields a minimum width of .8m ( Xk'.3, 
dense array of cracks ) for the process zone, 1/30th of the 
solution for one crack. 

- Comparison with natural occurrence : 

Only Roger & Bird ( 1987 ) gave sufficient data to compare the 
theoretical extent of the empty wedge, 5, and the physical 
presence of tensile cracks ahead of the dike. For the interacting 
segments that they studied in detail, Xk = 4 ( from their table 1 
) .  The computed value of the empty wedge ( one crack only ) is 6 
to 7 times ( .67m ) the width of the array of tensile cracks ( 

approximately .lm, their fig.9a ) that these authors described. 
In this particular case, the host rock is a gabbro, a strong 
rock, and a part ( not all ) of the difference between the 
theoretical value of 5 and observed, much shorter, width of process 
zone can be attributed to the restraining effect of fracture 
toughness as assumed by Delaney & A1 ( 1986 p.4930 1. Even though 
it may be included ( e.g. Delaney & Pollard 1981 p.56 ) ,  fracture 
toughness is generally neglected in the Barenblatt-Dugdale model. 
This difference between the theoretical width of one crack, 5 ,  and 
the width of the process zone observed on the field is a guide 
for Oruawharo dikes. By comparison to gabbro, the fracture 
toughness of in situ uncemented sand is virtually nil. Therefore, 
if anything, the difference between computed and observed width 

of the process zone should rather be lowered, i.e. the computed 
value of 5 for one crack should not exceed 7 times the real width 
of the process zone. This yields a reasonable minimum value for 
the width of the process zone of 3.5m for Oruawharo dikes. 

. It is unlikely that 
the actual width of the process zone be more than 1/3 of the 



theoretical value for only one crack ( it can be as small as 

1/30th ) .  This yields an upper width limit of 8 meters for the 

process zone of dike A and B. 

- Anisotropy of the process zone 

Eq.8.10 is used to express the stress intensity factor anisotropy 

in term of width of the process zone ( Xk=1.5 against .9, see 

p . 8 - 3 7  ) when a free surface ( topography ) is present near the 
dike. For Oruawharo dike, d = 7.5 W when Xk = 1.5 and 5 = . 3  w 
when Xk = .9. The process zone is not less than 20 times wider on 
the free surface side. As mentioned earlier in discussing the 
anisotropy of the process zone, there is conspicious evidence on 

the field of this anisotropy. 

The absolute values can be reduced by considering that these 

process zones are made of array of cracks. Even if the absolute 

results are 5 times too high, yet the process zone is 50 meters 

wide toward the free surface. The rim-dike extensions of dike B 

are, at least, 5m long ( dike tip is 3m below outcrop, p.6-11 + 
cliff 2m ) .  Tensile cracks might extend up to the free surface 

along bands of tensile stresses wedging away from dike tip ( see 

fig.6.5 ) .  Black seams zones ( sections 5.6 and 5.8 will be 

interpreted further ( chapt.9 ) as cross sections through such 

bands of tensile cracks between dike tip and palaeosurface. It is 

clear that the results obtained with Eq.8.10, based on the simple 

mechanical property of the point force system, are significant. 

Because the Barenblatt-Dugdale model compares magnitudes of 

stress intensity factors and bypasses the actual distribution of 
stresses, it gives no information on the geometry pf procqss 
zones. 

* Summary 

A simple substitution gives to the Barenblatt-Dugdale's model 

a necessary versatility. The adapted model treats the array of 

discrete tensile cracks described in natural occukences ( section 

8.2.3.1 1.  The stress intensity factor of an array of tensile 
- cracks however is very dependent on the geometry of the array and 



this only permits to establish some limits. On this theoretical 
t- ground and comparison with a natural occurence, lower and upper 

limits of width of the process zone for Oruawharo dikes ( whole 
dikes ) are estimated at 3.5 and 8 meters. The model also 

guaranties the presence of tensile cracks at tips of the segments 

before excessive overlap. The extensive width of the process zone 

toward a palaeotopographic surface predicted by the adapted model 

seems corroborated by field data. 

8.2.3.4. Estimation of effective width of Oruawharo dikes and 

segments 

The long but necessary previous computations indicates 

how wide the zone of inelastic displacement perpendicular to the 

strike of the dike and ahead of the tip can be. 
Field observations have shown this to be the case. An example, 

among many others, is the presence of a horn as far away as 1.5m 
from the tip of a segment at the position 22 meters of dike A ( 

fig.5.3 . Therefore, an effective width, longer than the magma 

filled crack must be estimated. 

To estimate the size of the fractured zone, one possesses 
results from use of the elastic stress function ahead of dike 

tip and the Barenblatt-Dugdale model. 

Application of program "stress" indicated that the failure line 
is crossed at 1.6 and 5.8 meters ahead of the tip respectively 

for segments and whole dike. 

From the Barenblatt-Dugdale model, one might expect the front of 
the fractured area at some 3.5 to 8 meters from the tip for the 
whole dike. Cracking inevitable ahead of segments before 

excessive overlap. 

These two sets of values are complemented and corrected for the 

following reasons : 

i) When overlapping of two close segments exceeds 10% of the ( 

effective ) width, the stress intensity factor drops sharply 

below its value for isolated crack ( Delaney & Pollard 1981 

fig.14 ) .  It is unlikely that tensile cracks open much further 
beyond this. 

ii) The spatial extent of the process zone cannot automatically 



be added to the physical crack. It is so in the Barenblatt- 
Dugdale model but not in "Irwin's correctiont1 ( plasticity ) In 
this latter case, the effective width is the width of the 

physical crack plus only half the width of the process zone ( 

Broek 1974 chapt.4 1 .  An intermediate correction ( i.e. 75% of 
the cracked zone might be reasonable when the process zone is 
an array of tensile cracks. 

The choice of an extension for the crack width of lm at each 

tip of the mean segment and of 3.5m at the tip of the whole dike 

is in agreement with these considerations and will be used in 
computation of displacement. The mean effective widths for 
segments and dikes are then respectively 10.87m and 39.5m. 

8.2.4. determination of stress paths ( see flow diagram fig.8.2 ) 

Stresses are given by the program tfstress" and the 

problem is reduced in supplying the relevant parameters for 
computation. 

* Dike thickness 

The first parameters to be selected are the width and 

thickness of the dike. The effective width has been estimated. 
In the elastic theory it is assumed that small displacements have 

no significant effect on the stress field. This was verified with 

the program "stressl1 which shows that for small change in the 
initial thickness, even if influential on the state of stress at 

tip, has no effect on the state of stress out from the mid flank 
of the dike. The only constraint is for the value of initial 
thickness to be found between zero and the final thickness as 
measured in the field. 

Eq.6.2 from the elastic theory of deformation shows that it is 
not the width, W, or the thickness, t, but the ratio t/W which is 

proportional to the magmatic pressure. This is also true with the 

program tlstrainlt, a specific substitute to Eq.6.2 for medium sand 

of intermediate packing. 

It can be shown with the program "strain" that the ratio Wef./t ( 



t computed ) is approximately the same at a given magmatic 
pressure for either the mean segment ( Wefa = 10.87m ) or the 
mean dike ( wef. = 39.5m 1 .  Thus, only one value of the ratio is 
necessary in all the following computations and the value used 

for Oruawharo intrusions is : W,f./t = 420. Because segment and 
dike can be modelled by this one value, all positions relative to 
the dike will be given in normalised form ( y/Wef. ) .  It is 
sufficient to multiply by Wef to obtain the distance in meters. 

* Pore pressure coefficients B, A and Poisson 

ratio 

For undrained conditions, B = .95 and for drained 
conditions, B = 0 ( section 7.8 ) .  

A was assigned a value of 1/3 and V of .3 in all cases at low 
strain ( p.7-12 and 7-23 . As for calculation of stresses at tip 

( p.8-32 1, if a stress path is left of, or crosses the critical 

line, the state of stress at failure is given by the intersection 

of the failure line and the critical line. Values for A and 

Poisson ratio have to be found to lead the stress path to this 

point. If the stress path stops before failure, a value 

intermediate between A = 1/3, V = . 3  and their value at failure 

must be used. This situation arises only for CASE 1 ( small 

volcanic cone, anisotropic regional stress ) and the choice A = 
.15 and '? = . 4  were found to be reasonable. 

* Result 

The stress paths are illustrated on fig.8.5 for CASE 1. On 

this figure, one can see that the stress path in undrained 

condition ( B = .95 ) is nearly perpendicular to the isotropic 

line i.e., it is purely deviatoric . Drainage results in a 
considerable amount of compaction for the area immediately 

adjacent to the dike ( i.e. the right branch of the stress paths 

for drained state ) .  



L ~ N E  RND 
Fig. 8.5. STRESS~PATH A2 LANK THE DIKES 

The ratio width on thickness, Wef/t, of the dike is 420. There 
is a slight anisotropy of the regional stresses with the less 
compressive stress perpendicular to the dike, ERS3 = 1.5 MPa and 
the main compressive stress parallel to the dike, ERS3 = 2MPa. 
The values of ERSl and ERS3 are chosen to simulate burial at the 
base of a small vocanic cone. This defines the so-called CASE 1 
of this thesis. The magmatic pressure, P,, is 5.4 MPa. The 
Poisson ratio, V, is .4 and the pore pressure coefficient A is 
.IS. The values of V and A definer a slight state of dilatancy of 
the volcanic sand ( see text 1 .  
Initially, the sand is deformed in undrained conditions. This is 
simulated by a value of B, the other pore pressure coefficient of 
.95 ( left stress l ihe  ) .  With subsequent drainage, B evolves 
toward 0 ( right stress Lihe 1 .  

//7 : Stve~S l ine program "stressN; -_  _ _ _  : 5 t1 -~SS  ath for Y& : .35 P ' .. : ......,,.., : used n computation of displacement. 

The three lines going through the origin ( respectively from top 
to bottom, failure, strain 18, and isotropic ) are from fig.7.2. 



The dotted lines of fig.8.5 are the stress paths used for 
computation of displacement. To model the undrained situation, a 

stress path intermediate between ( 1-v2 )C, = 1.33 and ( 1-v2 )5 = 
1.33 MPa was selected. 

Integration of displacement is carried only when the main 

compressive stress ( and then strain ) is perpendicular to the 

dike. This is the case when the compression applied by the dike 

on host rock exceeds the regional main compressive stress, ERS1. 
Program llstress'l showed this to happen at y/Wef = 1.95 away from 
the dike and y/Wef =.03 near the contact of the dike. 

lines md 
The stress'paths for CASE 2 are similar but more simple as the 
regional stress is isotropic and the stress paths do not cross 
the critical line. 

8.2.5.  Displacement 

a - Computation 

The only change in the parameters, chosen for the 

determination of stress path, concerns the Poisson ratio, 'a. In 

the program "strain", the value of J can be changed when the 
stress level ( SL ) exceeds a selected threshold. This is 

justified on the ground that displacement is sensitive to 
material properties while stresses are not. Thus, \) is always 

given the value . 3  at low stress but, for CASE 1, it is 

arbitrarily changed to . 4  when SL > .7. 
Table 8.2 gives results of computation of displacements for CASE 

1 and table 8.3 for CASE 2 .  

If the system is first undrained and then consolidates, the 



tephra passes from one stress line to another. 

In computing consolidation by the Skempton-Bjerrum method 

( Eq.8.2 p.8-20 ) ,  A was assigned the value 1/3 as most of the 

consolidation occurs in area where the deviatoric strain is weak 

( does not exceed 1% ) .  The degree of consolidation, V, was fixed 

at .9. This will be justified later when the timing of events 

will be estimated. 

As outlined by Lambe & Whitman ( 1979 p.492 1 ,  the stress 

path of the Skempton & Bjerrum's method is not that of 

consolidation drawn on fig.8.5 but a substitute. The method 

slightly underestimate consolidation displacement and also does 

not account for the change in deviatoric strain ( which can be 

seen on fig.8.5 ) .  

As table 8.2 and 8.3 show, 55% of displacement is of 

deviatoric origin and 45% is due to compaction. The maximum 

straining ( at y/W = .35 ) is slightly more than 1% in the 

undrained state and less than 1% in the drained state. 30+% of 

deviatoric displacement is elastic but the elastic portion of 

displacement due to compaction is estimated at about 20% ( 

fig.7.5 p.7-15, Terzaghi 1925, Lambe & Whitman 1979 chapt.10 ) .  

Approximately 25 to 30% of total displacement can therefore be 

considered to be elastic. 

Tables 8.2 and 8.3 shows that the sensitivity of displacement 

with variation of magmatic pressure is 1.4 Cm/.l MPa ( as average 

for CASE 1 and 2 ) .  

B - Free surface correction 

Oruawharo dikes were in a state of interaction with a free 

surface ( section 6.2.4 ) .  This enhances displacements of about 

20% relatively to the pressurised slit in infinite medium ( 

section 6.3.6 ) .  

Plastic deformation of sand is due to rearrangement in the 

packing of grains, wearing of grain edges and grain breaking ( 

attrition ) .  This occurs locally and mainly in the highly 



Table 8.2. RESULT OF COMPUTATION OF DISPLACEMENT ( SEE FLOW 
DIAGRAM F I G . 8 . 2  ) .  

CASE 1 ( small volcanic cone ) 
~,f/t = 420 
ERS3 = 1.5 MPa 
ERSl = 2 MPa 
V = .3 when SL < .7 
J = . 4  when SL - > .7 

deviatoric displacement ( undrained 1 : 

Pore pressure coefficient A and B : 

Stress path ( see fig.8.5 : 

( 1 - 2 ) 3  to Gm = 1.33 

elastic 

Pm GN ---- ------ component ( % I  
-- 
5.3 . .... - 1 5  31 
5.4 . .... ,163 30 
5.5 . . ... -176 29 

consolidation 
displacement 

Total 
displacement 

The parameters are defined in fig.8.5. WUN is the displacement of 
deviatoric origin ( undrained 1. 
Displacements are in meters and stress and pressure in MPa. 



Table 8.3. RESULT OF COMPUTATION OF DISPLACEMENT 

CASE 2 ( large volcanic cone ) 
Wef/t = 420 
ERS3 = 3 MPa 
ERSl = 3 MPa 
11 = .3 

deviatoric displacement ( undrained ) : 

Pore pressure coefficient A and B : 

Stress path : 

( 1 -  Fm = 2 . 8  

elastic 

Pm VUN component ( % )  
-- ---- ------ 
7 . 2  ..... .16 3 4  
7.3 ..... -17 3 3  
7.4 ..... .18 3 2  

pm consolidation 
( MPa ) displacement 

Total 
displacement 



stressed area also it is inferred that it will not be affected by 

the free surface. 

Therefore, for comparison with the results obtained with the 

solution for remote cracks ( i.e. table 8.2  and 8 . 3  1, 20% of the 

elastic displacement should be removed from the observed dike 

thickness. The zlastic displacement represents only 25 -30% of 

total displacement. The target thickness to be reproduced with 

the model for a remote crack is then only 2 6 . 5  Cm. 

This target is reached with magmatic pressures of respectively 

5.2 and 7.1 MPa for CASE 1 and 2  ( table 8 . 2  and 8.3 ) .  This 

corresponds to driving pressure of 3.7 and 4.1 with a mean value 

of 3.9 MPa. 

8.2.6. Discussion of results 

A - Result 

Oruawharo dikes have been modelled as pressurised elliptical 

cracks in non-cemented sandstones. Corrections have been made to 

take into account for the effects of non elasticity at the tip, 

for interactions between segments, and for effect due to the 

presence of a free surface. 

The dike thickness can be reproduced with a magmatic pressure of 

approximatively 4 MPa. 

The dikes were shaped in two steps. An immediate deviatoric 

displacement of 1 3 - 1 6  cm took place as the magma made its way 

rapidly through the host tephra. Migration of pore water ( the 

timing of which is studied next ) permitted compaction of the 

tephra ( with a slight spring back of deviatoric displacement ) 

to yield the observed dike thickness. 

B - Model constraint 

It has been postulated that the pressure responsible for the 

displacement was a maximum, i.e. did not decrease before cooling 

( section 8.1 .9 .2  ) .  Yet the model cannot exclude the possibility 

that magmatic pressure had been higher than the one just computed 

and then dropped before cooling. This is possible because part 



of the plastic deformation due to the potential unknown excess of 
magmatic pressure is compensated by spring back of elastic 
strain. 
This introduces uncertainty in the results. However, because the 
elastic component of strain is only 25 to 30% of total ( and 

decreases rapidly as the magmatic pressure increases ) ,  there is 

a limit to the maximum possible error. It appears that, at the 

most, the magmatic pressure could have reached say 4.5 to 5 MPa. 

The dike would have had, for a time, a half thickness of roughly 
.35m. 
Study of gas exsolution during cooling ( chapter 10 will show 

that this is unlikely. 

C - Influence of material properties 

The largest uncertainty about the results is likely to come 
from estimate of material properties. The response to stressing 

of a loose sand, even after confinment at 2-3 MPa, is very 

different from the one of a dense sand ( appendix 3 1 .  
The behaviour particular, to volcanic tephra generated under the 

sea is unknown. Angular sand is tougher at low confining pressure 

( Koerner 1970, Vaid & A1 1985 ) but the situation is reversed at 

high confining pressure because of attrition of grains ( Seed b 

Lee 1967 ) .  

The presence of blocks ( spatter-like bombs 1 would 
strengthen the tephra ( from Bishop 1966 fig.17 1. 

The failure lines adopted ( fig.7.2 ) are defined by 

experiments on reworked sand. The sand looses its original 

arrangement as it is pou-red in the triaxial apparatus. 

Undisturbed material, i.e. in situ, is stronger ( e.g. Mitchell & 

Solymar 1984 ) .  

Yet, the effect of grain size and shape is much weaker than 

the one created by different types of cement in cemented rocks. 

For a mean pressure of 10 MPa ( this is the only pressure at 
which the following data for sands and sandstones overlap 1 ,  the 

maximum variation in shear strength is less than 3 MPa for 

uncemented material ( sandy gravel, tillite, sand, silt; Bishop 

1966 fig 17 ) ,  but it is at least 70 MPa for cemented sand ( 



Handin & Hager 1957 fig.33 1 .  

D - Oruawharo dikes as indicators of the palaeo-regional 
horizontal stress gradient 

i) dike asymmetry 

If there was a gradient in the compressive stress perpendicular 

to the dikes, the elastic theory of deformation predicts that 

these should be teardrop-like ( section 6.3.2 1.  It also 
indicates that the maximum thickness cannot be closer from tips 
than 1 1 4 ~ ~  of the width ( fig.6.6 1 which is at variance with the 
shape of Oruawharo dikes ( p.6-27 1 .  
The maximum thickness is found at a distance shorter than W/4, 

from the tip of magma filled segment, first because there was non 

elastic displacement perpendicular to the dike and ahead of the 

tip, i.e. the effective width of segment was significantly wider. 

The second reason is that the teardrop geometry is a result of 

the theory of elastic deformation. By opposition to the theory of 

stress distribution, the theory of elastic deformation cannot be 

applied to material like sand ( section 8.1.3.1 1. 

ii) Magnitude of regional horizontal stress gradient 

Examination of fig.5.4 suggests that there is a thickness 

variation of the order of 5 cm along the segments. 

The effect of the presence of a free surface perpendicular to 
strike of the dike on the shape of this latter can be neglected 
( p.6-25 ) .  

Suppose that the dike is sufficiently wide or that, due to non 
elastic deformation at the tip, the closure effect ( Yielding the 
theoretical elliptic geometry ) can be entirely neglected. Then, 
variation of displacement along the width' is directly 
proportional to the magmatic pressure or to the magnitude of the 

pependicular regional stress, S 3 .  

The sensitivity of displacement with variation of magmatic 

pressure for Oruawharo dikes is 1.4 cm1.l MPa ( tables 8.2 and 

8.3 1 .  



As discussed p.6.25, the asymmetry of the dikes cannot be 
explained by internal variation of driving pressure. Horizontal 
gradient of the regional stress is therefore at the origin of the 

asymmetry. An horizontal stress gradient of 3.3 MPa/100m is 

necessary to produce the average thickness variation of 5cm for 
10m wide segments. This is a minimum as the segments are not very 

wide and the closure effect should not be neglected. Yet, this is 

seven time higher than a gradient generated by an irregular 

topography ( see p.6.26 1. 
This result suggests that a local or regional horizontal stress 

oC to3C4l;c 0tiCp-t 

gradienFwas present at the time of intrusion/cooling. 

E - Dike E and ~roperhes of the underlying sandstone 

Most of the older dikes at Oruawharo can be explained by the 

theory of elastic stress distribution ( dike A,  8,  F, ?D ) .  This 

is fully justified as the maximum strain along the normal at mid 

flank is only of 1% ( section 8.1.10 ) .  One of them, Dike E, 

however, is different. 

Dike E has a structure typical of the older dikes with rim- 

dikes, internal intrusives, fingers and sigmoids-like structures 

but each feature is enhanced, grown out of proportion ( fig.5.1 

) .  This, however, is true only where it intruded the tephra. In 

the underlying sandstone, dike E has an orderly, slim, segmented 
appearance. It was shown in section 6.3.9 that this is compatible 

with change of the Young modulus at the contact between the 

tephra and underlying formation. 

Approximate calculations show that, even if the dike was not 

segmented initially ( i.e. W = 60m ) the maximum driving 

pressure before failure at mid flank is 7 MPa and the maximum 
total displacement 2.2m ( t = 4.4m ) .  Dike E is 6m thick which 
clearly indicates that a state of general failure had been 

reached in this case, especially since the dike was certainly 

segmented. 

Knowing the driving pressure of dike E ( say 7 - 7.5 MPa 1 ,  

the elastic properties of the underlying sandstone can be 

estimated using the segments of the east part of the dike. 

With correction for non elasticity at tip, the effective width is 



estimated at 8.7 m. Their thickness, t,is in the range .2 -.4m, 

and the Poisson ratio is taken as .25. For a rough estimation, 

Eq.6.2 ( elastic deformation 1 will be used as the sand clearly 
was tougher than the tephra and supposedly more elastic. There 

was interaction between the segments and also a free surface. 

Relative to the solution for remote crack, this approximately 

double the displacement, i.e. the displacement target for Eq.6.2 
is half that observed i.e. .l-.2m. This is obtained with a young's 

modulus of the order of 1GPa. This can be compared with the value 

of 1.4 GPa reported for poorly cemented sandstone in Peck & A1 ( 

1985 1 .  
The structure of dike E then suggests that diagenetic processes 

already had changed the physical properties of the underlying 

formation and this up to the position of the observed contact ( 

e.g. fig.3.3 ) ,  before the formation of the volcanic center. 

8.2.7. Dissipation of pore water 

It has been inferred in the previous sections that 

first, the loading condition was undrained but that subsequently, 

most of the pore pressures generated were able to dissipate. It 

is the timing of these events which is studied now. 

A - Natural manifestations of dissipation of pore water 

The first question is whether undrained conditions exist at 

all in nature ( other than in clay ) in the same manner as they 

can be produced in triaxial experiments. The answer is positive. 

Thus soil engineers have observed that the resistance to pile 

driving in some saturated sand, decreases with time ( Sodeberg 

1962 p.223 ) .  Diffusion of pore water is also the fundament of 
the dilatancy-diffusion failure hypothesis advanced to explain 

some time related behaviour associated with earthquakes ( e.g. 

Whitcomb & A1 1973, Scholz & A1 1973, Hanks 1974, Booker 1974 1 .  

In the Oruawharo dike intrusions, pile driving or active 

faulting, the timing of deformation is controlled by the speed at 
which pore water can migrate. 

Sand is so permeable that in soil mechanics, a sand layer which 



has access somewhere to the surface is regarded as a sink with 

constant pore pressure ( drained condition 1 .  However, an 
intrusion is an e$eptionally rapid event ( several to tenths of 
Cm/s 1 by comparison to most geotechnical conditions ( pile 

driving exkpted ) and the relative timing of processes must be 

studied. 

The mathematical theory describing the dissipation of excess pore 

pressure is called consolidation theory. 

B - Consolidation theory 

In addition to the equations to be satisfied by the elastic 

theory ( equilibrium, compatibility 1, flow through the medium 

im~oses additional constraints. In the simplest case, that of 

steady flow in saturated rock, the rate of mass transport is 

constant. The differential equation is ( Freeze & Cherry 1979 

p.62, one dimensio-nal case ) : 

b m =  0 Eq.8.14 
d x 

where is the density and q the discharge velocity of the fluid. 

The equation states that the fluid mass leaving an elementary 

volume is simultaneously replaced by a similar fluid mass. 

If the flow is transient ( e.g. triggered by sudden loading of 

the host rock 1, the differential equation is ( Freeze & Cherry 

1979 p.64 ) : 

where n is the porosity and ts the time. The law of conservation 
of mass requires that the rate of fluid mass flow into a unit 
volume left term of Eq.8.14 and 8.15 be equal to the 

time rate of change of fluid mass storage within the unit volume 

( riaht term of equation 8.15 . The time rate of change of fluid 

mass is governed by two factors, change in fluid density and 

change in porosity, i.e. change of volume of the rock with time. 

This last aspect is obviously very important in problems of 

consolidation. 

The right term of the equation can be expanded and the volume 

change of the fluid and of the rock expressed in term of the 



change in pore pressure. The left term is also expanded and 
Darcyls law ( given further in Eq.9.7 is introduced through q. 
After simplification this yields ( e.g. Terzaghi 1943, Freeze & 

Cherry 1979 appendix I1 I : 

Eq. 8.16 

where AU is the exess pressure of the pore water. 

This is the Terzaghi's one dimensional differential equation for 

consolidation where : 

I 

with Kp intrinsic permeability ( m2 1 ,  D the one-dimensional 
elastic bulk modulus ( Pa I and 1 fluid viscosity ( Pa.s 1 .  CV1 

is the coefficient of consolidation. 

Eq.8.16 is structurally identical to the parabolic differential 

heat equation ( Terzagi 1943, Ingersoll & A1 1955 p.280, Kreyzig 

loss of water and swelling follow the same 

law that cooling and heating does. 

In this theory, total stresses are assumed to be constant so that 

strain is caused by the change in pore water pressure only. 

Because it neglects eventual changes of the total stress, 
ferzaghi1s solution is called uncoupled theory. 

Biotls mathematical consolidation theory couples equilibrium of 

total stresses and continuity of fluid flow and is called coupled 

theory. It can be written ( Gibson & Lumb 1963 ) : 

where Gx is the total stress. 
This theory is sometime called poroelasticity ( Schiffman & ~l - 

1969 1 and its thermodynamic analogue is the coupled 
thermoelasticity ( Rice & Cleary 1976 1.  When 3-D consolidation 
problems are considered, Ke, the bulk modulus, substitutes D and 

Cv is labelled Cv3. 
In some important cases, for instance radial diffusion of pore - - 
Water around a long, suddenly intruded cylindrial body, Terzaghi 

and Biotls solutions canverge ( Sodeberg 1962, Sills 1975, 

Levadoux & Baligh 1986 . In three dimensional problems and for 

low value of the Poisson ratio, however, the divergence can be 

important ( Schiffman & A 1  1969 ) and Biot's theory should be 



used for 

C - 

The 

the dike 

problem like dike intrusion. 

Choice of approximate solutions for the intrusions 

writer did not find a solution directly applicable to 

intrusion system. Solutions exist for loading of a half 

plane ( plane strain 1 .  There is some relevance in these because 

of the symmetry of dike intrusions and the similarity of loading 

boundaries. Therefore they can at least be used as a guide for 

qualitative results. 

Definition of hydraulic boundaries is the most important problem. 
................................................................ 
FIG.8.6. COMPARISON OF HYDRAULIC BOUNDARIES OF 
SOLUTIONS FOR CONSOLIDATION WITH THOSE OF DIKE 

P is the compressive load, W, the width of the 
three models are two dimensional. 

a) Schiffman's solution : 

b) Dike intrusion : 

TWO MOWN 
INTRUSION. 

loaded area. The 

- - p e r i o ~ s -  - I - impervious;. ! : . .  . '. . : . . I . . .  . . I 1 -  . . .  
I .  _ . .  . I . .  . - 

C) Gibson & Lumb's solution : 
I 4 b * .  
I , ~ m p r r v i o u s  . . ! . imperv ious  ' . y e  . . . . .  

' . . . . I .  . . . . . I .  . . . 1 .  - . .  . ( .  . . 

For upper and lower estimates, the solutions for two systems, 



thought on theoretical grounds to consolidate more quickly and 

more slowly than the tephra intruded by the dikes will be used. 

These two solutions are : 

i) Schiffmants solution : 

Sudden loading of the section, W, of a semi infinite space ( 

fig.8.6a ; The area loaded ( only ) is impervious. In this 

situation, water is free to flow to the surfaces on either side 

of the loaded area. The hydraulic boundaries are the same for 

dike intrusions ( fig.8.6b ) .  However, since water from either 

side of the dike will initially attempt to cross the pervious 

plane of symmetry, this latter will act as an impervious 

boundary. In application to dike intrusion, Schiffmants solution 

therefore gives too rapid rates of consolidation. This solution 

was derived by Mc Narnee & Gibson ( 1960 ) and Schiffman & Al ( 

1969 fig.13 ) by the use of Biotts theory. 

ii) Gibson & Lumbts solution : 

Sudden loading of the section, W, of the surface of an impervious 

half space ( all the upper surface is impervious ) ;  The case 

solved by Gibson & Lumb is further constrained by addition of an 

impervious boundary, parallel to the upper surface, at a distance 

normal to the loaded surface equal to 1.6 W ( fig.8.6~ . Such 

hydraulic boundaries do not allow water to escape perpendicularly 

to them. Compression under the loaded area will then be permitted 

by swelling of the sand in adjacent area. It is suggested by 

Gibson & Lumb ( 1953 p.192 ) that the solution will apply roughly 

to other thicknesses of the layer bounded by the impervious 

boundaries. This solution will be conservative since it neglects 

one direction of flow thought to be active for the dikes unless a 

hydraulic boundary was present. This numerical solution was 

derived by Gibson & lumb ( 1953 fig.7 1 with Biot's theory. 

D - Computation 

The equations involved can be quite complex and computations 

quite long because of coupling of 3-D elasticity with 
differential equations of transient flow. Most solutions for 

consolidation are given graphically on non dimensional diagrams. 

The x-axis of this diagram is a non dimensional time variable : 



Tv = CV LS 
L~ Eq. 8.17 

where ts is the real time, Cv the coefficient of consolidation 
( C,1 in one dimension, Cv3 in three dimension ) and L a 

characteristic length. The y-axis is a measure of the degree of 

consolidation. Generally, the resulting curve is S-shaped. The 

first change in slope ( after a short time ) can be taken as the 

end of properly undrained behaviour. A large part of 

consolidation has occurred at the second change of slope. 

As the numerical solutions given by Mc Namee & Gibson ( 1960, 

called Schiffman's solution in this thesis ) and Gibson & Lumb ( 
d 1953 ) adressed geotechnical problems, i.e. consolidation of 

clay, their computations were done with a Poisson ratio , V,  
equal to zero. Schiffman & A1 ( 1969 1 gave other applications of 
Mc Namee & Gibson's solution and in particular investigated the 

effect of Poisson ratio on consolidation even though not for the 

case of interest for the dikes. A value of Poisson ratio of . 3  

is used for the tephra. The correction to be made on the result 
derived for V=O, was evaluated on fig.12 and 16 of Schiffman & A 1  

( 1969 ) .  

L, the characteristic length of Eq.8.17, is defined by 

the authors of the solutions. In Schiffmanls solution, 2L is the 

loaded area i.e. in application to the intrusions, it is the 

width of the dike, W ,  and L = 19.8m ( from P.8-49, effective 

width are used ) .  In Gibson & Lumbls solution, L is 1.6 time the 

loaded area i.e., in application to Oruawharo dikes, L = 63.2m.). 

The coefficient of consolidation, Cv3, is estimated in appendix 

7. It is 2.5 m2/s ( note that for clay < Cv3 < m2/s ) .  

The results are given in table 8.4. 

The tephra was in undrained state ( less than 10% of excess pore 

pressure dissipated ) for a time of the order of a minute. The 
bulk of consolidation is accomplished only after a time of the 

order of the hour. 

Thus the dike is initially formed in an undrained environment. 

Consolidation cannot however be neglected in modelling the dike 



because it occurs in an interval of time similar to that required 

for solidification of the magma ( next chapter ) .  The successive 

treatment of undrained and drained state made earlier in this 
chapter is therefore justified. In addition, computations 
conducted in chapter 9 seems to indicate that there were 

hydraulic boundaries sideway from the dikes. If it is so, Gibson 

& Lumb's solution is more appropriate. 

E - Precision 

The results are qualitative for the following reasons : 

i) Comparison of fig.22 of Pollard & A1 ( 1983 I for 
I 

the theorical stress field around dikes and fig.8.7 of Lambe & 

Whitman ( 1979 1 and table 3.1 of Poulos & Davis ( 1974 ) for the 
el- 

theorvical stress field below strip loading of a semi infinite 

plane, shows that, despite the similarity of the type of loading, 

the distribution of stress magnitude remains different. The 

difference, though, is in part a theoretical artefact. It is 
generated at the tip of the elliptical crack where the material, 

theoretically, "resists" ( the theory does not allow for cracking 

at the tip ) .  This generates a theoretical shear stress 

singularity which is at the origin of the deformation of the I 

stress field. The difference is not as sharp in nature because of 
cracking ahead of the tip of slit like cavities. The theoretical 

artefact has been circumvented by using effective widths, the 
I 

procedure of fracture mechanic. With effective width the stress 

field of the elastic solution can be used to calculate 
~ 

deformation ( section 8.1.4 ) .  The elastic solution for loading 
I 

of a semi infinite plane remains nevertheless a qualitative ~ 
substitute. 1 

ii) Consolidation solutions ( by either Terzaghi or 

Eiot's theories ) only treats the volumetric behaviour of Hookean 

material. They cannot, for instance, reproduce dilation. Dilation 

of the tephra is inferred to have occurred at low confining 

pressure, i.e. for CASE 1 which simulates conditions at the base 

of a small volcanic cone ( fig.8.5 1. 



Table 8.4. TIME FOR CONSOLIDATION AT MID WIDTH OF A LOADED AREA 
ON A SEMI-INFINITE HALF PLANE. 
Tv is defined in equation 8.17, ? is Poisson ratio. 

drop pore press. / G , T . 3  

Schiffman's Gibson & Lumb's 
solution solution 

( see fig.8.6 ) 

underestimate of time 1 overestimate of 
time 

for sheet intrusions 

Tv 1 overestimate 
consolidation 11 

I 

After 1 hour I 23. 1 85% ( 90% 11 

real 
time 

2min 24s 

16min 

not given 

Tv 
V=.3 

.09 

.6 

T 
~ = 8  
.1 

.9 

not given 

not given 

real 
time 

16s 

4min 

18min+ 

2 days 

T v=Y 
.1 

1.5 

Drop in exess 
pore pressure 

10% 

60% 

7. 

1000. 

T 
v=X 

. 2  

3 .  

80% 

total 

11. 

1000. 



8.2.8. Origin of rim-dikes and horns 

Field observations ( e.g. fig.5.3 ) revealed a spectacular 
concentration of small intrusions along the strike of dike flanks 

in the form of knuckles bones segments and defining "rim dikes" 

and "horns". 

This is not directly explainable by the solution of the elastic 

theory for an elliptic slit just completed. 

These rim dikes are very thin also the Hagen-Poiseuille law for 
flow of viscous fluid ( given later in Eq.9.3 ) imposes some 

severe constraints as follows. The velocity of flow in a slit is 

proportional to the square of the thickness of the slit. Flow 

velocity in a .lm thick rim-dike is 30 time slower than in a .56m 

thick dike. Thus rim-dike are excluded during the stage of fast 

propagation of the dike. In addition some of these rim dikes are 

polyphased ( section 5.11.4 ) .  It is clear therefore that the tip 

of the dike feeding the rim dike was subimnobile when these 

latter formed. In other words, rim-dikes and horns appear to be 

late features. If it is so, they must be associated with the 

final geometry of the dike tips as they are preserved by 

chilling. The extremities of segments on the West side of dike A 

where horns are present are best described as subrectangular with 

rounded corners ( fig.5.3 positions 7 and 22 meters 1 .  

8.2.8.1, Oriqin of rim-dikes 

Savin (1961 ) investigated the distribution of stress 

around cavities of many different shapes including rectangle or 

subrectangles. 

* Rounding of corners 

Savin used conformal functions, i.e. angle preserving functions 

which can be used as follows. The angularity of the corners is 

obtained by applying a sufficiently large mumber of terms of the 
series of this conformal function. Reciprocally, if only the very 

first terms are considered, one obtains a rectangle ( or square ) 

with curvilinear sides and rounded off angles ( fig 8.7 ) .  



Savin's solutions show that rounding off the corners does not 

inhibit the formation of stress singularities, it simply affects 

their magnitude. Thus, by reducing the curvature of corners from 
the use of one to two terms of the series, the stress 

concentdion is increased approximately by x1.5, from two terms 

to three by x2.3 etc... ( Savin 1961 p.81 1 .  This is valid for 
square or rectangular shapes. Changing of the width/thickness 

ratio of the rectangle similarly affects the magnitude of the 

stress singularity but does not inhibit it ( his fig.24 & 29 1 .  

Savin ( 1961 ) treated the case of plane stress but two- 

dimensional functions are the same for plane strain condition for 

simple configurations ( Timoshenko & Goodier 1971 p.31 ) .  

Savin ( 1961 ) considered only the case of cavities in a 

tensional stress field. It is known that for an elliptical crack 

under the same loading, the solution applies similarly to 

internally pressurised cavities ( Hayes 1978a ) .  Indeed, the 

difference between these two states cannot be determined for a 

dike without independent informations ( Anderson 1938, Delaney & 

Pollard 1981 1. 
However, because of the presence of a short side at right angle 

to the width for the rectangle, the stress field will change with 

anisotropy of the regional stress. Comparison of figs.29 and 47 

of Savin ( 1961 ) respectively for uniaxial tension ( P and for 

a biaxial tension ( P and P / 4  ) around a rectangular cavity shows 

that the pattern of the magnitude contour of stresses is little 

affected ( in this particular case, the change in magnitude of 

stress contour at corners is less than 3 % ) .  

* Stress singularities 

~ h u s  Savinl s solutions for rectangular cavities might be 

applicable to the blunted ends of Oruawharo dikes under the 

condition however that the elastic theory of stress distribution 

still applies when the rim dike form. 

Figures 8.8 (a),(b) and (c) give the contour of magnitude of the 
principal stresses. There are two singularities of maximum 

tensile stress at either side of the rectangle very near or at 

the edges. The lowest magnitude of the principal shear stress 





3cc7drs sxactly i n  3 straight 1:r.e with the flanks. 

3irec::zn sf G: are very nearly In r k e  strike of the flafiks i 

Savin 1361 fig. 31 ) .  Clearly, if :ension, or internal 

?ressurisation, is pushed up to failure, cracking will occur at ( 

rounded ar not ) corners. Tensile stress is very significartly 

nigher there than it is in the middle of the short side. 

Furthermore if it is a purely tensile crack, it will grow In 

straight line with dike flank ( uTL trajectories 1 .  

* Experimental observations 

During tensional experiments of stress corrosion on b l u ~ t  

notches in metal, subcritical cracking does not initiate at tP.2 

centre of the notch but at each rounded corners ( Logan 1966 

fig.2.6, 2.7 and 4.9 ) .  These notches are best described as 

trapeziums with rounded corners. 

8 .2 .8 .2 .  Origin of horns 

Horns ( Currie & Fergusson 1970, Pollard & A1 1975 1 ,  

as seen on Oruawharo dikes are a continuation of a rim-dike at 

the end of segments seen in the horizontal plane. However, 

rep&edly ( fig. 5.3 positions 7 and 22m ) , they are present at 
one corner only. It must be added that the tip of the segment ~2 

which they are attached was interacting with another segment and 

cansequently the state of stress was different from described 5y 

fig.8.8. 

The stresses at tip of a slit-like cavity are proportional :a t2.e 

stress intensity factors K ( section 8.2.3.3.1 ) .  Tensile 

stresses are proportional to KI and shear stresses to KI1. A 

convenient way to measure the magnitude of the shear component at 

the tip of slits in different environments is to normalise the 

stress intensity factor of shear stress by the stress intensity 

factor of tensile stress i.e. to compare values of the ratio 

KII/KI. 
A shear stress component is present at tips of interacting 

segments ( Delaney & Pollard 1981 fig.24 ) .  A shear stress 



component is present at tip of segments loaded obliquely to their 

width ( Sih & A1 1962 

Savin ( 1961 ) gave the contour magnitudes of stresses of a slit 

with subangular tips loaded obliquely. If it can be shown that 

the value of KII/KI of Savin ( 1961 )'s solution is comparable to 

the one which theoretically describes the state of stress at the 

tip interacting segments, then, Savin ( 1961 )'s solution gives. 

at legt qualitatively, the stress field at tip of interacting 

segments. 

The value of the ratio KII/KI is related to the angle of 

deviation measured at interacting crack t i p , P ,  by ( Swain & 

Hagan 1978 ) : 

KI ~ c o s $ ' - ~  
On fig.5.3, #'has been measured, approximately as 6S0 and 20° ( 

position 22 meters ) and SO0 ( position 7m ) yielding an average 

value of 450. The resulting value of the ratio KII/KI is .63. 

The stress intensity factors at tip of a crack subjected to 

tension oblique to its strike are ( Sih & A1 

1962 p.311 ) : 

4 
e 

K~ = P ( sin21') W(1/2)w 1 1/2 

KII = P ( ~in()'~osl)') [<(1/2)W I 1/2 

The value KII/KI estimated above can be used 
- - 

to obtain the corresponding for the dikes : 

sinB'ps/', . 6 3  
k 

T n  T p'= 122-123O or (180°)-(57 to 58O) 
I~ 

The case P(= 60° was treated by Savin ( 1961 fig. 14 ) for 

subrectangular cavities. A mirror image of his fig.14 is given in 

fig.8.9 for the case (180°) - 60°. 
The parameters of fig. 8.9 are strictly the same as for fig.8.8 

therefore the normalized magnitude of stress singularities can be 

compared for the two examples. 

Not only does this state of stress results in a single stress 
singularity at the corner opposite to the acute angle between the 

tensile stress and x-axis, but its magnitude is enhanced. All 

other parameters equal, the stress magnitude at this corner is 

1.5 time higher than it is at each corner when the regional 



Fig.8.9. ASYMMETRIC STRESS 
CONCENTRATION IN 6 
CONTOURS ( MAXIMUM VALUE 
G/~=12 ) ,  AT END OF A 
SUBRECTANGULAR OR 
RECTANGULAR CAVITY 
SUBMITTED TO REGIONAL 
OBLIQUE TENSILE STRESS 
[ (180°) - 60° 1 .  

All other parameters 
identical with fig.8.8. As 
explained in text, this is 
proposed as an 
approximation for the 
stress field at tip of 
subangular interacting 
dike segments ( right 
stepping; for left 
stepping a mirror image 
should be used 1 .  

( from Savin 1961 fig.14 

Fig.8.10. HORNS AND RIM DIKES AT EDGES OF SEGMENTS IN LAMPROPHYRE 
DIKES. B, C, D show horns at tips of interacting segments.Note 
the subangular shape of the tips of the segments. A shows pairs 
of rim dikes cut in a plane perpendicular to the length of the 

seaments as is the case for 
moit of Oruawharo older dikes. 
E shows a lateral expression 
of these rim dikes when there 
is no segment interaction. 
This can also be thought of as 
a cross section parallel to 
the length ( i.e. vertically 
of the segment in A and most 
available cross sections of 
Oruawharo dikes. ( drawn on 
photograph by Currie & 
Fergusson 1970 ) .  Dashed lines 
represent the trend of 
gneissic layering in the 
country rock. 



stress is perpendicular ( compare fig.8.8 and 8.9 1 .  Failure is 
then even more likely or will occur earlier at the corner with 

the singularity. A low in shear stress magnitude also faces this 

corner ( Savin 1961 fig.16 1 .  
The elastic theory of stress distribution shows that, at the tip 

of interacting cracks, the trajectories are directed, first, 

away from the other crack. This is described as a repulsion like 

effect by Swain & Hagan ( 1978 ) and Pollard & A1 ( 1982 

fig.12b ) .  This direction is the one given by the solution of 
Savin ( 1961 fig.17 ) at the tip of a crack loaded obliquely. It 

is only with further overlap that the effect of the compressive 

field ( i.e. cl trajectories sub-perpendicular to dike strike 
fig.6.2 ) of the adjacent crack becomes dominant yielding the 

hook arrangement ( Pollard & A1 1982 fig.12 1. There are two 
exgllent examples of hook geometry at the dike site, one is dike 

A at the' position 22m ( fig. 5.3 ) , the other is between the two 
southeasternmost segments of dike F. 
It shows that tensile cracks ( rather than dilatant shear crack ) 

develop and follow GI trajectories with precision. Tsunakawa 
( 1983 1 studied this aspect. 

In support to the explanation presented here, it can be 

noted that horns of which photos or drawing are given in 

literature ( Watterson 1968 fig.3, 6 and 7, Currie & Fergusson 

1970 fig.2, Pollard & A1 1975 fig.5, Rogers & Bird 1987 fig.9b 

apparently also developed from subangular ends of segment. Dike 

A ,  position 22m ( fig.5.3 ) and fig.8.10 B, C, D illustrate horn 
growth when segments with subrectangular tips interact ( note 

that the horn in fig.8.10 C is likely a dilatant shear crack 1 .  
Currie & Fergusson ( 1970 ) described not only horns but also 

rim-dikes very comparable to those from Oruawharo dikes ( 

fig.8.10 A and E ) .  Solutions for stress field at tip of 

subrectangular segments ( fig.8.8 ) ,  the natural occurrence 

described by other authors ( fig.8.10E ) corroborates the 

interpretation of section 6.3.1, the distance between the rim 

dikes is representative of the thickness of the dike. 
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In the mechanical study conducted so far, 
temperature of the fluids and host rock have not be considered. 
These effects are now examined. 

Of interest are the temperature at dike contacts, in the adjacent 
host rock, the time of solidification and the constraining effect 

of solidification on the length of the dikes. 

Contact between water and hot magma can yield a state of y i v  

sustained explosions ( e.g. Tazieff 1968, Colgate & ~igudkson 

1973, Sheridan & Wohletz 1981, Lorenz 1987 ) .  Because the 

surrounding tephra was water saturated, vaporisation of pore 

water must be analysed along the flank and also at the tips of 

the dikes where peperites have been described ( fig.5.6 ) .  

The temperature, T,, of Oruawharo tholeiite will be estimated ( 

chapter 10 ) at 1130°c near the surface. The temperature of pore 

water and tephra, T , is estimated at 40°c before the intrusion 

from the temperature at the base of the Surtsey volcano today ( 

Jakobson & Moore 1980 1. 

9.1. Temperature 

9.1.1. Dike contact 

Because the older Oruawharo dikes are rather 

glassy ( they are made of sideromelane and tachylite ) ,  latent 

heat of crystallization is neglected. Then, and if the thermal 
properties of magma and host rock are the same, the temperature 

at contact, Tc, is ( Jaeger 1959, 1963, Delaney & Pollard 1982 ) :  

Tc = ( Tm - Too / 2, Eq.9.1 

it is the average between magmatic and host rock temperatures. If 

the thermal properties of the magma and host rock are different 

however, Eq.9.1 changes for ( Jaeger 1959 eq.4, 1960 p.516 1 : 

T c =  ( T m - T a )  / ( 1 +X ) 

where 1 is a ratio of thermal properties ( not detailed here ) of 

host rock relative to magma's. For the tephra.1 is estimated at 

1.09, from which Tc = 550°c. 
Vaporisation of water consumes heat. All other physical 

parameters equal and when vapor cannot escape, Jaeger ( 1959 

p.52, 1968 p.524 1 calculated that the contact temperature is 



lowered by an amount of up to 50°c for porous rocks. 

Thus, the initial temperature at the contact between magma and 

wet host rock will be close to 5 0 0 ~ ~ .  This temperature do not 

rise ( Jaeger 1968, Delaney & Pollard 1982 fig.5 until the 

onset of pore water advection treated in a following section. 

9-1.2. Time of solidification of an immobile sheet intrusion 

Since the outcrop exposes the tips of the older dikes, 

the magma can be considered to have become stagnant, i.e. a 

purely conductive model is adequate. 

Shaw & A1 ( 1968 ) ,  Marsh ( 1981 ) showed that basic magmas are 

in a quasi solid state when viscosity reaches 1 0 ~ ~ ~ a . s .  well 

before complete crystallisation. This criterion was used by 

Delaney & Pollard ( 1982 ) who proposed that a choice of the 

normalized temperature : 

T - Td es = Eq.9.2 
T* - T d  

( Tm and T,, as in Eq.9.1 ) of .95 is a good approximation of the 
temperature of solidification for most basaltic dikes in cold 

environment. This value is used in this chapter. 

Results of conductive models are generally given in normalized 

diagrams. The normalised temperature is Eq.9.2, the normalised 

distance and time are given in appendix 8A with estimate of the 

thermal parameters that they include for Oruawharo basalt. 

The purely conductive model ( e.g. Delaney & Pollard 1982 

fig.5a ) indicates that a dike with (1/2)t = .28m is completely 
solidified in four hours. The model is valid in dry host rock 
with the same thermal properties as magma. It is one dimensional 

and assumes that the contact is planar. 

9.1.3. Maximum dike length 

An indirect estimation of dike length can be derived 

from the model of Delaney & Pollard ( 1982 ) for emplacement of 

thin basaltic dikes in the cold upper crust. These authors 

investigated the consequence of cooling at stations at some given 



distance from the source ( the magma keeps flowing at these 

stations, i.e. the model is advective ) .  

The solutions are also given in non dimensional diagrams with the 
normalized variables of appendix 8A. However, new parameters 

describe the flow of magma. The average velocity of magma, vlav, 

between the walls of the dikes is given by Hagen-Poiseuille law 

for Newtonian fluid ( Bird & A1 1960 p.62 ) : 

Vim = F[(l/2)tl2 / 3 q  Eq.9.3 
I 

I where Y is the stress gradient, t, dike thickness and 1 magma 
I 

viscosity. The maximum velocity, VIMaxp is 3/2 time VIAv. The 

stress gradient is : 
f = [ P 0 - P L ] L  Eq.9.4 

where Po and PL are pressure respectively at entrance and end of 

the conduit and L its length. 

It is difficult to estimate the pressure at the upper end of a 

dike which propagates in the earth. The problem is circumvented 

by imposing the velocity in Eq.9.3 to determine r .  
Intrusion velocity of dikes rarely exceeds lmds ( Delaney & 

Pollard 1981 . If such dikes are lm thick, then, from Eq.9.3 

with 7 = 1.6 lo2 Pa.s, then f =  1.2 lo3 pa.m-l. 
I 
I The following results were obtained for the values of the 
I parameters defined in appendix 8A and this value of )I. A 

thickness of .2m was chosen arbitrarily. Eq.9.3 indicates that 

the maximum velocity in such dike is .Ids. 
I 

In such a case, at a station at 83m from the source I see I 

I 

appendix 8A 1 ,  half of dike thickness is solidified after 5Omin. 
All other parameters constant, average velocity ( Eq.9.3 is 

reduced to .006 m/s. If it is accepted that the dike then stops, 
and taking the mean of initial and final maximum velocities 

instead of integration, the dike would have progressed of some 

166m in the time of 50min. Since the station is at 83m from the 

source, the total distance from the source ( = length ) is 250m 

for a constant stress gradient. In view of the parameters 
selected, this is likely a maximum estimate. 

It is clear that dike A and B must be connected to wider 

proximal conduits in which liquid magma remained available for 
some time. 



9.1.4. Temperature profile in the adjacent host rock 

Delaney & Pollard 1 1982 1 showed that temperature loss 
at dike walls is only weakly influenced by dike thickness [ it is 

proportional to ( ( 2 1 l 3  1 and found little difference when 
comparing results of the purely conductive with their advective 

model, at least in the early stage of cooling. For this reason, 

one can follow Jaeger ( 1968 Eq.2 1 and Delaney ( 1982 Eq.28 ) 

who used a simple conductive model at the planar surface between 

a hot and cold region for dike intrusion. 

If there is no vaporisation, the position of isotherms on the 

side of an infinite plate at temperature Tc is given by : 

= erfc ( w  ) Eq.9.5 

where ,dJ andw are respectively the non dimensional temperature 
and the distance-time defined in appendix 8C together with likely 

values of parameters for Oruawharo basalts. Erfc is the 

complementary error function, values of which s are given in tables 

( e.g. Freeze & Cherry 1979 appendix V, Kreyzig 1983 appendix 

4 1 .  
Equation 9.5 indicates that the isotherm 200°c is at 3.7 cm from 

contact after 15 min, and at 6.3 cm after 42 min. 
The outer boundary of the thermal region ( i.e. the distance 

where the isotherms are very little different of the initial host 

rock temperature 1 can be obtained by chosing a very small value 
of the complementary error function so that $, which measures the 

difference between the isotherm and host rock temperatures tends 

toward 0. This is obtained for the value W = 2 ( then 0, =.0047 1 
from which ( with values of appendix 8C ) : y = 3.58 tS1l2. 

After 15 min, the boundary is at 10.7 cm, after 1 hour it is at 
Zlcm. Thus, diffusion of heat from the dike is a very slow 

process. 

* vaporisation 

Jaeger ( 1959 ) , Honnorez ( 1972 p. 98, vcalefactionH 1 ,  

Kokelaar ( 1982 ) and Mil l s (  1984 ) pointed out that film of 

vapor at contact with hot magma provides a thermal isolation. 

This is because heat capacity of vapor is half that of water' and 



its thermal conductivity is less than 1/15th of water' in the P-T 
range of interest ( Cooper & Lefevre 1970 1 .  The vapor phase is 
unable to furnish the heat necessary for a phase change. As a 
result of this,heat is conducted away from the contact by the 

rock framework only. 
Delaney ( 1982 p. 7750 ) indicated that the normalized pos i t ion ,  

L,  of the vapor-liquid interface of pore fluid in the host rock 
never exceeds 1. For a contact temperature of 500°c, it i s  c lose  

to .5 ( from Delaney 1982 Eq.69 also Delaney 1984 . For = . 5 

and with the values of appendix 8C, the distance from dike 

contact at which pore water vaporises vs time is : 
y = 9 10-4 t,1I2. Eq.9.6 

After 15 min, the film of vapor is only 3cm thick. 

9.2 Pressure 

The change in temperature of magma and host rocks 

has only small to negligible influence on their volume and thus 

little effect on the pressure in a confined environment. 

As fig.9.1 shows, this is not so for water. Above 170-200°c, i . e .  

at dike contact, considerable change in the density of pore water 

will occur. 

In response to pressurisation the host rock will dilate via an 

increase in porosity and the pore fluid will tend to flow toward 

regions where the pressure is less. The effect of each of these 

processes will be considered below. 

9.2.1. The effect of rock compressibility on pressurisation 

In undrained conditions, volume change of the water in 

sand can be approximated by, in term of volume ( Campanella & 

~ikchell 1968 ) : 

( nvw I&,- + ( nvw I*, = ( nvs I,, Eq.9.7 

This equation says that the change in volume of water relative to 

change in temperature, (AVwhr, and relative to change in 

pressure, (nVw)p,, must be equal to the change in the total volume 

of the soil, (LVs )b,, . 
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whe 

9.7 develops into : 
o ( ~  V ~ D T  +Pw vwnu = -R vsau Eq.9.8 

re Nw is thermal coefficient of cubical expansion of water, bw 
and ps compressibility of water and soil and V, and Vs respective 

initial volumes.@T andDU are the changes in temperature and 
I 

I 

pressure. I 

If the only external change of the system is the arrival of heat, 

the driving term is the thermal expansion of water ( Campanella & 
I 

Mitchell 1968 1 : 

A J =  &AT, Eq.9.9 

and @U is wanted. I 

Using the rock porosity, n, the volume of water in Eq.9.8 can be 

expressed in term of the volume of rock. Rearranging and 

simplifying, this yields : 

The pore water pressure is seen to be inversely proportional to I 
compressibility. Knowing that, for the tephra, PS = 10xnpw ( 

appendix 8C , it is thus shown that, independently of all other 

factors, the compressibility of the sand lowers the theoretical 

pressurisation for an uncompressible material by one order of I 

magnitude. I 

9.2.2. Flow of fluid in permeable rock 

For steady flow in a saturated medium and if there is I 

no change in fluid density, the pressure gradient along the fluid 

path is linear ( Freeze & Cherry 1979 p.68 and their appendix I11 

. Then the velocity of flow is given by Darcy's law : 

Eq. 9.11 

where q is the discharge velocity of the fluid through the host 
rock ( m/s , Kp the intrinsic permeability of the rock ( m ) ,  

A P  the pressure difference at the two extremities ( Pa 1 and 7 
water viscosity (Pa. s ) . For Kp = 5 10-12m2 ( appendix 7 1 and L 

= 220m ( this length will be justified later ) , if D P  is 5 MPa 

then q = 1.1 lo-* m/s, but, ifAP = .1 MPa, then q = 2.3 10-~m/s 



Fig.9.1. VARIATION OF THE DENSITY OF WATER WITH TEMPERATURE AND 

PRESSURE ( from Mc Birney 1963 I .  

Curves of isodensity are 
labelled in ~~/m). The 
Clapeyron's curve 
separates the domains of 
liquid and vapor phases 
below the critical point. 

( .8 Cm/hour ) .  

This shows that flow of water in a granular material is very 
sensitive to the difference in pressure. Darcy's law assures 
conservation of momentum. 

9.2.3. Delaney's solution 

A - Basis of Delaney's solution 

Delaney ( 1982 developed analytical solutions appropriate 
for the boundary conditions on the side of a suddenly heated - - 

impervious vertical surface ( one dimensional model ) .  

Several of the aspects included in Delaney's solution have 

already been treated in this thesis which makes easier the - 

comprehension/presentation of the model. 



The thermal expansion of water ( Eq.9.9 1 at the dike contact 
will push liquid water away from the dike inducing a transient 

flow. Transient flow means that the mass of fluid which goes out 
of a unit volume near dike contact has to be found in adjacent 

unit volumes further away from the contact but is not replaced. 

The differential equation for transient flow, Eq.8.15, assures 

that fluid mass is conserved along any line normal to the 

contact. 

As discussed earlier, the change of porosity ( i.e. 

compressibility of the rock ),is included in the right term of 

equation 8.15,. 

In Delaney's solution the temperature is introduced in Eq.8.15 by 

development of : 

f = f  ( P , T ) ,  
relation illustrated diagrmmatically in fig. 9.1, and the rock 

permeability by replacing q by Eq.9.11. 
Heat transfer triggers a redistribution of fluid mass. Water 

expanding and pressurizing in the heated region of the host rock 

near dike contact expands pore space and pressurises water 

further away. The model identifies forces due to thermal 

pressurisation only. It does not consider forces of buoyancy 

which generate convection. The solution consequently applies only 

to an early stage of the response of the system to heating. The 

resulting time contraint will be discussed later. The state of 

stress is supposed to be constant in space and time. 

B - One-phase flow 

The solution for one-phase flow is relevant for both the one 

and two-phases flow ( i.e. water only or water plus vapor ) .  If 
there is no change of phase, Delaney ( 1982 1's solution for 

pressure is : 

yl = erfc ( qw 1 Eq.9.12 

where $) is the normalized pressure defined in appendix 8 C . U  is 

the normalized distance and D,a parameter constant for a given 
environment and also defined in appendix 8C. Eq.9.12 is similar 

in form to Eq.9.5 which gives the coupled temperature 

distribution. 



* Maximum pressure 

As heat exchange commences, the pressure at the dike contact 
rises to some value and remains fixed thereafter. This is derived 

directly from Eq.9.12. At the contact of the dike ( y = 0 i.e. w 

= 0 1 ,  Y = 1 and then ( appendix 8C ) : 

AP = ABD3/p ~ q .  9.13 

where AD, D9 and P are thermal and compressibility parameters 
characteristic of a given system and defined in appendix 8C. 
In application to Oruawharo dike ( appendix 8C 1 this yields .13 
MPa. This is a slight overestimate ( Delaney 1982 fig.6~ ) .  Heat 

pressurisation can be found as function of time at any position, 

y, along a normal to dike flank by Eq.9.12. 

* Outer boundary of the hydraulic region 

To localise the distance at which the induced pressurisation 

becomes negligible, i. e. (t.l-> 0, one has to take ( D W  ) = 2 as 
was done p.9.4 for the temperature. With the values from appendix 

8C, this yields, y = 762 ts1/2. If ts = 15 min, then y = 228.6 rn. 
Thus after 15 min, the change in pressure in a compressible rock 

is very small ( .13 MPa ) but affects a 200+ meters thick area 
from the contact of the bike. This must be compared to the outer 

boundary of the thermal region which, after 15 min, is only at 
10.7 Cm from contact ( p.9.4 1. 

C - mo-phase flow 

When the confining pressure is below 10 MPa, and the 

temperature above 300°c, water flashes to steam ( 20 to 100 fold 

volume expansion 1. The driving parameter of the change of phase 
is the ratio of respective density of vapor and liquid water on 

the Clapeyron curve : 

R = Pvc / fic* 
The problem is redefined with a new boundary, the vapor-liquid 
interface which must lie on the Clapeyron curve ( fig.9.1 1 .  

The solution which has been presented for one phase flow is 



applicable to each of the two regions : the vapor region between 

the contact of the dike and the pore vapor-liquid interface and 

the liquid region beyond the pore vapor-liquid interface. 
The equation in the liquid and vapor regions are then coupled by 

a mass balance and an interface energy equation. The interface 

energy equation states that the difference between the heat 

conducted into and out of the interface equals the energy 
required to vaporise the liquid ( Rubin & Schweitzer 1972 1 .  
Delaney ( 1982 ) solved the system of equations which define the 

two phases flow system and gave : v=Vc erfc ( &UJ 1 when W 2 Eq.9.15 

Y = %  =YO when w 5 k 
where k is the normalized position of the interface. 
This equation is similar to equation 9.12 for one phase flow but 

for a numerical factor y,. 
To compare Eq. 9.12 and 9.15, Delaney derived an expression of Y , 
which is function of and the P-T conditions. The resulting 
equation ( Delaney 1982 eq.69 ) states that two factors 

contribute to the magnitude ofy, : 

i) explansion of the liquid region ( Eq.9.9 ) ,  

ii) volume increase of the phase change at interface ( 

Eq.9.14 1 .  

The main pressure impulse is given by the volume increase at the 

interface of vaporisation ( Eq.9.14 1. The effect of heating of 
the water phase ( Eq.9.9 ) is lessened since the maximum 

temperature is now dictated by the Clapeyron curve or equation. 
The pressure impulse produced in this region is about half the 

pressurisation triggered by vaporisation at the interface, i.e. 

1/3 of total. The contribution of the vapor region is negligible 

( temperature increase has a very small effect on vapor density, 

the curves of isodensity being nearly parallel to the TO-axis, 

fig.9.1 1 .  

For the range of P-T conditions relevant to superficial 
intrusions, yc is estimated as : 1 5Yc 5 1.7. Since equation 
9.12 overestimates pressurisation ( approximately 20%, Delaney 

1982 fig. 6c ) ,  then, Eq.9.12 remains a good estimate for two 

phases one dimensional flow. The effects of phase transition from 
water to steam are hardly significant in determining heat 



triggered pressurisation because the hydraulic region is too 
large to be sensitive to the detailed behaviour of the thermal 
expansion of pore fluid ( Delaney 1982 p . 7 7 5 3  ) .  

Thus, heat triggered pressurisation is found not to exceed 

one or a few 10-I MPa in infinite medium with mechanical 

properties of non cemented sand ( Duffield & A 1  1986 ) .  

Furthermore, from the theory of consolidation reviewed earlier, 

it is known that such one dimensional model will overestimate the 

pressurisation. 
The pressurisation of pore fluid is further lowered if the heated 

surface is hydraulically permeable ( P 5 ct on the surface ) i.e. 
if vapor can escape into the dike conduit ( Delaney 1984 ) For 

an uncemented rock with a permeability of 5 10-l2 m2 ( appendix 

7 , the pressure increase is only a few lom3 MPa ( Delaney 1984 

p.1334 ) .  

On the other hand, however, Delaney ( 1982 )Is solution 

shows that it is necessary to have, from the contact of the dike, 

a very thick region ( the hydraulic region = 220m ) in which pore 

water can migrate freely to keep the pressurisation at the modest 

computed level. 

As in the study of consolidation, the hydraulic boundaries are of 

major importance. If an impermeable boundary is present at a much 
shorter distance than 220m, then, the pressurisation will also be 

much higher than a couple of MPa 10-I. Furthermore, Delaney I 
1982 1's solution ignore the change in compressibility and 

permeablility of the host rock which will become effective as 

consolidation progresses. 

Delaney ( 1982 and 1984 )Is analytical solutions vlr show 

that the pressurisation cannot be estimated without kno'ledge of 

hydraulic boundaries to which it is sensitive. Reciprocally, if 

the pressure can be estimated then it may be possible to 



recognise the hydraulic boundaries of the system. 

9 .2 .4 .  Hydraulic boundaries and pore fluid pressurisation along 

contacts of Oruawharo dikes. 

Some of the features of the dikes may yield infor- 

mations on the hydraulic boundaries of the system or pore 

pressure in the host rock. 

A - Swarms of peperite 

Peperites, described in chapter 5 ( e.g. fig.5.6 ) ,  are 

apparently present, locally, at the tip of all the old Oruawharo 

dikes. To date, their mode of formation is not known. 

Eichelberger & A1 ( 1986 ) exposed a model in which fluids 

migrate freely throughout magma conduits then rise into the 

conduit. Thus a possible scenario is that Vaporised and 

pressurised pore water along the flanks of the Oruawharo dikes 

penetrates into the dike, and rises toward the tip where pressure 
I 

I 

build up is released by small eruptions forming swarms of 

perperites. 

The capacity of assimilation of water by basaltic magma near the 

surface is limited ( appendix 10 ) .  Consequently, the contact of 

the dike can act as a pervious boundary to vaporised pore water 

for some time, only if the external fluid pressure exceeds the 

internal pressure. This will be the case if the external vapor 
pressure increases by, at least 4 MPa ( table 8.2 and 8.3 1 .  
This, nevertheless is three orders of magnitude higher than 

indicated by Delaney ( 1984 )'s solution for a pervious suddenly 
heated plane surface. It is unlikely for such a discrepancy to 

occur repet$dly for all the dikes also the scenario is rejected. 

B - Anastornosing voids 

Some calcite-zeolite filled voids present in the knuckle- 

bone segments of dike A were described in chapter 5 ( p.5-30 and 

fig.5.20 1 .  These are anastomosing with both sharp and rounded 
corners. Their shape and the rounding of some corners and drop 



like lobes of magma inside some cavities is incompatible with a 
purely brittle behaviour of the magma at the time of their 

formation. The fact that contacts between the plastic clasts and 
host magma, features formed during flow, and that a cooling joint 

was selected by the void ( p.5-30 ) indicate that the magma was 

immobile at the time of their formation. 
Therefore, such voids must have formed in the zone in which 

the lateral variation of the rheological state of the magma is 

high ( from brittle at the cooling joint to viscous-plastic 

further inside 1. 
Walker ( 1969 ) proposed that magma in an advanced cooling stage 

behave similarly to pitch ( viscosity 1 0 ~ ~ a . s  1 .  Pitch can be 

fractured at high strain rate but it is visco-plastic at low 

strain rate. The anastomosing voids described p.5-30 could 

generate by fracture of, or from a fracture in, the brittle 

relatively cold zone forming the contact of the dike. 

Lachenbruck ( 1961 1 and Ryan & Sammis ( 1978 ) studied the 
progression of cooling joints in magma. They showed that their 

formation is discontinuous with sudden period of crack advance up 

to a plastic zone ( related to the position of isotherms 1 .  Voids 

similar to those described above could be a natural consequence 
of formation of joints in magma bodies associated with high fluid 

pressure environment. 

C - Other irregularly shaped voids 

Could the irregularly shaped cavities ( also with sharp and 

rounded angles ) found at defined distance away from the contact 

in many of the dikes ( p.5-30 and fig.5.21 ) have the same 

origin? The lack of any disturbance of any sort searched for in 

good thin sectionsbetween such cavities and the contact precludes 

one to conclude. 

D - Conclusion 

Only a pore fluid which pressure exceeds that of magmatic 
pressure can intrude in large amount a dike of fluid basalt. In 

the case of the Oruawharo dikes, this is little compatible with 



Delaney ( 1984 )Is solution. However, some peculiar voids present 

at one locality might be interpreted by sudden intrusion of 
external pressurised fluids with advance of cooling joints ( a 

similar interpretation was done by Walton & O'sullivan 1950 ) .  It 

is thus likely that the quenched/chilled margins of the dikes 

were not entirely or not always impervious. 
It must be noted that similar anastomosing voids have also been 

observed in the spatter-like bombs of the cone agglomerate ( 

p.3.10 1 .  
No estimate of the pore fluid pressure can be made without a 

mechanical study of such possible injection of vapor in the 

rather complex band which is in the process of solidificbion. 

This was not attempted. 

9.3 Timing of reversal of pore fluid flw and effect on the 
cooling of the dikes 

A - Reversal of pore water movement 

The one dimensional heat transfer model of Delaney applies 

to an initial period during which water escape toward cooler 

rocks. 
Due to buoyancy forces, light groundwater or vapor tend to and 

will eventually rise along the hot surface. When this occurs, 

water flows toward the heated rocks to replace that which is 

rising due to buoyancy. 

a, Delaney ( 1982 ) also ad essed this problem. He considered that 
convection can be neglected insofar as the vapor region given by 

his model is much smaller than the vapor region of the same 
system in a state of steady convection as indicated by analytical 

solutions. Following Delaney's approximation, for a rock mass 

with a permeability of 5. 10-12m2 ( appendix 7 , the time at 

which gravity forces should be considered is ( Delaney 1982 eq.71 

and72 ) : 

t < <  5.6 hours. 
Using .O1 for <<,  as in Delaney 1982, a process of reversion in 

the flow pattern will start after a time of the order of 30 min. 



B - Advective cooling 

At this stage in the dike history, cooling of the dike 
changes from purely conductive to advective. 

Jaeger ( 1959 ) introduced this artificially in one of his models 

by vaporising twice as much water as there is in the pore space ( 

porosity 20%, vapor is free to escape ) .  He found that : 

i) it reduces very significantly the temperature at the 

contact ( 100°c 1.  
ii) it slows down the outward migration of the vaporisation 

front. 
The reversal of flow pattern is thus accompanied by an 

acceleration of the cooling rate. 

An extreme case of advective cooling is observed when lava flows 

under the sea. 

A surface temperature of OOC is usually imposed in cooling models 

for pillowed flows ( Moore 1975, Schiffman & Lofgren 1982, Long & 

Wood 1986 ) .  With such a model, a pillow with a diameter of 50 Cm 

is solidified in one hour ( Schiffman & Lofgren 1982 fig.12 1 .  

Penetration of water in the peripherical cracks of the 

solidifying body further speeds the solidification process. 

Independently of model predictions, the glassy texture of 

the dikes ( section 5.11.2 ) is another evidence of the rapid 

rate of cooling ( Schiffman & Lofgren 1982 1 .  

The conductive model indicates that an infinite slab of 
ek 

thickness .56 m cools in four hours ( p.9-2 1. The theorlcal time 
of cooling of a spherixal body with diameter .5m with surface 

temperature atOec is one hour. The available cross sections 

throughout Oruawharo dikes are positioned at the tip, the dikes 

are fingered, and after roughly 30mn advective cooling started to 

substitute to conductive cooling. The time necessary for their 

solidification can be estimated reasonably as 2 to 3 hours. 

9.4,  Mobility of vapor 

9.4 .1 .  Energetic processes in the process zone of a fast 

propagating dike 



A - Quenching 

Ahead of dike tip, the tephra is cold. This remains true as 

long as the dike is fast propagating. If the tip of a dike in 

movement meets open cracks with a hydrostatic pressure close to 
zero ( cavitation of pore water, see p.8-29 ) ,  it is obvious that 

vapor generated at the contact, and any other fluid, will 

immediately expand to occupy the whole crack volume ( flashing ) .  

Low pressure will also enhance the rate of vaporisation and this 

is accompanied by an acceleration of the rate of cooling ( 

Jaegger 1959 ) .  Thus, of the whole intrusive system, it is at the 

tip that quenching is the most severe. From an obvious comparison 

with pillow lavas, this happens to be also the only place where 

glowing magma is directly exposed. This probably explains why 

Oruawharo dikes have quenched margins of sideromelane . 5  to 1 Cm 
thick ( e.g. fig.S.21 ) as common pillow lava do. Some magmatic 

phases will also vaporise and contaminate the vapor generated by 

flashing of pore water. 

Note that the process zone has a purely mechanic origin and that 

its existence is subordinary to the presence of the intruding 

magma. Also the process will be enhanced on the side facing the 

free surface, etc... 

B - Dynamic effects 

As mentioned in introduction to this chapter, contact 

between magma and water can trigger a chain of explosive 
reactions. A t  the tip of a dike in motion, however : 

i) the initial surface of glowing magma is likely limited to 

a slit ( Moore 1975 ) ;  

ii) the surface from the sides of tensile cracks open to the 

meniscus of magma is orders of magnitude larger than the surface 
of glowing magma ( e.g. sketch p.8-41 1.  These surfaces are cold 
and the vapor will condensate on contact with them. 

Consequently, vapor fracturing ahead of the magma ( as inferred 

by Currie & Fergusson ) is not a likely mechanism. 
The relatively large volume of peperites described in chapter 5 ( 

e.g. fig.5.6 ) cannot neither form in such an environment. 



However, the water trapped in broken vesicles of clasts of tephra 
brought directly in contact with the glowing magma will flash to 

steam. To this small and evanescent reaction, the writ-er 
attributes the formation of phenovesicles observed in the 

selvedge of the dikes and similar to trains of bubbles found in 

peperites ( section 5.11.1 1 .  

9.4.2. Movement of vapor during the hydrothermal stage 

Some times after the immobilisation of the dike, 

buoyancy forces are efficient and vapor and heated water tend to 

rise vertically. 

A - Vapor mobility along dike flanks 

Consider the hydraulic situation along dike flanks when 

convection is efficient. The vapor blanket has a thickness of 

some decimetres ( Eq. 9.6 as a maximum due to advective cooling 

) .  The fluid pressure is the initial regional fluid pressure plus 

a few MPa 10-I if there is no impervious hydraulic boundary near 
the dike but possibly much more if there is such boundaries, If 

there is steady flow along the dike, Darcy's law ( Eq.9.11 p.9-6 

) applies. For a pressure along dike flank of 2 MPa and pressure 

at the tip distant of 5 meters is 1 MPa, the velocity of vapor, 

q, is lcm/s ( viscosity of vapor from Clark 1966, permeability 

along dike flank from appendix 7 1. 

B - Vapor mobility between dike tips and the free surface 
Ahead of the tip, the rock permeability is increased 

relative to its regional value as this region is under 

extensional strain. More important though are the two bands of 

tensile stress which wedge away from the tip and reach the free 

surface ( fig.6.5 ' ) .  In the followings, it is inferred that 

tensile cracks are present all along these tensile belts flaring 

to the west ( fig.5.4 ) .  

Fractures increase rock permeability of several orders of 

magnitude ( e.g. Blatt & A 1  1980 p.424, Freeze & Cherry 1979 



table 2.3, Long & Witherspoon 1985  1 .  Indeed i f  the fractures are 
open, long and in direction of flow, the fluid will move freely 
along them, the only obstacle being host rock bridges between the 

joints. 
To simulate the presence of open cracks along the tensile 

bands, the value of initial permeability ( for average clean sand 

) is increased by two orders of magnitude ( l ~ - ~ r n ~ ,  i.e. one 

order of magnitude higher than very permeable clean sand 1 .  

It is also inferred that, in the area just ahead of dike tip, 

vapor flowed freely because the area has already be heated. 
Using Darcy's law, for a 30m long distance initiating at the tip 

and a pressure difference, LP, of 1 MPa, the discharge velocity 
of vapor is lm/s ( .6m/s ifAP = 1 MPa for a 50m long distance or 
&,P = 2 MPa and a lOOm long distance ) .  Darcy's law is applicable 

to hydraulic systems w ith a Reynold number ( Re = rqd/n,with d 
i 

the mean grain diameter ) that does not exceed 1 to 10 ( Freeze & 

Cherry 1979  p.72 ) ,  but for a velocity of lrn/s, Re = 30 ( d = 
.5mm 1 .  
SchUrgerl ( 1971 ) found that fluidization is complete for beds 

of homogeneous particles of several 10-lmm of diameter when the 

fluid which goes through it has a discharge velocity of 20-30 

Crn/s .  Fluidization is possible only if the material can expand, a 

condition satisfied ahead of dikes's tips. 

These simple and hypothetical calculations show that fluidization 

of the tephra in the tensile zone ahead of the dikes is possible 

if not likely. A fluidized material ( grain size, several 10' 

lmm ) has a plastic and /or Bingham behaviour and a low viscosity 

( < 1 Pa.s ) at atmospheric pressure ( SchUrgel 1 9 7 1  1.  

* Interpretation of the disrupted area adjacent to 
the rim-dike extensions of dike B. 

The cone agglomerate is disrupted between the rim-dike 

extensions of dike B ( Fig.5.10 1. The clasts of tephra have been 
abraded and coated with clay minerals ( section 5 . 9 . 1  ) .  The 

redistribution of the clasts of the agglomerate is pervasive, 

yet, as illustrated by fig.5.10, the concentration of lava 

tablets matches the spatter-like bomb level adjacent to the dike 



showing that they are still sub-in situ. Between the positions 40 
and 60m ( e.g. fig.S.10 1 black seams are present on the outer 
side of rim dikes extensions then in the central area between rim 
dike extensions. They are absent from the structurally disrupted 
area ( p.5-20, fig.5.10 1 .  This can be correlate d with one of 
the features of dike D. There, a block which contains black seams 

is distinct from the surrounding structureless material and has 

apparently been rounded ( p.5-15 and fig.5.11 ) .  This suggests 

that the black seams existed before the disrupting event. 

These features are explained by fluidization of the 

tephra at and ahead of dike tips in the area cracked by tensile 

forces. 
It is thought that the drastic change in physical state of the 

tephra at dike tips ( a change from state of compaction to a 

state of volume expansion plus a change in permeability of 

several orders of magnitude ) will trigger a sudden increase in 

the velocity of vapor there. 

The arrays of tensile cracks between a dike tip and a topographic 

surface flare stepwise from dike tip ( pe6-10 1. The vector force 
of buoyancy, the driving force of vapor movement however is 

vertical but fluidisation is possible only in the cracked area 
oblique to the vertical. Consequently, the vapor will migrate 

preferentially along the inner side of the tensile zone ( the 

plane of dike B as reference 
Black seams are observed immediately outward from the rim dikes, 

i.e. this area has not been intensely affected by fluidization. 

The original structure of the area adjacent, but inward, to the 

rim dike extensions, however, have been destroyed by fluidization 

( fig.5.10 ) .  The increase in porosity of the host material in 
the disrupted area ( section 5.9,1 ) can be explained by 

redistribution of the volume of the open cracks throughout the 

mass as fluidized material expands. The renewed occurence of rare 

black seams further inward past the disrupted area corroborates 

this general interpretation by showing that black seams where 
once present in the inward side of the rim dikes extensions. 

The spatter-like bombs, initially planar and horizontal, which 

were in the way of vigorous stream paths have been rotated along 

horizontal axis in order to oppose the less resistance to flow of 



vapor. Fig.5.10 shows that the base of the rotated tablets 
adjacent to the rim dikes extensions is below the bottom of the 

nearby spatter-like bomb level. This suggests that they sank into 

the fluidized region of low viscosity ( p.9-18 ) .  

* Interpretation of seam zones 

Isolated seam zones NW of dike A have been described in 

section 5.6 and 5.8 and the similarity of their structure 

with the disrupted area adjacent to the rim dikes extensions of 

dike B outlined then. 

The seam zones are array of small fract ures ( the black seams 

which they are formed of 1 without strike slip movement. 

Like the rim dike extensions of dike B, they are interpreted as 
tensile zones wedging away from the tip of dikes present below 

the erosion surface. 

Their internal structure ( section 5.8 and 5.12 1 is also 

attributed to the effect of local fluidization. In the seams 

zones, fluidization affected only a small area adjacent to the 

original cracks leading to blackseams one order of magnitude 

thicker than they are around dike B. 
The presence of vapor path between dike tip and the topographic 

surface gives some credibility to the simple computations of 

velocity of steam since their existence was then postulated ( 

p.9-17 1 .  

Fluidization will only be effective when the host rock has 

been heated to vapor temperature along a significant distance. 

This cannot happen before several hours, perhaps a day and more. 

The pressure difference to produce fluidization of a large volume 

of tephra ahead of the dike ( 1 to 2 MPa ) is one order of 

magnitude higher than that computed with Delaney ( 1982 1's 

model. This suggests that hydraulic boundaries were present at 

less than 200m from the dikes ( section 9.2.3 ) .  

* Black seams and joints 

It is likely that open cracks would have been preserved as 



joints had the tephra being dry. Vapor streams with their kinetic 
energy, local fluidization, stress corrosion ( studied next ) and 
the associated chemical alteration ( hydra-tion i.e. 
palagonitisation ) are likely responsible for sealing and 
cementing joints into the more complex and more difficult to 

identify black seams. 

9.4.3. Stress corrosion and subcritical crack qrowth 

A - Theory - a ' r  -.P - 
, . 

Stress corrosion is an environmentally induced crack growth 
under a sustained but moderate state of tensile stress in the 
presence of a chemical agent. It is then a mechano-chemical 
process. Water, chemical bases and acids and heat have been shown 
to be effective agents of stress corrosion. 
As experiments have shown, geological materials are sensitive to 
stress corrosion ( Scholz '1972, Martin & Durham 1975, Anderson & 

Grew 1977, Waza & A1 1980, Freiman 1984, Atkinson 1984, Swanson 

1984 1 .  
By stress corrosion, a crack can propagate even below the 

fracture toughness, KIc ( Eq.8.S ) ,  of the system ( e.g. Swanson 
1984 fig.14 ) but slowly because of the limiting rate of 
transport of the active agent to the tip ( Anderson & Grew 
1977 1 .  Anderson & Grew ( 1977 ) noted that, in an intrusive 
magmatic system, many of the active factors of stress corrosion 
are present. 

B - Application 
Because it is a relatively slow process, stress corrosion might 

be active as a second order phenomenon, once the dike has 

stopped. Hot vapor, which follows open cracks, is the potentiaL-:--- 

agent for intrusive systems -as- ~tuawhar~~dikes . -- - - 

First, because the tephra was uncemented, i.e. the fracture 

toughness at crack tip is virtually nil, stress corrosion appears 

as irrelevant. However, it could be efficient in breaking 

obstacles and explains some of the observed features. The tephra 



includes many large bombs and scoriae. A large flat and 

horizontal bomb ( the diameter of which can exceed 1 meter ) can 

be embedded in tephra in either side of a vertical tensile crack, 

restrain s its opening, and thus support tensile stresses. 

Stress corrosion is effective mainly on igneous rock ( Waza & ~l 

1980 fig.3, Atkinson 1984 fig.8, 9 and 10 1 and amorphous glass ( 

Friernan 1984 fig.4 ) and will therefore be effective for the 

bombs. 

Black seams have been observed to either cut through or mould 

around blocks ( sections 5.5, 5.6 and 5.8, fig.5.10 ) .  

Stress corrosion must be retained as one of the potential 

mechanism for the fracture of such blocks. In such a case, the 

block is not fractured during the opening of the crack but later, 

when vapor possibly contaminated by reactive agents of magmatic 

origin, has access to the crack. 

Currie & Fergusson ( 1970 ) estimated that large amount of fluid 

was present with the lamprophyric dikes that they described in 

gneiss and already referred to in this thesis ( fig.8.10 ) .  

Stress corrosion should be considered in possible factors 

responsible for the formation of the associated rim-dikes and 

horns, In such a host rock, it can generate cracking at speed of 

lcm/s when the stress intensity factor, KI, is only 70% of the 

value of the fracture toughness, KIc ( Waza & A 1  1980 fig.3, 

Atkinson 1984 fig.8, 9 and 10, Swanson 1984 fig.14 1. 
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10.1. RHEOLOGY OF THE ORUAWHARO MAGMA 

In the chapters 6 and 8, the dikes have been 
modelled as cracks with an internal homogeneous fluid pressure 

and it was inferred that the magma was fluid ( section 8.1.2E 1 .  

In addition, in other aspects of modelling, the magma was assumed 

to behave as a Newtonian fluid ( e.g. Eq.9.3, Eq.4.1 ) .  It is the 

rheological behaviour of the magma which is studied now. 
There is a significant knowledge of the rheological behaviour of 

basalts that will be presented first. Then the magnitude of 

rheological parameters will be estimated for the Oruawharo magma. 

10.1.1. Rheology of basalt. 

A - Above the liquidus 

Experimental data conducted on viscous fluid are presented 

on shear stress vs strain rate diagram. On this diagram, basalts 

are Newtonian fluid down to their liquidus, i.e., they have no 

yield strength and the shear stress vs strain rate relationship 

is linear ( straight line going through the origin 1 ( e.g .  Shaw 

& A1 1968, Shaw 1969, Murase & Mc Birney 1973, Scarfe 1973 ) .  

Viscosity decreases with increasing temperature ( Shaw 1972 1 .  

The viscosity of magma is not sensitive to difference in pressure 

less than at least several hundred MPa ( Kushiro b A 1  1976, 

Khitarov & Lebedev 1978 ) .  The velocity distribution of a 

Newtonian fluid in a narrow slit is parabolic ( Eq.9.3 1 .  

B - Subliquidus behaviour 

The evolution of the rheological properties of basalt below 

its liquidus is tightly related to crystallization. Because the 

evolution of crystallization with temperature is not linear as 

shown in fig.lO.1, the rheological properties of magma do not 

vary linearly with temperature. The liquidus-solidus interval can 
be divided into three domains A ,  B and C as shown on fig.lO.1. 
Marsh ( 1981 fig.5 ) showed that the distinction between the 
domains is real for many basic rocks. The following descriptions 





yield strength is small ) down to 1130oC i.e in the domain A of 

fig.lO.1. 

* Domain B 

In the second domain, the domain BI the volume content of 

crystallites increases of 30 to 40% even though this represents 

only 25% of the liquidus-solidus interval ( fig.lO.1 ) .  This 

domain B is characterised by a very rapid change in rheology in a 

few tens of degrees followed by appearance of unsteady rheologic 
behaviour. The yield strength increases quickly ( 3.2 10'~ MPa at 

1125oC, 9 lom3 at 11200C ) and the magma has a visco-plastic 

behaviour ( experiment with .1 < E < 5 s-l, duration 2 to 5 mn in 

Shaw 1969 ) .  Unsteady behaviour is recorded from 11200C as follow 

( Shaw 1969 ) : the viscosity is initially 1 0 ~ ~ a . s  ( up to a 

shear rate, 6 ,  of 3 s-I . However when the shear rate was 

increased from 5 s'l to 7s-I a sudden drop of apparent viscosity 

to less than 2 lo3 Pa.s ( which is less than magma viscosity at 

1125oC ) was recorded and was maintained steadily ( time of 

experiment, a few minutes 1 .  Further increase of the strain rate 
resulted in an abrupt recovery of a high viscosity. 
At this temperature (11200C ) ,  Shaw ( 1969 ) reported slipping 

between the rotor and the melt and introduced the notion of 

"viscous failure" to describe this unsteady behaviour. Shaw 

concluded that for this basalt, no reliable measurements could be 

made below a temperature of 11200C. 

Note that the yield strength and the viscoplastic behaviour of 
the magma are enhanced simultaneously with cooling. In term of 

the velocity profile of flow in a conduit, this yields, at the 

extreme, to formation of a rigid plug with lubricated sides ( the 

velocity gradient at the walls become infinite e.g Komar 1972 1 .  

* Domain C 

At less than 60% of the liquidus-solidus temperature interval, 

starting from the liquidus i.e. at 1 0 7 0 ~ ~  and with 40 to 50% of 

residual melt, the tholekite of the Makaopuhi lava lake is 

virtually solid ( 7 = 1012 Pa.s. Shaw 1969 p. 529 ) . This was the 



state at the base of the crust of the lava lake which was able to 

sustain shear stresses of the order of lOMPa for period of at 
least minutes without apparent failure ( Shaw 1969 p.530 ) .  

This limit ( 50-60% of magma is crystalline 1 seems to correspond 
to a maximum packing of the solid frame i.e. no crystal settling 

is possible ( Marsh 1981 ) .  Marsh ( 1981 ) considered that the 

crystal frame is potentially dilatant if stressed and that 

therefore the melts is trapped. 

Therefore basalts are solid well above their solidus and form a 

close system ( domain C ) .  The solidus ( viscosity 10 20-30 ~ a . s  ) 

of Makaopuhi tholeiite is at 980oC. 

C - Quenched magma 

A minimum cooling rate of . 5 ' ~ / s  is necessary to quench 
, 

basic magma ( Schifman & Lofgren 1982 1.  The transition I 

temperature from supercooled liquid to glass ( 7 = 10l~~a.s is 
at about 640'~ for a tholeiite and the magma remains Newtonian 

i 
down to this point ( Scarfe 1977 ) .  

10.1.2. Rheolcxw of the Qruawharo tholeiite. 

10.1.2.1. Estimate of temperature. 

The composition of the magma of the Oruawharo dikes is given 
kn 5kn0FtE.C p"; is appendix 1. The liquid ( magma less phenocrysts ) and of a - - 

residual liquid ( liquid less 10% of crystallites ) was estimated 

in table 4.1. Estimate of the temperature of the bulk magma and 

of the liquid are also given in table 4.1. The liquidus of the 

bulk magma is approximately at 1 1 9 0 ~ ~  but is lowered if water 

content is more than . 5 % .  The phenocrysts and microphenocrysts 

were present before dike intrusion ( they are present in the 

selvedge ) ,  therefore it is not the temperature of the bulk magma 

but that of the liquid which is relevant. It is likely that the 

microphenocrysts were the crystallizing phases from this 

liquid ( p.4-12 ) and because they are not abundant ( 3% vol. 1 

the liquid was probably close to its liquidus temperature. The 

initial temperature of Oruawharo dikesduring intrusion is 



estimated at 1130'~. A similar temperature is indicated from the 
liquidus of bulk magma if it is considered that 20% of crystals 
have already formed ( fig.lO.1 1 .  

10.1.2.2. Estimate of viscosity ( 7 1 .  

The viscosity was estimated by the method of Shaw ( 1972 ) 

down to the liquidus ( approximately 118S0c if [H20%]= . 7 3  ) at 

which temperature 7 = 43 Pa.s. The effective viscosity of the 

magma is estimated in : i) calculating the viscosity of the 

liquid phase by the method Shaw ( 1972 ) ( composition in table 
4.1 actually less viscous than the parent magma ) ;  ii) carrying 

out a correction for the mechanical interference of the crystals 

by using the modified Roscoe equation ( Marsh 1982 ) : 

7 = l L  ( 1 - R$)-~*' Eq.lO.1 

where TL is the viscosity of the liquid, @ the fraction of 
phenocryst and R a parameter which characterises the geometric 

arranhent of the crystals. Marsh ( 1981 has estimated a m a n  

value for R of 1.67 for similar magmas. The total phenocryst plus 

microphenocryst content of the dike is 23%. The estimated 

viscosity of the Oruawharo magma with its crystals at 1130oC ( 

.75% Hz0 ) is 1.6 lo2 Pa.s. The results are presented on a 

diagram LogTvs TO in fig.lO.2. for a water content of . 7 5 %  ( 

inferred to be intermediate between that of the tephra and that 

of the dikes ) .  The straight bold line up to the liquidus of bulk 

magma is obtained with Shaw ( 1972 )Is method. The viscosity of 
the magma at 1130°c calculated above constraint the path of the 

curve ( broken bold line ) at lower temperature. 

On the basis of the temperature estimates of table 4.1 and of 
fig.lO.1, the residual liquid computed in table 4.1 should 

correspond roughly to a temperature of llOSOc and this is in the 

domain B of fig.lO.1. If anything the residual liquid is rather 

less viscous than the liquid. The increase in the viscosity of 

the magma, shown as a cross on fig.lO.2, is only due to the 
mechanical effect of the additional 10% of microliths ( Eq.lO.1 

) .  This point enables to further define the shape of the 7 vs TO 

curve for the Oruawharo basalt in fig.lO.2. The experimental 
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FIG.10.2. LIKELY APPARENT VISCOSITY ( ordinate ) OF THE ORUAWHARO 
THOLEITE ( , 7 5 3  H20 ) AS A FUNCTION OF TEMPERATURE. 

Temperatures are estimated with 
I French & Cameron ( 1981 1 ' s  method 
I 1 and viscosity with Shaw ( I 9 7 2  )'s 

method, also Marsh ( 1981). Vertical 
and horizontal bars are for 
incertitude. Dotted line: for 
comparison, experimental curve for 
the Makaopuhi lava lake tholeite ( 
.l% H20, Shaw 1969 ) .  (a), ( b )  and 
(c) are trace of the function " Yi 
(TO) for "a"=.011, "aU=.2 and "aU=.05 
respectively, used in viscous 

X 
, dissipation ( Eq.2 of appendix 9 1 .  
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curve published by Shaw (1969 ) for the basalt of Makaopuhi 
lavalake ( [H20%]=.1 ) is given for comparison ( dotted line ) .  

10.1.2.3. Estimation of y i e l d  strength, Gys. 

The crystal content of the magma, the viscosity arrived at 

by indirect methods and the comparison with the lava of Makaopuhi 
lava lake, all suggest thatthe Oruawharo magma was in the domain 

A of its liquidus solidus interval when it erupted on the sea or 



lake floor or intruded the tephra. It is then expected to behave 
as a Bingham fluid and to have a small yield strength. 
The half thickness of the plug flow region of the Bingham 
velocity profile, 1/2tpg, between two walls is given by ( Johnson 

& Pollard 1973 p.298 ) : 

tpg/2 = ~ ~ ~ / 1 (  Eq.10.2 

where d, the pressure gradient isAP/L and cys is the yield 
strength. 

A maximum estimate of the yield strength can be determined by 

supposing that the plug flow region is equal to the thickness of 

the rim dikes ( for which for instance t/2 = 5Cm 1.  Using the 
value of determined in section 9.1.3, 1.2 lo3 pa.rnel, the yield 
strength is : 

GY s = 6 10'~ MPa 
This is indeed a maximum because most knuckles bones segments are 
less than lOcm thick and the portion of a lOcm thick rim dike 

studied in details has a planar fabric of "plastic clastsv ( 

fig.5.20 ) incompatible with the velocity profile of Bingham 

flow. If a small plug thickness is assigned ( .5Cm ) , then Cys = 
6 MPa. If the pressure gradient was higher, say 1 l o 4  Pa.rn- 

then for the latter case G, = 5 MPa. In any case, the 

yield strength of the magma was small. This is in agreement with 
its belonging to the domain A of the liquidus solidus-interval ( 

fig.lO.1 1 .  

The lava tube of unit 2 ( fig.3.4 ) may also be used to estimate 

the yield strength of the Oruawharo magma. 

For a Bingham fluid, the radius of the plug flow region in a pipe 

is given by ( Bird & A 1  1960 p.49 ) : 

R ~ g  = 2 tys/ if Eq. 10.3 

Again a maximum value can be obtained in assuming that the plug 

flow region equal the total diameter of the tube. 61 must be 
estimated. 

Estimates of yield strength based on body geometry ( i.e. the 

dimensions of the lava tube ) normally gives a "bulk" yield 

strength including the higher values of the cooled or quenched 
margins ( Pinkerton & Sparks 1978 ) or the resistance of the 

surrounding medium if the tubes are intrusive. As it has been 



done for the dikes ( section 9.1.3 ) this difficulty is 
circumvented in estimating from a chosen likely velocity. 

Chosing an average velocity of .5m/s, 8 is computed from the 
Hagen-Poiseuille flow for Newtonian incompressible fluid in 

circular conduit ( Bird & A1 1960 p.46 ) : 

Vl,, = r~~ / 8~ Eq.10.4 

Since R ( =.37m ) and 7 ( =1.6 1 0 ~ ~ a . s  ) are known, thenrz4.67 

10~pa.rn-l, and from Eq.10.3 fys = 8.64 MPa, a value very 

superior to the estimate calculated from the rim dike geometry 

even though the magma is identical and comparatively enriched in 
fluid. It could be argued that the internal banded structure ( 

fig.3.4 ) is incompatible with a Bingham type flowage. The origin 

of such banded structure however is not known. 

The only difference between the magma of the dikes ( chapter 5 ) 

and that of the cone ( chapter 3 ) is the high vesicularity at 

the time of emplacement of this latter. At least 10% of the 

volume of the quenched margin of the lava tubes is occupied by 

bubbles ( mean size .7mm . A review of the behaviour of froth is 

then necessary. 

10.1.3. Rheology of froths. 

At low strain rate froths have a Bingham behaviour and 

a high apparent viscosity ( Shaw & A1 1968 . Shaw & A 1  ( 1968 ) 

made the demonstration of this in using silicone which is a 

Newtonian fluid which has a viscosity ( 1 1O2pa.s ) comparable to 

that of basalt. Silicone froth with 10% vol. of bubble ( mean 

size .5mm 1 gains a yield strength of nearly 1 1 0 - * ~ ~ a  ( Shaw & 

A 1  1968 ) .  

However at high strain rate, the plastic viscosity ( i.e. deduced 

from shear stress minus yield strength ) of the froth is lower 
than the Newtonian viscosity of the silicone ( Shaw & A1 1968 1.  
This is expected when the energy to deform a bubble in a liquid 

is less than the energy to induce viscous flow in the bubble free 

phase ( Bottinga & Weill 1972 ) .  

Bubble deformation will be possible if the ratio of the surface 

tension pressure, Ps ( retard the deformation 1 to the shear 
stress rrz is significantly smaller than unity ( S.Blake personal 



communication 1987 1 .  The surface tension pressure and the shear 
stress in a pipe are given as ( Spark 1978 p.4 and Bird & A1 1960 

chapter 2 1 : 

Ps = 2 S/Rb and zz = ( OPI2L 1 R 
so that : 

PsRrz = ( 4 S L I / (  RbAP R 1 Eq.10.5 

A large radius of the bubbles, a high magnitude of the pressure 
& gradient and a peripheric position in the tube all contribute to 

enhance bubble deformation. 
Shaw & A1 ( 1968 ) inferred that viscous flow of froth might 

result in drawing proximal bubbles into zones. If they exist, 
such "froth failure" should be more frequent in zones of maximum 
velocity gradient, between contact and the plug flow region in 

Bingham fluids. 

In the view of experimental data on froth, the difference in the 

magnitude of yield strength deduced from the geometry of the lava 

tubes and that deduce from the geometry of the rim dikes may be 

explained by the initial presence of 10% of bubble in the 

effusive magma which formed the lava tubes. 

10.1.4. Conclusion. 

Empirical methods of prediction indicate that the 

Oruawharo magma was f h i d  (7  = 1.6 lo2 Pa. s ) and nearly 

Newtonian ( yield strength < or < <  MPa ) .  At least 

qualitatively, the presence of delicate millimetric apophyses or 

sawteeth pattern observed to form rim dike contact ( section 

5.11.1 and fig.5.18 I corroborates this result. 
In the mechanical model used in chapter 6 and 8, it is postulated 

that only a normal stress equal to the magma driving pressure 

acts on an elliptic boundary ( Anderson 1938 p.245, Pollard & 

Johnson 1973 p.339 ) .  This is guaranteed if the fluid is 

Newtonian ( no shear strength ) ,  hence use of this model is 

justified for these dikes. This also enables to use simple 

equations valid for Newtonian fluid ( velocity profile in conduit 

Eq.9.3, Stockes's law Eq.4.1 etc... 1. 



10.2. ORIGIN OF INTERNAL STRUCTURES 

10.2-1. Internal structures of the dikes and lava tubes, 

The Oruawharo dikes, lava tubes of Unit 2 or the 

spatter-like bombs of Unit 3 of Oruawharo formation all are made 

up of homogeneous tachylite. These bodies however are not 

structureless. There are four types of structures : 

i) the eroded dikes or lava tubes have a banded structure at the 
origin of their corrugated iron-like surface. Each trough is 

centred on a band of bubbles, each rib matches a band which has 

little or no bubbles ( e.g. lava tube fig.3.4, dikes p.5-29 ) ;  

ii) segregation vesicles are often present ( p.5-28 ) ;  

iii) there are voids of irregular shape ( p.3-10, fig.5.19 and 5- 

21 1;  
iv) there are plastic clasts ( fig.5.19 and 5.20 1. 

The origin of the voids of irregular shape was discussed 

elsewhere ( p.9-12 to 9-14 ) .  The three other structures either 

are directly defined by bubbles ( the banded structure ) or are 

in some way related to bubbles. Thus segregation vesicles are 

bubbles with a rim of finer tachylite than that of the groundmass 

( p.5-28 ) ,  the plastic clasts typically are vesicular even 

though they have been dragged by a driving magma identical in all 

respects but less viscous and lacking bubbles. The explanation of 

internal structures therefore passes by a study of the formation 

of bubbles. 

10.2-2. The banded structure of dikes and lava tubes. 

There is 10% vol. of bubbles in the selvedge of the 

lava tubes ( p.10-8 ) but there is no bubbles in the selvedge of 

the dikes ( the local occugence of flattened phenovesicles was 

discussed in section 9.4.1B ) .  The lava tubes and the dikes 

however have the same conspicuous internal banded structure at 

the origin of their corrugated iron-like surface. The banded 

structure was described microscopically p.5-28 and 5-29. 

There is some kind of relationship between bubbles and drusy 



vesicles because the two are exclusive : drusy vesicles are 
abundant in band lacking, or poor in bubbles, there is no drusy 

vesicles in bubble rich band ( section 5.11.2 ) .  

Fig.10.3 shows the relationship between the diameter of bubbles 

in a bubble rich band and the position of the band from dike 

contact measured on a small section near the contact of dike 8. 
................................................................ 
FIG.  10.3. DISTRIBUTION OF BUBBLE RICH BANDS AND BUBBLE SIZE IN 
DIKE B. 
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' A  priori' the geometry of the banded structure of the dikes or 
lava tubes, parallel to the contacts of the bodies ( fig.3.4 

fig.5.17 , is compatible either with a pattern of laminar flow 

or with the geometry of isotherms. 

10.2.3. Plan of the analysis of the formation of bubb-. 

Three processes which have been shown or have been inferred to be 

at the origin of the formation of bubbles will be investigated : 

i) The change in temperature produced by viscous dissipation will 
be estimated. The growth of bubble obeys to a law which is 

presented next together with the state of knowledge on nucleation 



of bubble. This enables to test if local changes in temperature, 

potentially produced during flowage, can be at the origin of the 

formation of bubbles. 
ii) As the magma cools, gas exsolution may also trigger the 

formation of bubbles. The result of experimental data will be 

summarised. The concentration of the solute ( H20 ) changes as 

crystallization proceeds. The efficiency of this process for 

Oruawharo dikes is also tested in using the law of bubble growth. 

iii) A third process, the variation of pressure in a conduit is 

at last investigated. It is also tested with the law of bubble 

growth. 

The chapter will be completed with the analysis of drusy vesicles 

the formation of which occurs later and that of unusual pipe 

vesicles present in a lobe of magma in one of the dike. 

10.2.4. viscous dissipation 

10.2.4.1. Theory 

The continuous deformation of a moving viscous fluid is 

opposed by viscous stresses that vary directly with the rate of 

deformation, such movement can take place only if energy of flow 

is expended in doing work; in other words, such a process will 

involve a continuous transformation of mechanical energy into 

heat ( Rouse 1961 p.146 ) .  Note that there is no movement into 

the plug region of a Bingham body therefore no production of heat 

in the plug region. 

If the viscosity of the fluid is temperature sensitive, the 

following process can occur : when the stress is applied, the 

work done by the resultant flow can raise the local temperature 

which can increase the rate of flow and also increase the rate of 

heat generation. This process is called feedback ( Gruntfest 

1963, Shaw 1969 p.522, Nelson 1981 ) .  The heat loss at the 

boundary of the system competes with heat generation. 

Shaw ( 1969 ) explained the viscous failure observed in his 

experiments with the theory of viscous dissipation. 

The one dimensional differential equation which involves 

viscous dissipation and heat transfer by conduction is given in 



appendix 9. It has been solved analytically for two particular 
cases ( appendix 9 : 

i) constant shear stress under adiabatic condition ( no heat 

transfer, Gruntfest 1963 ) ;  

ii) constant strain rate ( Shaw 1969 ) .  

Gruntfest ( 1963 ) ,  Grundfest & A1 ( 1964 ) and Fuji & Uyeda ( 

1974 ) solved the complete equation numerically for constant 

shear stress when there is no temperature difference between 

fluid and surroundings. Their results are given in dimensionless 

diagrams. 

Instability ( thermal feedback ) occurs when a parameter, G 

( Grundfest number ) exceeds a given value. G is essentially the 

ratio of the viscous dissipation energy in the conduit to the 

energy reaching the walls by thermal conduction. The critical 

values are 8 for flow in a pipe and 5-6 for flow between two 
walls ( Grundfest & A1 1964, Fuji & Uyeda 1974, Fedotov 1976, 

Hardee & Larson 1977, Nelson 1981 1 .  
When thermal feed back occurs, temperature would raise infinitely 

but phenomena like : 

i) clamping induced by bubbles nucleation ( Shaw 1969 

p.522,Nelson 1981 

ii) melting of microliths or crystal nuclei if the liquid phase 

is below its liquidus will act as a sink for energy ( Shaw 1969 1 

iii) melting of dike walls ( Hardee 1986 ) 

iv) the process is eventually self-limiting since it is 

ultimately driven by the pressure gradient ( Hardee 1986). 

V) it leads to a different heat transfer regime ( as turbulence, 

Shaw 1969, Hardee & Larson 1977, Nelson 1981 1 .  

vi) dilation ( responsible for strain hardening, Bird & A1 1960 

p.10, Coward 1980 1.  
When G > Gcrit., feedback occurs nevertheless only 

after a certain time. This can be read on the non dimensional 

diagram-solutions but only a few numerical examples have been 
published. 

10.2.4.2. Constant shear stress, results. 

This solution applies to dike intrusion since they are 



conducted by a constant pressure gradient ( the strain is the 

variable 1 .  

Fuji & Uyeda ( 1974 ) ,  Fedotov ( 1976 ) ,  Hardee & Larson ( 1977 

) ,  and Hardee ( 1986 ) showed that viscous dissipation has an 

effect which should not be neglected for dike intrusions when : 

i) the magma is fluid ( basalt 1 ,  

ii) the dike is thick ( metre thick 1,  
iii) after an amount of time, variable with the parameters usedin 

modelling but in excess of several hours. 

The time necessary for magma to travel from a shallow magma 

chamber to the surface is only a few hours therefore viscous 
dissipation can be neglected in dike intrusions before an 

eruption or in dike which do not reach the surface. 

This was confirmed by calculations conducted by the writer. The 

effective thickness used in computation was that between the 

isotherms .975 Tm ( 97.5% of magmatic temperature ) obtained 

from the thermal model of Delaney & Pollard ( 1982, also section 

9.1.3 and appendix 8 A ,  this thesis ) .  This is necessary because 

the temperature at the contact of the dikes is Tm/2 but 

Gruntfest's solution only simulate the case in which the contact 

temperature is that of the fluid . With this correction, it has 
been found that theoretically, the temperature near the margin of 

a 1.5m thick dike which takes source in a shallow magma chamber, 

rise of ~ O C  after 1 hour of flowage. Viscous dissipation is only 

important after several hours of flow ( for the same dike the 
temperature is 50oC near contact after 5 hours ) .  For small dike 

( approximately (lm ) the heat loss at dike contact is faster 

than the production of heat. 

No temperature variation due to viscous generation will be 

present in the thin Oruawharo dikes and viscous dissipation 

cannot be at the origin of the observed bubble pattern. The 
effect of viscous dissipation may have been important in the 

thick younger dikes ( dikes G and H of fig.5.1 1 about which 
little information is available. 

10.2.4.3. Constant strain rate. 



The mathematical solution for constant strain rate may apply 
to shear plane cutting through the plug region of a Bingham body 
and explain the behaviour of magma when the magnitude of stress 
is close to that of the yield strength ( from Shaw 1969 ) .  

The solution of the differential equation of viscous dissipation 

for a constant strain rate ( Eq 4 in appendix 9 ) shows that 

viscous magma are more vulnerable to viscous failure ( i.e. the 

temperature increases at a faster rate ) comparatively to fluid 

magmas. 

Calculations ( Eq 4 of appendix 9 ) with some likely values of 

the parameters showed that a magma as that of Oruawharo is 
susceptible to dissipate heat only when it is viscous. In the 

domain B of fig.lO.1, when ~ O = 1 0 9 0 ~ ~  and7 =1o4pa.s ( from 

fig.lO.2 ),the temperature can rise of 20°c in less than one 

minute ( =20s-l ) along a potential plan of viscous failure. 

* Reinterpretation of Shaw ( 1972 )Is experiments. 

Viscous failure was observed by Shaw ( 1969 ) in measurement 

of viscosity of a basalt at 1120°C ( p.10-3 ) .  Shaw ( 1969 ) 

suggested that it could be explained by viscous dissipation at 

constant shear stress. 

However computations show that, if it was the case, the 

theoretical maximum increase in temperature is less than ~ O C  ( 

with Gcrit <.9, Shaw 1969 p.523 ) .  In contrast, if failure occurs 

along a localised plarf(s), the constant shear strain solution 

applies and it indicates that temperature should rise by more 

than 10°c along plane of viscous failure in such an experiment. 

Shaw ( 1969 ) reported many wild oscillations of torque reading 

that he interpreted as erratic slipping between the rotor and the 

melt suspension i.e. at least this contact acted as a failure 

plane. 

Local viscous failure is physically conceivable when the shear 

stress acting on the whole system is close to the yield strength 

of the magma, this was the case in Shawls experiment ( 1.2 

compared to 9 ~ o - ~ M P ~  ) . 
The main argument in favor of the presence of localised a failure 

plane(s) ( i.e. the constant shear strain solution applies ) is 



given by Grundfest's theory. Solutions of the Gruntfest's theory 

show that, if thermal instabilities have to be produced at 

constant shear stress, it will happen first when the basalt is 
fluent. This is because : 
i) the higher the magnitude of G, the larger the rise in 

temperature; 

ii) G is directly proportional to a coefficient "a" and directly 

inversely proportional to viscosity ( appendix 9 1 .  
The variation of 7 is at least 3 times that of the coefficient 
If a l l  , in other words, the magnitude of G is enhanced when the 

viscosity is lowered and if thermal instability has to occur at 

all, this will be when the magma is fluid at higher temperature. 
However at temperatures higher than 1120°c, and with strain rate 

five time as high than those of the experiment at 1120°c, Shawls 

experiments show that the same basalt has a nearly perfectly 

Newtonian behaviour. 
Strain and stress concentrate at planes of viscous failure. 

Because the stress acting on the system is close from yield 

strength, the zone adjacent to viscous failure, relaxed of part 

of the stress, form plug regions ( no flow 1 .  Basalt are strongly 
thixotropic, i.e. when they are immobile, they oppose first a 

strong resistance to flow ( Shaw & A1 1968 fig.4 1. This 

resistance disappears rapidly with time and it is only then that 

the viscosity is measured ( steady shear ) .  The initial viscosity 

of the immobile magma is up to 45 times the viscosity at steady 

shear ( Shaw & A 1  1968 p.261 1 .  
The consequence is that, if a plane of viscous failure is clamped 

( for instance after a minute or two, heating provoKes melting 

of microliths, this increases the volume of the zone and it 

results in strain hardening ) ,  the plug flow regions are expected 

to oppose a resistance to flow order of magnitude that expected 

at the given temperature in steady shear. 

Such phenomenon could explain the failure of the shaft of the 

viscometer which occded during the following attempt to increase 

the strain rate and concluded the experiment. 

10.2.4.4. Conclusion. 



As was emphasized by Shaw ( 1969 and Nelson ( 1981 ) ,  

viscous dissipation should be considered in studies of structures 

of flowage. However, rather than to consider the solution for 
constant load on a wide zone of flow, emphasis is given here to 

the analytical solution for constant strain rate along planes of 
viscous failure. The temperature may rise of ZOOC in less than 

lmn along such planes. The process however is effective only in 

basalts in an advanced state of crystallisation ( zone B of 

fig.lO.1 ) .  

Contrar- y to the experiment of Shaw in which the whole 

experimental apparatus was kept at a constant temperature, in a 

natural cooling body, the basalt is in an advanced state of 

crystallization only in narrow zones along the cooling margin ( ' 

e.g. Delaney & Pollard 1982 1.  Viscous failure along the margins 

of magma body of basalt is unlikely because the adjacent mass of 

magma remains fluid. When eventually the central zone of a magma 

body is cooling, viscous failure is also unlikely because the 

central zone is contained in a rigid envelop-e. Viscous failure 

appears as an important potential mechanism when the basalt is 

already in an advanced state of cooling before intrusion or if 

the magma is acid and viscous. 

10-2.5- Formation of bubbles. 

If it could be shown that a local temperature increase 

of 20°c was insufficient to provoge the formation of bubbles, 

then viscous dissipation, at the present stage unlikely at the 

origin of the internal structure of the dikes, could be totally 
discarded from the present search. 

There are two aspects in the formation of bubbles, nucleation and 

growth. It is convenient to consider the mechanism of growth of 

bubble first. 

10.2.5.1. Bubble growth. 

The growth of bubble has a dynamics of mass transfer. 

The rate of diffusion of dissolved gas from the magma to the 

bubble controls the growth of the bubble. 



Excluding the early stage of development ( diameter > 10'~ mrn in 
Sparks 1978 ) ,  pressure of inertia, viscosity and surface tension 
can be neglected and the growth of bubble is parabolic ( Scriven 
1959, westerteide & westwater 1961, Glass & westwater 1964, 

Sparks 1978 1 : 

db = 4 f  ( D ts ) 1/2 Eq. 10.6 

where db is the diameter of the bubble, ts the time, D the mass 

dif fusivity coefficient and t a growth rate constant. Eq. 10.6 is 
known as Scriven's law. 

D is the only parameter which has a non negligible temperature 

dependance. is mainly dependant on fluid concentration and 

pressure. 
Even though Scriven's law describes well bubble growth in 

aqueous solutions ( e.g. Westerheide & Westwater 1961 ) Sparks, ( 

1978 ) noted that bubble growth in liquid of viscosity and 

surface tension similar to those of magma also obeyed the law and 

introduced its use for exsolution of water in magma. 

Temperature test : 

The following situation is simulated : the basalt in an advanced 

state of crystallization ( residual liquid of table 4.1 ) is 

heated of 20°c along a band of viscous failure. If bubble nucleus 

are present in this band and adjacent area, the growth of bubble 

will it be faster in the heated band or surroundings? The 

parameters f and D are estimated in appendix 10. Only the 
diffusivity is dependent on temperature. 

The difference is found to be very small between potential hot 

bands and surroundings. Thus after 15mn, the bubble diameter 

would be .82mm in a zone at + 200C and .76mm in the surroundings. 

10.2.5.2. Bubble nucleation. 

The preceeding result may have been anticipated because 

it is not the difference in bubble size which differentiates the 

vesicular bands but the existence of visible bubbles or their 

abundance. 

Unlike bubble growth, theoretical considerations indicate 

that nucleation of bubbles is dependent on viscosity, surface 

tension and forces of inertia ( Scriven 1969, westerteide f 



Westwater 1961, sparks1978 1 .  The theory of bubble nucleation 
predicts that very high critical supersaturation pressure are 
needed for nucleation. This is at variance with experimental 

evidence exkpt for perfectly pure substance. Experimentally, 
nucleation of bubbles is found to be mainly controlled by the 

presence of minor constituents or impurities. The activity of 

oxygen or sulphur or phosphorus are determinant parameters and 

the contact with a solid surface considerably enhances nucleation 

( Fast 1965 p.112, Sparks 1978 1.  

Therefore, for complex natural substances and in contrast to 

growth, nucleation of bubbles cannot be simulated by a simple 

law. 

In regard to bubble nucleation, the behaviour of metals and magma 

is no exgption. As already exposed p.8-30 and 8-31 water opposes 

a high resistance to cavitation ( a special case of nucleati-on ) 

only when it is absolutely pure, a condition difficult to realize 

experimentally ( Schweitzer & Szebehely 1950 ) .  Everybody will 

have noticed that bubbles nucleate along the sides and bottom of 

a pot of heated water as Fast ( 1965 p.115 ) reported it to be 

the case for metal alloys. 

The last aspect of the potential effect of viscous failure on 

bubble formation can at last be tested. Nelson ( 1981 ) inferred 

that local heating in flow may change the oxbjgen fugacity of the 

heated band. As seen above, oxygen fugacity is among the 

parameters found experimentally to influence bubble nucleation. 

However, the data of Burnham and Davis ( 1974 figs.8 to 12 ) show 

that for albite, even a temperature change of lOOoC ( between 

1000 and llOOoC ) has little effect on oxygen fugacity. 

Therefore it is nearly certain that the banded structure of the 

Oruawharo dikes are not related to viscous dissipation. 

In conclusion, if viscous failure is a phenomenon 

potentially active in a cooling basalt in movement, it does not 

appear to enhance significantly neither nucleation nor growth of 

bubbles. Vesicular bands found in dikes or pillows must have 

another origin. 

10.2.6. Crystallization and gas exsolution. 



10.2.6.1. Relation between the bubble pattern and solidification 

at dike wall. 

AS will be seen later, in addition to change in temperature, 

flow can generate changes of pressure. However the writer is not 

aware of natural mechanisms which might produce a stratified 

pressure distribution. Therefore even if changes in pressure are 

in someways responsible of the formation of bubbles, considered 

alone, they cannot explain why bubbles are concentrated along 

narrow planes in magma bodies. McDonald & Abboh ( 1970 fig.21 ) 

suggested that the concentric disposition of bubbles in pahoehoe 

is tied to inward consolidation of the magma. In addition, 

experiments show that bubbles nucleate on solid surfaces ( see 

preceding page ) .  Even though phenocrysts are present in magma 

there are conspicuous solid surfaces, the cooling fronts of the 

magma. It is natural therefore to analyse the particular zone of 

the solidification front of magma bodies. 

There seems to have indices in the internal structure of the 

dikes that the formation of bubble correlate with solidification 

i.e. crystallization : 

i) There are no bubbles in the selvedge of the dikes. 

Sideromelane is a pure glass formed by supercooling of the liqid 

( section 10.1.1C ) ;  

ii) bubbles and drusy vesicles always occur in a tachylitic or 

crystallized groundmass. Tachylite forms beneath an insulating 

layer of sideromelane ( Fuller 1932, Schiffman & Lofgren 1981 1 .  

It is formed of very small crystallites difficult to perceive in 

transmitted light ( at least for fine tachylite, idem cited 1 .  

iii) Drusy vesicles are vesicle-like when the tachyl$te is very 

fine but are better described as interstitial voids when the 

groundmass is coarse. Therefore they did not form before 

crystallization and must form in the solidification zone. 

iv) drusy vesicle are absent from the bubble rich bands. This 

suggests that bubble rich band formed before drusy vesicle or 

that there was no gas available to form drusy vesicle in the 

bubble rich bands. 

v) The presence of segregation vesicles in some dikes and in 



region where the tachylite ( i.e.= fine groundrnass ) is 
comparatively formed of larger microcrystals also outlines the 
role of crystallization in vesiculation ( Anderson & A1 1984, 
Sanders 1986 1 .  

10.2.6.2. Gas fractionation. 

Crystallization of hydrous magma the crystals of which are 

anhydrous, naturally leads to Hz0 enrichment of the liquid phase 
( Rittman 1962 p.178 ) and eventually to bubble formation or 

internal pressurisation. This Burnham ( 1979 ) called second 
boiling. 

The phenomenon involved is crystal fractionation and the two 

important parameters are the distribution coefficient K of the 

solute between the liquid and solid phase ( Pfann 1957 ) then the 

solubility of the solute in the liquid. Gases are usually, if not 

always, more soluble in a melt than in the corresponding solid ( 

Wilcox & Kuo 1973 1 .  
Burnham ( 1979 p.476 ) outlined that because cooling and 

crystallization proceed inward from the walls, saturation of the 

interstitial melt in Hz0 occurs first near the margin and this 

tends to form an impermeable barrier to movement of Hz0 out of , 
or into, the magma body. How efficient this is was 

shown by Carte ( 1961 ) who experimented freezing of a film of 

air saturated water ( air is not soluble in ice contained by a 

ring between two glass disks. If crystallization started from the 

periphery, very often, as a result of internal pressurisation, 

the glass or the ice rim cracked and, at this instant, a ring of 

air bubbles formed at the front of crystallization. 

Crystal fractionation leads to segregation ahead of the 

solidification front of a thin film enriched in solute ( e.g. 

Pohl 1954, Pfann 1957, Chalmers 1964, Baker & McBirney 1985, 

Dharwadkar & Ghosh 1986 ) .  Only vigorous agitation of the liquid 

can prevent formation of such a film ( e.g. Carte 1961, Chalmers 

1964, Rocquet & A1 1967 1 .  
The very presence of the solute rich film can be at the origin of 

alternate zonation at the condition that external agents 

interfere to modify the equilibrium of the system ( Pohl 1954, 



Carte 1961 ) .  Thus it is the release of pressure induced by 

failure of the glass in Carte ( 1961 1's experiment which 
triggered exsolution of the air from the pressurised air rich 

film of water at the ice growth front. Change in cooling rate 

have similar effects and the process is used in industry of semi 

conductors ( Pohl 1954 p.1176, Carte 1961 1 .  

The vesiculation or any compositional change provoked by the 

perturbative event releases the supersaturation of the film of 

residual liquid. Supersaturation will only be regenerated after 

further progression of the solid front. 

10.2.6.3. Experimental results. 

Crystal fractionation is a simple chemico-mechanical 

phenomenon. It is controlled by the magnitude of "K" , the 
distribution coefficient, and the diffusivity of the solute in 

the liquid only. In this regard, the nature of the material is 

unimportant. 

Magma is a complex alloy and results from experiments on simple 

alloys often are used in attempt to quantify magma properties ( 

e.g. viscosity, density, diffusion of particular component etc.. 

( e.g. Bottinga & Weill 1972, Bottinga & Weil 1970, Shaw 1972, 

Spark5 1978 ) . 
When the physical or chemical mechanisms of an observed 

phenomenon have been identified, workers often simulate the 

natural occusence by a more idealistic, simpler and also easier 

to control experimental model based on the same physical 

mechanism. 

Aqueous solutions have been cho sen by metallurgists, 

meteorologists and geologists for the study of solidification- 

crystal fractionation ( Carte 1961, Chalmers 1964 p.191, Rocquet 

& A1 1967, McBirney & A1 1985, Dharwadkar & Ghosh 1986 ) mainly 

because it is easy to crystallize water or one of its solute and 

that water is transparent. Metallurgists showed that the bubble 

pattern of solidified alloy ingots could be easlly reproduced and 

analysed in freezing water ( e . g .  Chalmer 1964, Rocquet & A1 1967 

1 
The "ingots" of the geologists are dikes, flows, lava tubes, 



pillow lavas etc.. and the alloy the magma. 
The experimental results made either directly on metal alloy or 

water converge in a coherent and simple pattern when the liquid 

adjacent to the solidification front is not stirred : 

i) Bubbles form at the front of solidification and grow 

until overtaken by the front ( all experiments ) .  

ii) For water, there is, at microscopic scale a dynamic 

transport of tiny bubbles and threads moving in spurts from 

between growing crystals toward a bubble forming at the 

solidification front ( Carte 1961 1 .  
iii) Initially bubbles are egg shaped or pipe like with 

their long axis perpendicular to the plane of the solidification 

front ( fig.lO.4 this thesis, Carte 1961, Chalmers 1964, Rocquet 

& A1 1967, Harkness & A1 1971 ) .  Carte ( 1961 ) observed that in 

ice, even without reheating, the original shape of bubble is lost 

after some time when the bubbles are small and close to each 

other ( Fig.lO.4 1 .  

iv) The habit of bubbles is very dependent on the rate of 

advance of the solidification front, i .  Bubbles are small and 
numerous when R is high. They become bigger and less numerous as 
decreases. At a threshold value of k, they tend to be pipe 

bubbles and are not numerous ( Carte 1961, Chalmers 1964p.191, 

Fast 1967 p.116, Dharwadkar & Ghosh 1986 ) .  When 6 is very low, 
bubbles are not overtaken by the solidification front. Carte ( 

1961 ) observed that, despite the change in bubble pattern, the 
0 

total bubble volume is constant when R varies. 
V) It is not uncommon that bubble grow in a periodic fashion 

forming bands rich in bubbles ( fig.lO.4 this thesis, Carte 1961, 

Chalmers 1964 p.153 ) .  Apparently this rhythmicity do not result 

from external perturbations and may have origin in the transient 

nature of cooling ( i.e. at the start the system is suddenly 

exposed to cooling, a film of superconcentration form at the 

front up to a critical value at which nucleation occurs releasing 

partial pressure of the solute etc...; Carte 1961, Chalmers 1964 

section 5.5 ) .  Carte ( 1961 ) observed that when the distribution 

of bubbles is rhythmical, the number of bubbles is inversely 
proportional to their size and the two correlate with the wave 

length between bubble rich bands. 



FIG.10.4. RHYTHMICAL FORMATION OF BUBBLES DURING DIRECTIONAL 
CRYSTALLIZATION. 

a) In many examples of solidification from a contact, the advance 
of the front of solidification R is faster than diffusion of a 
concerned solute in the liquid. The solute concentrate ahead of 
the solidification front up to a critical value at which bubble 
nucleation occurs. Depletion follows leading to formation of 
bubble free band. Note that bubbles are egg shape with their long 
axis in the direction of the crystallization front growth ( 
indicated by arrows ) .  The material of this experiment is air 
saturated water. b) In the space of one week the shape of bubbles 
had changed considerably and the original shape lost even though 
the temperature was kept at -Sac. Graticule unit is .lmm. From 
Carte ! 1961 1 .  ................................................................ 

10.2.6.4. Application to magma. 

The bubble pattern observed experimentally in ice or metals 

can be matched with those of magma bodies. At the edge of the 

Oruawharo dikes or lava tubes where the cooling was the quickest, 

and k ,  the rate of advance of the solidification front the 
highest, the bubble are small and numerous and generally the 

wavelength between bubble rich bands is also small. Bubbles are 

less numerous and larger inward ( e.g. fig.lO.4 1 .  
The bubble patkern of the Oruawharo magma bodies is similar to 

those obtained by Carte ( 1961 ) because it is this author who 

applied the more violent cooling. Metallurgists are interested by 

lower cooling rates which corresponds to the pipe habit of 

bubbles called blow holes by metallurgists ( e.g. Rocquet & A1 

1967, Harkness & A1 1971, Burn & Beech 1974, Dharwadkar & Ghosh 

1986 1 .  It appears that some pipe vesicles in pahoehoe and pillow 



lava are a geological example of low cooling rate ( pipe 
vesicles, Godinot 1988 1 .  
On the basis of the experimental results, in magma chamber where 
the cooling rate is very low, bubble must be few but large and 

may not be trapped by the solidification front. For this reason, 

it is likely that they can be removed easily by currents ( 

convection or others e.g. see model of McBirney & A1 1985 1 .  
It may be suggested that when the bubble habits vs k rule ( small 

bubble-large bubble-pipe ) is not observed in natural occu?ences 

then the liquid adjacent to the solidification front was not 

still. For example, Walker ( 1987 and discussion by Godinot 1988 

1 noticed that pipe vesicle are lacking in pahoehoe when they lie 
on a slope in exess of 4O and outlined the relationship with the 

velocity of flow in the tube. The lack of pipe vesicles in the 

thicker dike suggest that the magma was not still along the front 

( convection? ) or that gas bubbles floated away. 

10.2.6.5. The front of crystallization in magma. 

Magma can be considered as solid when its crystallinity 

reaches 45-55% ( Shaw & A 1  1968, Shaw 1969, Wright & Okumara 

1977, Marsh 1981 1. Bubbles are thought to be trapped at this 

stage of cooling ( Smith 1967, Anderson & A1 1984, Sahagian 1985, 

Sanders 1986 ) .  

The crystallization front of alloy is dendritic ( e.g. Chalmers 

1964, Burns h Beech 1974 ) but because magma is a complex mixture 

of components leading to formation of a few crystal phases each 

with different melting points, the crystallization front will be 

even more irregular and thicker. Yet macroscopically the front of 

solidification remains so narrow that it can be designed by one 

of the isotherm proper to a given magma I Wright & Okamura 1977, 

Delaney & Pollard 1982 ) .  

Because only half of the magma is actually crystallized at the 

solidification front, the concentration of the solute, water, is 

doubled near the front .Pfann ( 1957 p.418 ) Pohl ( 1954 p.1176 ) 

outlined that the maximum concentration reached at the 

solidification front is the concentration of solute in the liquid 

divided by the distribution coefficient, K. Because the maximum 



concentration of solute is doubled at the crystallization front 
for magma, the effective value of K is . 5  at macroscopic scale. 

10.2.6.6. Modellinq of a rhythmical occurence of bubbles in dike 

B. - 

The growth of bubble can be simulated with Scriven's law ( 

Eq.10.6 ) .  As outlined by Carte ( 1961 1 ,  it is not known if this 

solution for diffusion at the periphery of a spherical bubble 
applies for bubble embedded in a front of crystallization. Carte 

( 1961 ) however obtained results coherent with his experimental 

observations in using such a law. Scriven's law will therefore be 
used in the followings to estimate the conditions effective at 

the solidification front. To apply Scriven's law, it is necessary 

to know the diffusivity of water in the magma, D, and the rate of 

advance of the solidification front, k : 

A - Diffusivity : 

Diffusivity is calculated with Eq.3 of Appendix 10. The 

temperature at the solidification front has been arbitrarily 

fixed at 1050oC ( see fig.lO.2 ) .  The computed diffusivity is : D 

= 1.19 10-lo m2/s. By comparison with dif fusivity of substances 
used in published experiment, this is very low ( e.g. Carte 1961, 

Chalmers 1964 1 .  

To simulate the quenching environment the mean of the two 

values, one obtained with a conductive model with the contact 

temperature Tc = .5 Tm ( e.g. Delaney & Pollard 1982 fig 5a 1 and 
the other with a contact temperature, Tc = 0 ( e.g. Moore 1975 

has been used. The isotherm .95 Tm was chosen for representing 

the solidification front ( section 9.1.2 1. Near the contact, the 

value of varies in the interval 4 to 6 10'~ Cm/s. By comparison 

with rate of advance of the solidification front of published 

experiments, this is very fast ( e.g. Carte 1961, Rocquet & A1 

1967 1.  



C - Ratio k / ~  : 

There is a trip le relationship between the diffusivity, the 

value of and the distance ahead of the front of crystallization 
along which the concentration of solute is significantly 

increased. For the Oruawharo dike, k / ~  = 4.2 lo5 m-l. This is a 
very high value and it can be shown ( e.g. Chalmers 1964 p.133, 

Baker & McBirney 1985 p.63 ) that water cannot diffuse away. 

However the effective ( macroscopic ) coefficient of distribution 

of water between the magma and the front of crystallization is 

only .S ( p.10 ) which is low. 

D - Nucleation : 

The solidification front could be locus of preferential bubble 

nucleation. For instance, it can be shown ( Pohl 1954, Carte 1961 

that very high supercritical pressure built up ( at microscopic 

scale ) around fast growing crystal. For quench body, the high 

nucleation rate of crystals ( Kirpatrick 1977 ) rather than their 

growth rate could produce a similar effect? We have to date very 

little control on critical values for nucleation ( e.g. Sparks 

1978 1 .  

E - Calculation : 

The calculations have been done for a magmatic pressure of 

6.7 MPa ( as an example from table 8.1 and 8.2 ) .  there are three 

interdependent variables in Striven's law ( Eq.10.6 p.10-18 ) : 

the diameter of bubble, the time, ts, and the coefficient t . The 
diameter of bubbles is known ( fig.lO.3 p.10-11 ) .  In the 

coefficient e enters the variation of concentration of the solute 
and of the total pressure ( appendix 10 1. It is convenient to 

normalize the supercritical concentration by the maximum amount 

of water soluble in the melt, [H201eq. If the pressure in the 

dike is known, then f can be estimated for different normalized 
supercritical concentration between 1 and 2 ( 2 is the maximum as 

only 1/2 of the magmpis crystallized at the solidification front 



1 

There are two possible ways to estimate the time during which 

bubble grow, the repective results being all reported on a same 
diagram, fig.lO.5. The two ways of calculation are : 

i) the bubble radius is divided by the rate of advance of 

the front 6 ( oval symbols on fig.lO.5 ) ; 

ii) the whole interval between bubble bands is divided by h 
( rectangle symbols on fig.10.5 1 .  
These two alternative ways to estimate the time are given for 

completeness because the real situation in a dike of magma is not 

known. However it is very likely that the oval symbols only are 

valid. This is because direct experimental observations shows 

that when is high, bubble do not move with the front. Carte ( 

1961 ) calculated the time of bubble growth from bubble radius 

and the result of his computations converge with theoretical 

predictions of solute concentration ahead of the front. 

F - Results. 

Note that the informations between brackets added to the two 

upper broken lines of fig.10.5 are not relevant at this stage. 

Fig.10.5. shows that if the bubbles did not move with the 

solidification front, the normalized superconcentration is up to 

15. This result is anomalous because the supercritical 

concentration cannot exceed 2. 

A first possible explanation is that, despite the experimental 

observations available topate, the bubbles moved with the 

solidification front as in such a case many of the computed 

points are plotted below a normalized supercritical concentration 

of 2. Even then however, one of the bubble rich band is plotted 

well in excess of this value of 2. This band is the last one of 

fig.10.3 ( p.10-11 . On the rock sample, the rhythmicity of 

bubble distribution happens to stop after this band and some non 

spherical vesicles coexist in a groundmass of small bubbles. This 

change in the internal structure probably reveals that some sort 

of "accident" affected the front of crystallization during 

cooling. 

Up to now, the potential existence of change in the internal 





10.2.7. Oscillatory vibrations induced by unsteady state flow 

Bennett ( 1974 1 ,  Sparks ( 1978 1 ,  Wilson & Head ( 1981 

) and many other authors outlined the fundamental role of the 

diminution of pressure on vesiculation of magma. Along a given 

cross section through a dike, pressure may decrease 

momenta r;\y if the flow is unsteady. 

In wet environment, the front of a moving body of magma 

propagates unsteadily. Thus, under the sea ( Moore 1975 ) or in 

wet sediments ( Kokelaar 1982 ) lava propagates stepwise forming 

pillow lavas. It is likely that the tip of dike intrusions also 

propagate unsteadily because the magma has to crack the host rock 

constantly in order to progress. 

A - Vibration in pipes due to transient flow. 

If a valve is suddenly opened, or if a pipe burst, the sudden 

reduction of pressure starts a wave of reduced pressure which 

travels along the pipeline. Such a wave can provoque cavitation 

of the fluid ( e.g.  ebb & Gould 1978 p.7 ) .  Reciprocally, a 

rapid closing along a pipe cause heavy positive pressure followed 

by negative counterblows near the closure point. 

A rhythmic resonance can be obtained by alternately opening and 

closing of a pipe at its downstream end (Jaegger 1977 ) .  

For viscous flow the effect will be stronger near the point of 

closure-opening as energy is lost with distance due to viscous 

friction. 

The waves travel at the speed of sound in the fluid which can 

vary from the order of hundred of meters to kilometer per second 

( Ferrick & A 1  1982 eq.20 ) .  Engineers study vibrations generated 

by transient flow mainly for its ( often negative secondary 

effects of cavitation then implosion of bubbles in the fluid 

column ( e.g. Jaegger 1977, Sharp 1981, Szumowski & Meir 1972 1 .  

B - Volcanic tremors 

Are the amplitude and travel-life of such waves sufficient 

to be of geological interest? 



An answer may be found in the presence at eruptive sites or pre- 
eruptive sites of vibrations of low frequency ( < 5 hertz , the 
volcanic tremors. 

There is debate and abundant li terature on the origin of 

volcanic tremors but all available explanations/models involve 

fluid motion within a volcanic edifice. 

Tremors exists as the magma moves to the surface before an 

eruption ( e.g. Eaton & Richter 1960 ) .  

A large group of authors support the point of view that the main 

part of low frequency volcanic tremors before and during 
eruptions have a common nature, transient flow of magma ( or 

other fluid 1 in its conduit ( Lawrence & Quamar 1979, Seidl & ~l 

1981, Ferrick & A1 1982, Kieffer 1984 and for pre-eruptive 

volcanic tremor only, Steinberg & Steinberg 1975 ) .  

Nevertheless it is when magma flow in open conduit that the 

tremors have the highest magnitude and there are evidence that 

tremors have several simultaneous sources ( Gorel'chik & A1 1978 

1 
Hence, amongst an apparently large family of volcanic tremors, 

there is hints for the existence of vibrations caused by 

transients from bu ried conduits even if this is not the dominant 

source. Ferrick & A1 ( 1982 ) simulated analytically the large 

transient event of the 1980 Mt St Helen eruption and obtained 

pressure oscillation of 2.4 MPa. 

10.2.8. Simulation of transient flow in the Oruawharo dikes. 

In elastic material the period of the oscillatory 
displacement, T, induced by a transient event is proportional to 
conduit length ( L ) and inversely proportional to the modified 

speed of sound in the fluid ( a ) as (Lawrence & Quamar 1979, 

Kieffer 1984 ) : 

T = 4L/a 
In close conduit, the modified speed of sound in the fluid, 

dependent in the conduit properties is determined by ( Lawrence 6 

Quamar 1979, Ferrick & A1 1982 1 : 

a = ( KM/P~ / [ 1 + ( 2 KM/E ) * ( 1 + \ t  1 9 2  

where KM is the bulk modulus of the fluid and E and V the elastic 
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parameters of wall rocks. 
In water saturated material, vU ( =.5 ) substitutes V and EU 

[ = 3E/( 2( 1 + V I ) ,  Davis & Poulos 1963 I substitutes E. 
With KM = 1.67 l0lo Pa ( tholeiite at 1100oC. Murase & McBirney 

1973 1 ,  EU = 6.1 lo8 Pa ( from 6.1 ) and fM = 2.6 ( appendix 8B 

) ,  one computes a = 278 m/s. If L = 150 m ( section 9.1.3 ) ,  then 

T = 2s ( frequency . 5  Hz ) for a closedconduit. Dikes however, at 

least initially are not closedconduits. 

Ferrick & A1 ( 1982 ) conducted large scale experiments with 
transient events. They applied a sudden fluid withdrawal on a 

system closed at the upper end and first closed at the lower end 

( zero flow ) and then ,opened at the lower end ( network of 

filled fractures hydraulically created ) changing the lower 

boundary to a constant pressure llreservoirl' type. The change in 

the lower boundary resulted in a doubling of the fundamental 

period of the fluid system. 

Following the rapid fluid withdrawal, Ferrick & A1 ( 1982 ) 

registered drop of pressure down to 15% of the critical value ( 

this during 2s in their case ).Furthermore, the wave trace of the 

fluid pressure vs time variation is approximately flat bottomed ( 

and flat topped ) and the pressure remained below .45 Pi for most 

of the period. Such shape ( i.e. pressure is lowered for a rather 

long time ) is a characteristic of high friction fluid system ( 

Ferrick & A1 1972 p.8676 ) .  

The lower constant pressure llreservoir" boundary is appropriate 

to the dikes and the result obtained above is doubled : T = 4s ( 

f = .25 Hz for elastic non viscous system 1.  
If the conduit is elastic and the viscosity of the fluid is 

small, a resonance with period T is induced. However, less than 

30% of strain of the conduit of dikes A-B is elastic ( p.8-53 1 .  
It can be expected that the relative absence of the spring effect 

will reduce the resonance to only a few or more probably one 

pulse ( strong damping ) with a longer period. At last a dike is 

a fluid system of very high friction. 

To simulate these characteristics, only one pulse ( reduced 

pressure ) is supposed to maintain the pressure to half its 

initial value for 10 seconds. Less water is soluble in the melt 

at this pressure and the theoretical maximum concentratrion of 



2 [%H201eq at the solidification front ( at Pi ) corresponds 
during this interval to 3 . 3  [%H201eq ( effective supersaturation 

) .  The line of isoconcentration has been reported on fig.lO.5 ( 

lower broken line P = 1/2 Pi ) .  

If the poqssure is reduced to .15% of its initial value ( i.e. 

lMPa ) ,  the effective supersaturation during the interval is 15 

[%HZOleq as reported on fig.lO.5 ( upper broken line P = .15 pi 

Apart from the band with the larger bubbles, all bubbles could 

have formed in several seconds in these conditions. 

If the Pressure drops further to .1 MPa, the supercritical 
concentration is 38 time the equilibrium value and reaches a 

value of 125 which would indicate that bubbles may grow to the 

size of 1.7 Cm in 10s. Such result however is certainly not valid 

because at such growth rate, inertia and viscous pressure, 

neglected by Scriven law, must become important. 

1 10.2.9. Interpretation of the rhythmical bubble pattern of the 

Oruawharo dikes  and lava tubes. 

Fig.10.5 schematizes the results. A large part of the 

bubbles rich bands may be explained if the bubbles moved with the 

solidification front ( square symbols below the bold line which 

represents a supersatrration of 2 ) ,  b however : 

i) experiments indicate that bub'les do not move with the 

solidification front when this latter progresses rapidly; 

iil it is not known if nucleation is possible with a 

I supercritical saturation of 2. 
In any case, at least one of the bubble rich bands have I 

necessarily been triggered by a sudden and strong pressure drop 

affecting the system ( transient event . Indeed, if one 

considers that bubbles do not move with the solidification front 

( fig.lO.5, oval symbols , as observed in experiments, then each 

of the bubble rich bands is related to a transient event. If it 

is so, the process of bubble formation in the dikes is more akin 

to cavitation than nucleation 'sensus stricto' Also depending on 

the lowest pressure reached during the event, the supercritical 

concentration can be much lower than 2 [%HZOIeq ( related to the 



magmatic pressure in absence of transient event ) which is more 
in accordance with theoretical expectation. This might reveal to 
be especially true in systems affected by vigorous chilling where 

the amount of crystallites ( tiny, giving its black color to 

tachylite ) could be less than 50% at solidification and the 

maximum supersaturation should then be less than twice the 

saturation value. 

Crystallization releases some amounts of latent heat 

regularly as isotherms progress ( conduction 1 .  In contrast, the 

formation of bubbles in bands ( in which 30 to 50% or more of 

volume is gas ) concentrates in space and in time vaporisation of 

water ( endothermic reaction 1. 
Sparks & Pinkerton 1978 outlined that decompression of the gas 

phase cools the total magma system adiabatically. Sparks & 

Pinkerton ( 1978 ) quoted that a cooling of 20° occurs per lwt% 

of water released ( see also Wilcox & Kuo 1973 p.225, Lipman & A1 

1985 ) .  The effect is further accentuated as the liquidus rise 

with the lowering of water content ( see p.4-14 ) ,  therefore 

accelerating crystallization. The water content of the solute 

rich film for Oruawharo magma was between say, .41 ( theoretical 

value for basalt at 6.7 MPa ) and .82% ( maximum theoretical 

value in the film ) .  If .5% of water in the band is exsolved, 

considerable cooling will affect the melt between the bubbles. 

Since this happens at the solidification front, on this thermal 

argument, bubbles rich bands should be solidified in a short 

time . 
If it is acceptable to apply Striven's law to bubbles 

forming at the front of crYstallisation ( as suggested by Carte's 

application ) then the present results support that bubble rich 

bands were initiated by transient flow event at the tip of the 

dikes. This might explain why the .partition of bubble rich 
bands which appears regular at a first glance on the field turn 

out to be less regular in terms of modelling. 

The increase of supersaturation inward as suggested by 

fig.lO.5 can be attributed to an increase of water exsolved with 

inward decrease in cooling rate ( more time for crystallization 

or/and in an evolution in the strength of the transient events. 



It is noted that the last transient event of fig.lO.3 or 10.5 

occur'ed 15 to 20 mn after the arrival of magma ( from cooling 
model . This implies that the event occufed when the dike was 
immobile because the sample is proximal to the tip of the dike,. 

It is logical to make the liason between the detected transient 

events and the presence of features like peperite which are a 

sort of 'ejectaf in intrusive environment. 

10.2.10. Formation of drusy vesicles; pressurisation. 

Behind the solidification front ( say isotherm .95 Tm ) 

crystallization continues to a degree which is dependent on the 

cooling rate. 

Hence the process of water exsolution continues but now amid a 

solid skeleton impeding the formation of spherical bubbles. This 

is obviously the time of formation of drusy vesicles. 

Concentration of fluid in a contracting volume of melt will lead 

to pressurisation. The post solidification stage must be divided 

in two sub-domains : 

a) the skeleton is compressible ( i.e. extensible, 

"uncemented" ) 

b) the skeleton is rigid ( i.e. "cemented" with a tensile 

strength ) 

The second domain is of less interest as tensile strength of 

basalt is high ( 40 MPa e.g. Jaeger & Cook 1979 p.190 ) and in 

measure to hold high internal pressure. It is probably at this 

stage that some bubbles are partly filled by residual liquid ( 

segregation vesicles 1 .  Their formation has been comprehensibly 
studied by Anderson & A1 ( 1984 ) and the choice of their flow 

model has been pro ved since to be correct ( Poirier 1987 1 .  
Thus not all the amount of water present in the melt should be 

considered in pressurisation of the "opent ( able to transmit 

pressure to the surroundings ) magmatic system but ( in 

oversimplifying somewhat ) only the amount exsolved in the first 

subdomain ( uncemented crystal frame ) .  

A - Open system. 



So far as the system remains open to a lower or upper 
constant driving pressure boundary condition, little internal 

pressurisation has to be expected. Dilation of the skeleton 

behind the solidification front ( formation of drusy vesicles ) 

will be translated elsewhere by the melt at constant pressure. 

Thus the dike or tube thickness is unchanged, the flow only is 

affected. Consolidation of host rocks ( external origin, section 

8.1.9.4 ) which effect is opposite will not change internal 

pressure for the same reason. 

B - closed system. 

After some times the magma in the dike or lava tube will be 

irnrnobilised and the channel upstream ( which has been in contact 

with the cold environment for a longer time ) will clog up. Then 

pressurisation can be determined with the use of the gas 

equation. 

Anderson 6 A1 ( 1984, see also Burnham 1979 1 adressed this 
problem. They reasoned on a constant number of moles of Hz0 

distributed between the melt and gas in a constant volume ( as 

they modelled the last stage of cooling yielding segregation- 

vesicles ) .  

The volumes are fractionalized : 

v, + v, + vg = 1 
with m, v and g for melt, crystal and gas, and : 

v, = - .9 vm 
is imposed ( contraction during cooling e.g. Skinner 1966 p.93 1 .  
The number of Kg-mole in the melt is : 

[%H20] lo-* * Vm * Pm/18 
and the number of Kg-mole in the gas is : 

P V/R T ( gas equation ) 

A conservation equation is obtained by equalizing the initial and 

final number of Kg-moles ( their eq.(9) ) .  

For the case of concern in this section, the initial number of 

mole in the gas phase is zero. Also the total volume is kept 

variable i.e. : 

Vm + Vx + Vg = 1 +( 
The final pressure is known from the mechanical study of the host 



rock ( chapter 8 ) and the initial pressure is wanted ( then 
yielding the pressure difference 1 .  For these conditions, the 

The pressure is then derived from a relation between pressure and 

solubility. The relation given by Wilson & Head ( 1981 p.2978 and 

appendix 10 this thesis ) ,  derived from experimental data on 

basalt can be written : 
In P = ( 1/.7 ) In ( [$H$Jeq / .lo776 ) 

where P is in MPa. 

- Boundary conditions : 
The goal is to isolate a band of hot magma and cool it down 

to the second sub-domain of cooling ( rigid state ) to test the 

indue pressurisation. The region is limited by two boundaries, 

uncompressible and of constant volume, the "cemented skeleton" on 

one side, the melt on the other. 
- . 7 7 .  Due to the presence of .23 of phenocrysts ( Vxi ) ,  Vmi - 

As average value for such a region at the onset of cementation 

the final state is defined by a crystal volume ( Vx ) of .6 from 

which AVm = .41, Vm = .36 and Vg = 5 + .041. 
The final pressure retained ( as an example ) from the mechanical 

modelling is 6.7 MPa from which [%H201eq = .41 ( Eq.2 of appendix 

10 ) with fm = 2.63 ~ ~ / m ~ .  T is chosen as 1298oK ( 1025oC ) and R 

= 8.31 loe3 MPa m3 ~~-mole-l OK-I ( gas constant 1. 
The equation reduces to : 

[H20Iepi = 5.52 lo-) ( f + -041 ) + 1.917 
- Results : 
If 5 = 0, i.e. if there is no volume change, then the 
pressurisation due to gas exsolution is 4 MPa. By allowing the 

volume to increase, the pressurisation is lessened and when f 

reaches .35, cooling is isobaric. 

Even in periphery, counting shows that the modal volume of drusy 

vesicles reaches 25% for dike B ( see also fig.5.19 left side ) 

and this increases inward. Bubble rich bands are drusy vesicle 

free but the total bubble volume is well in excess of 25% ( 30- 

50% 1.  Then it is likely that pressurisation never exeeded a few 

10'l~~a. 

The formation of bubble rich bands seems related to transient 



flow at dike tip ( p.10-34 1 .  This extraction of volume at tip is 

important as it enables to preserve the original dike thickness 

even though the magma can gain considerable porosity ( fig.5.19 

) .  As eventually the central portion of the dike is pervaded by 

crystallisation, dilation become mainly lateral. 

For a volume increase of 35% and if the variation in the long 

axis is neglected, for either an ellipse or a rectangle : 

tl = .74 t2 

If at this stage, 25% of the dike is still unsolidified, the mean 
original thickness of dike A-B reduces from .56 to .52 m. 

To obtain the injection pressure of the magma this 4cm should be 

deduced from the measured dike thickness. From table 8.2 and 8.3 

this will lower the driving pressure of at least . 2  MPa i.e. the 

magmatic pressure was less than 4MPa. 

The three following informations : 

i) the analysed samples were close from the tip of the dike, 

ii) such small dike are probably clogged up rapidly down stream, 

iii) porosity of the magma indicates that increase in volume 

rather than in pressure was the consequence of gas 

exsolution, 

show that during cooling, the tip of the dikes were weak and 

probably could not hold and increase of internal pressurisation 

in excess of a few 10'l~~a. 

10.2.11. Pipe vesicles in a discrete magma lobe of dike F. 

The bubble pattern of the edge of an internal intrusive 

of dike B is given in fig.lO.6. It consists of a 'classic' 

rhythmical bubble distribution but pipes vesicles are 

superimposed on it. Also given in fig.lO.6 is the non dimensional 

rate of advance of isotherms for a spherical body ( lower part, 

assuming that R, the radius = .15m 1 .  
There is no chance for these pipe vesicles to match with a low in 
the rate of advance of the isotherms in contrast with other 

occur'ences ( Godinot 1988 ) .  Furthermore the normal bubble 

pattern adjacent to the pipe vesicle, rhythmical, formed of 

numerous small bubbles is that expected ak this place of the lobe 

where fi is high, and it seems unaffected by the presence of the 



pipe vesicles. 

FIG.10.6. PIPE VESICLES IN DISCRETE INTERNAL INTRUSIVE ( dike 
F 1 .  

bubb ie  d i a m e t e r '  

The central sketch shows a "classic1' bubble pattern on which 
pipes vesicles are superimposed. Upper part of the figure: 
evolution of the diameter of bubbles with distance from selvedge. 
Lower part of the figure: evolution of the rate of advance of the 
non dimensional isotherm, =.93, with distance from selvedge. 
The "classic8' bubble pattern is compatible with the variation of 
R but not the pipe vesicles.6=~-TI/T -% with ~ = 1 0 7 0 ~ ~ ,  T -1 30  
and T..=2500~; radius R=.15m, thermal $iffusivity 0=6.36 10mjrni/s. 
From thermal model for spherical body from Jaegger ( 1968 fig.16 
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On the ground that : 

i )  this discrete lobe occurs between the rim dikes, a place 

where peperites are also common, 

ii) trains of bubbles can transect area of sideromelane in 
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peperites ( section 5.10 and some isolated big bubbles have 

been observed at one place in the lobe selvedge, 
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iii) sediments and fossils have been observed in pipe 

vesicles.elsewhere ( Nayudu 1970 plates 1B & 1C ) and this 
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precisely in a case where pipe vesicles form a concentric row 

adjacent to the selvedge, 

It is suggested that these pipe vesicles represent either : 

i) external fluid trapped by the lobe of magma when it was 

formed in a dynamic environment; 

ii) may be magmatic fluid accumulated at the tip of the dike 

during cooling. 

How the presence of a patch of gas in the melt could lead to the 

formation of such pipe vesicles is not known. It can only be 

speculated that forces generated by temperature gradient in the 

lobe ( principle of least energy of the gas verified at lowest 

temperature if the pressure is constant, see also Rittman 1962 

p.178 ) ,  variation of surface tension with solute concentration 

or other attraction forces of bubbles by solid surface ( 

Westerheide & Westwater 1961 ) will help keeping the bubbles of 

gas abuting against the moving crystallization front. 

Whatever the reason is, the pipe vesicle of fig.lO.6 cannot be 

explained by a localised slow progression of isotherms. 

Therefore, despite their homgeneous macroscopic appearance, it 

appears that pipe vesicles can have radically different nature, 

mode of formation and meaning ( compare Walker 1987, Godinot 1987 

) .  The present interpretation also suggest that this lobe of 

magma formed in a dynamic environment which is compatible with 

the fact that its shape is very irregular and that its occur at 

the same position that peperite elsewhere. 

10.3. Conclusion. 

The magma of the Oruawharo volcano was a rather 

common basalt in terms of physical properties. 

Judging from available published description ( e.g. Jones 1969 

plate lc, d, plate 2c, d, plate 3d; Wells & A1 1979 fig. 4, 7; 

McDonald & Abboh 1970 fig.21 ) ,  the internal structure of the 

Oruawharo dikes or lava tubes is not ekeptional. ~echanhs have 

been looked for which might explain this structure. 

Only viscous failure at more or less constant strain might 

be a source of anisotropy in a non vesicular magma but it has 

been clearly shown that it cannot be at the origin of the 



observed internal structure. 
Vesicular magma has a high yield strength at slow rate of 

deformation and should form a Bingham plug in the central part of 
the body. Froth failure may form bubble rich bands ( Shaw & A 1  

1968 ) but froth failure is expected at the edge of bodies only ( 

Eq 10.5 ) .  However the rhythmical distribution of bubbles in the 

Oruawharo dikes and lava tubes and in other occurknces is not 

limited to the edge of the body and generally is not limited to 

magma initially vesicular. 

The internal structure of the dikes and lava tubes, in 

contrast, is compatible with that observed in solids formed by 

directional crystallization of non organic substances. However 

modelling showed that each band of bubble very likely formed 

because the pressure was momenta.rily lowered. In a magma body 

this accompanies events of transient flow. Because some bubble 

rich bands were formed only 15-20mn after the arrival of the dike 

and that it is the tip of the dike which is observed on the 

outcrop, the transients events occurred when the dike was 

immobile. 

fh yarallel . it was shown that, as cooling proceea either the 
volume of the dike increases Or ' the internal pressure 

increases. The volume increased in the Oruawharo dikes ( e.g. 

fig.5.19 ) .  In a crack-like body, stresses concentrate at the tip 

and the host rock is dilatont and cracked ahead of the tip. In 

contrast the host rock is compacted along the flanks ( from 

mechanical study, chapter 8 ) .  This suggests that the volume 

increase of the dike which occurs in vicinity of the 

crystallization front may be translated to the tip. 

~ecauie peperite but also a discrete intrusive of dike F are 
formed in a dynamic environment, pressure variation necessarily 

occu$ed at the tip of the dike. The transient events may 

therefore be related to the tip features of the dike. The 
computations of this chapter strongly suggest that internal 

pressurisation, formation of bubbles rich bands and transient 

events of flow are all related. The bands rich in bubbles 

solidify very rapidly perhaps nearly instantly and are proposed 
as a potential source for the "plastic clasts" if kinetic energy 
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is available. These results w i l l  be integrated i n  a general model 

for the Oruawharo dikes in chapter 11. 
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Dikes have been reported in a Miocene formation of 

"hyaloclastites" by workers who laid out the stratigraphy of the 
west coast of Northland ( McCarthy 1972, Brook 1983 1 ,  the 
northernmost part of New Zealand. 

Taking advantage of the quality of the exposure, the aim of this 

thesis was i) to explain the particular features associated with 

these dikes, ii) by the detailed study of a small locality, to 

bring data of a different nature and complementary with those of 

previous geologists who worked out the regional geological scheme 

and correlations. 

The whyaloclastite" formation in the vicinity of the dikes 

is recognised as the part of a dissected submarine volcanic cone. 

The term submarine tephra is preferred to hyaloclastite. 

The work began with a field study of the dikes. In the 

initial attempts to find answers to many of the questions posed 

by the features observed, the writer rapidly recognized the 

necessity of using simple available tools of mathematical 

physics. The method consists of translating simplified physical 

and geometrical conditions into mathematical form i.e. to 

construct a mathematical model. Many mathematical solutions of 

interest are already available in literature. The mathematical 

result must then be interpreted back into physical terms ( 

Kreyzig 1983 p.viii ) ,  a step of equal importance for the final 

geological interpretation. 

11.1. Dike modelling. 

The prediction of the geometry of the dikes 

described in chapter 5 by the mathematical theory of elastic 

stress distribution ( e.g. interaction of segments, rim dike 

extensions of dike B toward the topographic surface; chapter 6 

demonstrates the interest of using mathematical theories. 

However, the anomalous results obtained from the theory of 

elastic deformations also illustrate the importance of assuring 

that the model is relevant to the object studied. 

11.1.1. Limit of app.licability of the theory of elastic 

deformation. 



Initial use of this theory showed that the host 

rock was, by geological standards, unusually soft ( very low 

value of the Young modulus, chapter 6; table 6.1 ) and also 

failed to explain some of the observed features. Although the 

theory of elastic stress distribution is applicable to most solid 

material exept near failure, it is not so for the theory of 

elastic deformation ( chapter 8 part I ) .  

The alternative which has been used was to combine the 

rheological behaviour of the material chosen ( for sand 

hyperbolic stress vs strain relationship, Eq.7.1 ) with the 

results of analysis of the elastic stress distribution. 

BY comparing the results obtained with the two methods, this 

thesis allows assessment of the error introduced by modelling 

soft rocks with the theory of elastic deformation. 

BY the theory of stress distribution, the driving pressure of the 

dikes is estimated at about 4 MPa ( p.8-60 1, by the theory of 

elastic deformation the driving pressure is in excess of 10 MPa ( 

table 6.1, column 7 & 8 ) about three times too high. This 

difference can be considered as an extreme as along most of their 

length, dikes necessarily cross through, at least partly 

lithified host rocks the behaviour of which is closer to that 

inferred by the elastic theory. Even for hard rock, however, 

there is a part of non elastic deformation at first loading ( 

Price 1958 1 .  

11.1.2. On the use of the elliptical crack model for sheet 

intrusions. 

There is conspicuous evidence that tensile 

cracking occurred ahead of the tip of Oruawharo dikes ( section 

8.2.3.1 ) .  This violates one of the boundary condition of the 

elliptical crack model largely used by geologist to model sheet 

intrusions. 

The Barrenblatt-Dugdale model is the only model which actually 

describes the physical presence of a tensile crack ahead of a 

sheet intrusion. It is shown in this thesis that an array rather 

than one single crack can also be simulated by the model ( p.8.44 



to 8.50 ) .  The Barrenbatt-Dugdale model is simple, it yields 

informative upper and lower estimates for the width of the 

cracked zone. The Barrenblatt-Dugdale model and other methods of 
fracture mechanics indicate that the elliptical crack model can 

be used to calculate the driving pressure of the Oruawharo dikes 

by taking an ellipse about 20% wider than dike width ( section 

8.2.3.4 1 .  
Here also, this might be an extreme case because the confining 

pressure, which works in opposition to the tendency to open 

cracks ahead of the tip, was very low around the Oruawharo dikes. 

Some thirty eight dikes with strikiqgres omblance to those of 

Oruawharo have however been reported by Yamagishi ( 1982 ) in the 

"green tuff region" of Japan also of Miocene age. 

11.2. History of the formation of the Oruawharo dike intrusions. 

In the course of the physical study of the 

Oruawharo dikes, a number of results have been obtained and each 

of these results conEibute in better constraining these intrusive 

systems. These results, however, have not or incompletely been 

interpreted in the respective sections because more informations 

had yet to come. Now all the different aspects of the intrusions 

are looked at together in an interpretative and somewhat 

caricatural reconstitution of the intrusive events. 

11.2.1. Sequence of events. 

It is clear from the simple, piecewise physical study 

conducted in this thesis that many of the operating physical 

phenomena are time related. In other words, not one but several 

cartoons are necessary for the understanding of these particular 

dikes. 

Two distinct situations may be distinguished : 

i) the dike propagates steadily. The situation considered is 

that of an observer in or near the tip of the dike and who would 

move with the magma. 

ii) the dike stops so that attention can be focused on those 

phenomena which are not related to the dynamic intrusion of 



magma. 
The history of the dikes is presented in clear cut arbitrary 

periods. The boundaries of these periods are in part constrained 

by analytical results, in part subjective. Each of the periods is 

illustrated with a sketch ( Fig.ll.la to e ) .  

State of initial fast steady propagation, t, = 0 ( fig.ll.1 ) 

A short time ( to be measured in seconds ) before the 

arrival of the magma, the saturated tephra is strained in 

extension, then cracked in the plane of the dike ( section 8.2.3 

) .  Pore water cavitates and cools ( p.8-33 1 .  
Because the saturated tephra responds initially in an undrained 

manner, only 60% of displacement is simultaneous with the arrival 

of the magma ( dike flanks, tables 8.2 & 8.3 1 .  This means that, 
in water saturated sediments, the velocity of dike is limited to 

less than 1/3 that of dike in dry rock ( Hagen-Poiseuille's law, 

Eq.9.3 p.9-3 1 .  
As pointed out by Anderson & Grew ( 1977 p.98 1,  Anderson ( 1978 

) ,  Spence & Turcotte ( 1985 ) and Emerman & A1 ( 1986 ) ,  it is 

mainly the viscosity of the magma which controls the propagation 

velocity ( Hagen-Poiseuillefs law ) because fractures propagate 

rapidly. 

The region at either side of the t ip has a tendency to dilate if 

the confining pressure is low enough i.e. if the volcanic cone 

was of moderate size ( fig.8.4 ) .  This leads to strain hardening 

and may also contribute to bridf le propagation. 

Shape of the tip : 

Because the process zone is not one single open crack but a 

cracked volume of rock, some host rock should always be present 

right in front of the advancing magma although it would be in an 
advanced state of dislocation. 

In the one hand the velocity profile of viscous flow between two 

walls ( in the dike ) is parabolic. If it is the viscosity which 

controls the propagation speed, therefore one might expect that 

the tip will have a shape in some ways related to the parabolic 



velocity profile, rather than being flat topped. 
On the other hand forced intrusion of a substance into a more 
viscous substance leads to formation of fingers with very blunt 

tips ( e.g. Elder 1970, Pollard & A1 1975 ) .  

Since Oruawharo dikes are fingered with blunt tips, a possible 
interpretation is that the tip shape is ent'trely dictated by 

penetration of the magma into a more viscous host rock. However, 

an interval of time of some hours occurred between the arrival of 

the fast propagating meniscus of fluid magma ( i.e. very small 

yield strengph, section 10.1.2.3 ) and solidification of the 

dike. Only the final shape of the tip is preserved. 

Once the dike progresses slowly or is subimmobile, it is because 

its hydraulic power is ~nsufficient to overcome host rock 

resistivity ( the fracture toughness of the system, section 

8.2.3.3.1 ) and/or the tensile strength of its quenched margin at 

the tip. When the dike progresses slowly or very slowly, the 

pressure gradient in the conduit is very low or nil and effects 

of the velocity profile in the conduit are inexistent or 

negligible. Consequently, at this stage, the shape of the tip is 

controlled by the viscous resistance of the facing host rock plus 

quenched margin only. 

However the situation is reversed during the stage of fast 

propagation and the shape of the tip should be at least in part 

influenced by the velocity profile in the conduit i.e. 

4 comparatively less blunted. 

I The study of the tip of a fast propagating dike is the study 
of a simple mechanical system of steady propagation. Viscous 
dissipation is negligible ( section 10.2.4.2 ) .  Heat transfer is 

slow ( section 9.1 ) and can be neglected relative to the speed 

of the dike. 
- 

Immobilisation and cooling 

By contrast to the stage of steady fast propagation, many 

physical phenomena interact once the tip stops and most vary with 
time . 



ts < Smin, blunting of the tip ( fig.ll.1.b ) .  - 

When the dike slows down and stops : 

i) the downstream influence of the parabolic veloclty prcflle z n  

the shape of the tip in the conduit ceases. I 

ii) 60% of consolidation of the tephra along the flanks of the I 

dike, ( i.e. from table 8.2 & 8.3 a displacement of some 6 cT at 

either side ) ,  will occur in the first 10 min ( table 8.4 ) .  It ~ 
is argued that the immobile tip cannot but be affected by this I 

important pull apart movement of the two parallel flanks of the 

dike. 

iii) the strain hardening of the lateral area adjacent to the tlp 

effective if the volcanic cone had a moderate size disappears ( 

stress path changes from c to a in fig.8.4 1.  

iv) in any case, it is when consolidation occurs that failure is 
I 

the less likely to be avoided at the tip ( i.e. the theoretical 

area affected by failure in the elliptical model is doubled with 

consolidation; stress path changes from a to d in fig.8.4 1 .  

The simultaneous occurrence of these four changes very likely 
I 
I 

cause blunting of the tip. 

Thickening of the dike and blunting of the tips lower stress 

concentration at the tips( table 8.1 ) .  This will contribute to 

stabilize the dike and suggests that the formation of tensile 

cracks is mainly associated with the ealier stage of dike 

prdpagation. 

0 < t, < 10 min, formation of the lateralmost features of the 
tip, the rim dikes ( fig.ll.1~ ) .  

The theory of stress distribution shows that, at the tip of 

a blunt slit, there are two maxima of tensile stress at either 
side of the tip ( fig.8.8 ) .  The application of the theory of 
stress distribution is not limited to elastic material but it is 

irrelevant to a system, a large portion of which is in a state of 

failure ( section 8.1.3.2 ) .  

However, in the present interpretation, it takes some 5 to 10 inn 



( table 8.4 ) for a tip, say 30cm thick to blunt to a tip say 
45cm+ thick. Therefore either the deformation is slow and 

progressive, or it occurs in pulses followed by time of 

quiescence. It is explained in fig.7.6 ( p.7-16 ) that, in such a 

case the sand can be considered to be either in a succession of 

equilibrium states, . Q is linearly elastic before onset of a 

new deformation. In other words, it is suggested that, at least 

at onset of a new dynamic event, the stress distribution about 

the blunt tip is that of the elastic theory as given in fig.8.8. 

A solidified layer of quenched and chilled magma formed rapidly 

at the contact of the dike ( section 5.11.1 1 .  As it has been 
observed for pillow lava ( e.g. Moore 1975 ) ,  the breaking 

strength of such a layer is very substantial. This crust fails 

mainly by partly brittle, tensile fracturing ( Fuller 1932, 

Lachenbruch 1961, Moore 1975, Moore & Cockwood 1978 ) i.e., its 

ability to stretch is limited. As consolidation and blunting 

proceeds, at the tip of the dike, this crust is submitted to an 

increasing state of tension at each rounded corner or at one 

corner only if segments interact ( section 8.2.8 1.  This is where 

failure will occur. 

Brittle failure of the solidified envelop e of the dike triggers 
a transient event ( section 10.2.7 ) i.e., the magma will start 

flowing toward this area of comparatively low pressure. 

Associated to this transient event is the upstream propagation of 

a low pressure wave upstream in the conduit ( section 10.2.7 1 .  
This low pressure wave provokes ( or suddenly accelerates ) the 

b 
growth of bubles at the solidification front where exsolved gas 

has been concentrating ( section 10.2.6 ) .  Gas exsolution has the 

side effect of chilling the band of magma in which bubbles form ( 

p.10-34 1.  The magma flowing to the aperture may tear off these, 
or part of these semi solidified bands, leading to formation of 

the plastic vesicular clasts observed into the rim dikes ( 

fig.5.19 and 5.20 p.5-31 ) .  The polyphased intrusion observed in 

a rim dike extension of dike B ( section 5.11.4 ) confirms that 

the dike was subimmobile when the rim dikesformed. 



Fig.ll.1. MECHANISMS OF THE FORMATION OF THE ORUAWHARO DIKES, A 
CARTOON. 
These figures accompany the paragraphs discussing the given time 
intervals in text. 
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lOmin < t, < 2 hours, formation of internal intrusive and 
peperite ( fig.ll.ld 1. 

The consolidation of the host rock ( flow of pore water ) 

together with the mechanical properties of the intrusion control, 

in the present interpretation, the evolution of the intrusion in 

the first 10-15 minutes ( table 8.4 ) .  Heat transport is slower ( 

section 9.1 ) .  It effects, therefore, are posterior to those of 

consolidation. 

Cooling triggers crystallization, crystallization triggers gas 

exsolution and gas exsolution triggers pressurisation if the gas 

is not allowed to expand ( section 10.2.6 ) .  The structure of the 
tip has been modified by the injection of rim dikes which are 

quickly quenched and cooled because they are very thin. The 

solidification front progresses inward slowly and, as shown by 

Jaeger ( 1961 ) ,  smooths down irregularities. Therefore, perhaps 

for the first time, the boundary of the internally pressurised 

crack, i.e. the solidification front may be nearly elliptical and 

with uncracked tips. Stresses will concentrate at the tip of the 

solidification front ( appr~ximate~ly 30 times any new increase 

in the internal pressure e.g. table 8.lb p.8-30 ) and again this 

is where failure will occur. 

As discussed in section 10.2.10, there was little pressure 

increase in the Oruawharo dikes because instead, and this is an 

observation, the volume was able to expand. 

It is cohded that the tip of the dike acted as pressure valve. 
When the internal pressure exceeded the breaking strength of the 

solidifying tip, the valve opened. 

The breaking strength of the tip increases with the thickness of 

solidified magma. Thus, as the time goes, the solidified crust is 

able to resist higher internal pressures. In addition, 

pressurisation becomes more effective with time as upstream 

positions in the dike, exposed for a longer time to cooling 

become increasingly clogged up. This may explain in part why, 

according to the computations of section 10.2.8, the energy of 

the transient events, detected indirectly by the bubble rich 

bands seems to increase with time ( fig.lO.5 1. 
In the present interpretation, some fingers, the sigmoidal and 



rhomboidal internal intrusives and at last peperite represent the 
expelled volume of magma provoked by gas exsolution of the 
imrnobilised cooling dike. 
Peperite is the product of dynamic mixing of magma with 

surroundings. Formation of peperite, therefore relies on the 
existence of a source of sufficient kinetic energy. Since the 

potential availability of kinetic energy increases with time as 

explained above, peperites should postdate other internal 

intrusives. 

The formation of the pipe vesicles of the pillow-like lobe of 

magma found between the rim dikes of dike F ( section 10.2.11 ) 

may result from dynamic entrapment of external fluids. This lobe 
of magma therefore, represents an intermediate step between 

fingers and peperites. 

t, >\day, hydrothermal stage. -. 
The vapor generated at the contact along the flanks of the 

dike will eventually rise ( section 9.3 ) .  In the process zone, 

the vapor flows preferentially along open cracks. The process 

zone is extended by two tensile zones which wedge away from the 

tip in direction of the topographic surface if this latter is 

close enough to the dike ( say 1/2 dike length, Pollard & 

Holzhausen 1979 ) .  

It is inferred that vapor will travel prefer entially along the 

array of open cracks and simple computations showed that the 

velocity of vapor ahead of dike tip is sufficient to fluidize the 

tephra ( section 9.4.2 ) .  

This is possible once the host rock has been heated.along the 

vapor path for at least several tens of meters ( section 9.4 1 .  

NO attempt was made to quantify the time necessary for heating of 

the host rock by vapor but this may takes days and more ( see 

also Ja kobsson & Moore 1986 ) .  Because the dikes solidify in 2-3 

hours ( p.9-15 ) the fluidization of the mass of host rock in the 

inner side of rim dike extensions ( fig.5.10 ) postdates dike 

solidification. 

11.2.2. Three dimensional geometry of the dikes ( fig.11.2 ) .  



The Oruawharo dikescan be interpreted to consist of 

tongs shaped segments ( fig.ll.2 with a fan pattern of 
propagation trajectories as illustrated in Pollard & A1 ( 1975 

fig.17 ) ,  Maalde ( 1987 1 .  
Many of the features characteristic to the dikes in Oruawharo 

volcano are part of the process zone i.e. they formed as the dike 

had already stopped. Note that the process zone is expanded 

toward the free surface. Mechanic modelling has indicated that 
the C-rce swface ( topographic plane ) is upward ( section 6.2.4 

p.6-7 ) and westward ( p.8-38 ) of dike A and B. 

The choice of the physical models has always been dictated by 

geological reasonings. The results obtained from these models 

will now be used to orientate the interpretation of regional 

geology. 

11.3. Implication to regional geology. 

11.3.1. Stratigraphy. 

Chapter 2 and schematically fig.2.4 are synopsis of the 

understanding of regional geology when this work was initiated. 

An important contribution of chapter 3 was to modify the relative 

position of Motuouhi and Oruawharo formations. 

If Motuouhi formation is of early Altonian age ( p.2.6 ) then, 

Oruawharo formation is of mid or uppermost early Altonian age and 

is also the youngest Miocene deposit on Okahukura and Puketotara 

peninsulas. 

Oruawharo formation is the well preserved and substantial part of 

a shallow subaquatic volcano of Surtseyan type ( chapter 3 . 
Deposition of the tephra pile must then have been completed in an 

interval of time to be measured in years rather than in millions 

of years as the previous hypothesis of interfingering with 

adjacent formations would suggest. 

Mechanic modelling showed that, at the time of dike intrusion, 

which slightly postdates the volcanic eruption, the tephra was 

not cemented but that the underlying formations were poorly 



Fig.ll.2. THREE DIMENSONAL GEOMETRY OF ORUAWHARO DIKES. 
( from fig.5.3, dike A 1 
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topographic depression, dense array of tensile cracks. 
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limited tensile cracking. 
C) contrast between tips of facing segments: the directions of 
propagation of magma are subperpendicular (,p.5-6 ) ,  only one rim 
dike ( horn 1 .  



cemented ( section 8.2.6E 1 .  This result may be correlated with 
the confirmed regional unconformity between Waihangaru-Pakaurangi 
formations and Motuouhi-Oruawharo formations ( sections 2 . 2 B  & 

3.2 1 .  

11.3.2. Plumbing system of Oruawharo volcano. 

The sedimentary study of volcanic deposits disclosed a 

well preserved surtseyan volcano. The study of dike intrusions 

gave complementary informations on the infrastructure of this 

volcano. 

Including the locality of black seams zones below which the 

presence of dikes is inferred ( p.9-20 ) and the sigmoidal 

intrusion ( fig.3.1 and fig.5.15 ) ,  there are, within a distance 

of lKm, four localities at which a first generation of dikes 

intruded the tephra. At nearly each locality, there are several 

intrusions. The black seams zones and the dike swarm at the dike 

site ( fig.3.2 and 5.1, dikes A,  B, C, D penetrated vent 

agglomerate ( e.g. fig.3.10 ) .  The structureless nature of the 

tephra about the sigmoidal intrusion ( section 3.6.3 ) may also 

indicate that some sort of volcanic activity predated the 

intrusion at this site. Energy considerations ( heat transfer, 

section 9.1.3 ) indicate that the length of dikes A and B, the 

size of which can be considered to be representative of this 

first generation of dikes, cannot exceed 250m. This implies the 

presence of larger proximal conduits ( those of the vents 

predating the dikes ) in which liquid magma remained available 

for some time. Several major magma conduits were formed during 

the eruption which built up Oruawharo volcano ( e.g. Unit 2, 3 

and 4 were produced from different vents, section 3.5 ) .  It is 

natural to infer that the relatively small dikes modelled in this 

thesis branched out from the upper part of the cooling eruptive 

conduits. It appears likely that these second order intrusions 

are to the resting and cooling bodies of magma what the rim dikes enk.tr 
are to the dikes. In other words, they probably represent the: or 

part of the volume increase generated by gas exsolution during 

cooling of the resting bodies of magma. 



11.3.3. Structure of Oruawharo volcano. 

A - Informations from dike modelling. 

Dike modelling showed that the tephra was not palagonitised 

or cemented at the dike site ( fig.3.1 ) at the time of intrusion 

of the older dikes ( sections 6.3.7 and 6.3.8 ) .  

The mechanical study of the dikes yielded two informations 

relevant to the volcanic structure : 

i) The structure of the upper and west parts of dike A and B 

( process zone is affected by the presence of a nearby free 

surface ( sections 6.2.4 and 8.2.3.3.1 . This geometry is 

compatible with a topographic surface ( = free surface ) dipping 

sharply away from the dike i.e.' westward, at a higher altitude 

and west of dike A and B. Such a topographic depression can be an 

erosion surface, a flank of the volcanic cone or one of the side 

of the crater of the volcano. 

ii) The presence of the topographic depression, however cannot 

account for the strong thickness variation along the width of the 

dikes ( section 6.3.10 . The presence of a vigorous horizontal 

stress gradient only can trigger a such asymmetry ( section 

8.2.6D ) .  

The horizontal stress ( minimum principal stress ) decreases 

in the direction where the topographic depression is to be found. 

This suggests that there is some kind of relationship between the 

topographic depression and the local stress field. 

B - The central vent. 

Several sets of independent data point out to the existence 

of a main central structure in Oruawharo volcano : 

i) At the quarry, at an altitude of 80m, the direction of 

flow of wet pyroclastic flows together with dip of low angle 

faults point to the existence of a mature vent in a north to west 

direction from the quarry i.e. toward the centre of Oruawharo 

formation ( p.4.20 ) .  
01 ii) Mechanicvmodelling indicates that there was a large 

topographic depression west of, and at higher altitude than the 



dike site ( sea level ) i.e. toward the centre of Oruawharo 
formation. 
iii) The minimum principal stress decreases sharply in a west 
direction from the dike site also toward the centre of Oruawharo 

formation ( but the plane is at sea level 1 .  

Lines traced from these two localities in direction of the 

indicated depression/locus of low minimum principal stress/mature 

crater met a short distance west of the geographic centre of 

Oruawharo formation. These data complek , each other and, in 

the context of a surtseyan volcano, it is reasonable to assume 
that this central structure is the main vent of the eruption. 

Fig.ll.3 is an interpretation of the available data . The 
main vent of the volcano is west of the dike site. The quarry is 

part of the innerside of the main tuff cone. Several smaller 

vents define a NNW-SSE trend. Pillowed intrusions occur 2Km NNW 

from Motukumara point. Their petrography and chemistry is 

identical to that of Oruawharo dikes ( appendix 1, chapter 4 1 .  
The structural sites ( northern site, anticline syncline 

site p.3-22 ) are interpreted as part of the volcanic 

infrastructure. 

Even though the Young modulus of the formations underlying the 

tephra is higher than that of this latter, it is not the Young 

modulus of a tough rock but merely that of a poorly cemented 

sandstone. The inferred ductile deformation at the northern site 

( fig.3.11 ) is compatible with this poorly cemented nature. 

The strong gradient of the minimum principal stress inferred 

to be related to the main vent suggests the presence of a 

collapse structure and/or diatreme. 

In conclusion, it is proposed that Oruawharo formation and local 

structures are remnants of a very well preserved surtseyan 

edifice. In agreement with the west dip of the regional 

monocline, the northeastern part of the volcano have been removed 

by erosion. Therefore, the roots of the volcano ( vent, collapse 

structures ) are exposed in the northeastern part and the 

volcanic apron in the southwestern part of Oruawharo formation. 



FIG.11.3. INTERPRETATION OF STRUCTURAL DATA IN, AND AT CONTACT OF 
ORUAWHARO FORMATION ( compare fig.3.1 ) .  
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11.3.4. Magma chamber. 

If one admits that the small dike intrusions are 

derived from the resting body of Oruawharo magma which produced 

the eruption of the volcano, then, variation between the first 

erupted magma and that of the dike may inform on potential 

zonation in the magma chamber. 

The magma chamber was probably shallow because the phenocryst 

assemblage and order of crystallization are similar to that 

observed at one atmosphere for magma of this composition ( 

section 4.4.3 ) .  It has been argued p.4-21 that regional data are 

compatible with a sill-like magma chamber some 5 km below the 

volcano. The pressure of confihent of the first erupted magma 

was not very different from that acting around the dikes, yet, 

the firt ejecta are pumiceous ( chapter 3 ) and the selvedge of 

the dike bubble free ( chapter 5 1 .  This suggests that there was 

a concentration of volatile, mainly water ( Gill 1981 1 ,  at the 
top of the magma chamber which was taped first. 

Indeed it is shown in the sections 4 . 4 . 4  that the petrography and 

the liquid line of descent define by samples of the Oruawharo 
volcano can be explained by a magma chamber which upper part is 

enriched in water. The situation was similar below the Waipoua 

strato volcano. 

Water enrichment in the upper part of magma chambers in the 

central Kaipara and Waipoua areas, by its effect on the rate of 

plagioclase fractionation, seems responsible for the existence of 
a diverging branch of the liquid line of descent of the magma ( 

sections 4 . 4 . 1  and 4 . 4 . 4  ) .  

11.3,5, The latest Lower Miocene volcanism of the west coast of 
Northland. 

The basalts of the Surtseyan Oruawharo volcano and 

nearby intrusions are very similar, petrographically and 

chemically, to those of the Waipoua strato volcano ( Wright 1977 

) 100 Km north-northwestward ( appendix 1, chapter 4  1 .  
Chemically, these are high alumina basalts normally found at 

convergent plate margin environment ( Wright & Black 1981, 

chapter 4  this thesis ) .  Their chemical evolution defines a 

tholeiitic trend ( fig.4.2 1. 



These rocks are the latest deposits of Lower Miocene age known at 

each locality and are likely of uppermost early Altonian to 

Clifdenian age ( chapter 3 and fig.2.4 ) .  

The evolution trend of some andesites of nearby volcanic centres 

( Waitakere, Hukatere is tholekic and similar to that of 

Oruawharo-Waipoua basalts ( section 4.5.1 ) .  Dike cross-cutting 

relationships strongly suggest that these andesites were also the 

latest magma emitted by their respective volcanic centres ( 

section 4.5.2 1 .  
h 

The outcrops of these "tholehtic" volcanics define a sligtly 
convex eastward SSE-NNW arc along the west coast of Northland ( 

fig.2.1 ) .  





APPENDIX 1.  ANALYSES OF CENTRAL KAIPARA BASACTS 

Samg 1 8 36 18 1 
Local I t y Q49/275421 

dl k. 

SI 01 46.47 49.76 
TLOI 1.45 1.55 
A 1  a01 16.41 17.57 
FeaOs 4.81 5 - 1 5  
FeO 5.96 6.38 
Mn 0 . 1 9  . 2  
M9O 4.58 4 .9  
CaO 9.56 18.24 
NaoO 2.71 2.9 
KaO 1.83 1 . 1  
Pa01 .23  - 2 s  
HtO- 3.18 
LO I 2.52 
Total  99.89 

FeO* 11.02 
FmO*/MfJO 2.25 

Rb 2 1 
Sc 2 79 
Ba 399 
Pb d 
Th d 
L a n 
Y 30 
Z r 141 
Nb S 
NI 24 
C r  34 
v 343 
Cu 119 
Zn 111 

Mode ( v0 lS  1 1 
ph-0. 10.7 
PL 16.1 
C P X  2.6 
a tr. 

10.3 
17 

1.3 
tr. 

n. 2 
n. 1 
2.1 

tr. 

21.1 
10.6 
2.3 

tr. 

34381 
Q89/258461 

p i l l o w  l a v a  

21.3  
17.8 
3.7 

tr. 



Samp 1 e 8959 
Local i t y  N33/794295 

p1llow lava 

S i O *  48.5 
T101 1.2 
AllO= 17.1 
FetOl 2.4 
F eO 6.5 
MnO .2 
n90 3.9 
CaO 10.5 
NatO 2.6 
KaO .9 
Pa01 .4 
HdJ- 4.5 
LO I 1.3 
Total 100. 

FeO* 
FeO*/MqO 

8968 
N33/795294 

p i l l o w  lava 

Nor me 
QTZ 
OR 
AB 
AN 
D 1 
HY 
OL 
HT 
I L 
AP 

( HtO f ree,  Fea0=/Fe0=.3 ) : 
2.39 6.73 
5.63 4.38 

23.36 19.71 
34.34 40.23 
13.04 6.41 
12.67 16.17 
8 0 
3.13 3.06 
2.42 2.81 
1.01 . S 

Mode ( vo l% ) r 
pheno 21.1 
PL 15.3 
CPX S 
OL . 9  

18. s 
17.4 
1.1 

tr. 

896 1 
N33/832254 

d ike  

3.5 
S . S 

tr. 

Aver. Aver. 
Kaipara Waipoua 

Sampler 36180 t o  36183 and 
sample 34381 analysed by the 
w r i t e r  under superv is ion of D r  
Parker ( XRF, Nor r ish  81 Hutton's 
method ) . Analyses f ram samples' 
8959 t o  8961 are from Carter ( 

1967 1 .  Complete and 
reca lcu la ted water f r e e  analyses 
given f o r  each s a w l e .  
Aver.Kaipara i s  the  mean of a1 1 
sampler of p r e v i  ous columns. 
Aver. Waipoua is t he  mean of 16 
analyses of Waipwa basa l t s  i n  
Wright ( 1977 f igs.39 & 40 ) and 
oceanic t h o l e i  t e s  reproduced 
from Wright ( 1977 f i g .39  ). d : 
below detec t ion  l i m i t  ( < 10 ppm 
for Th: < 12 ppm for Pb ). Norm 
ca lcu la t rd  w i t h  program of 
geology department of Auckl and. 



APPENDIX 2 

A )  DERIVATION OF THE INITIAL ELASTIC MODULUS, EI, AT A GIVEN 
CONFINING PRESSURE ( from Swiger 1975 Is data 1 .  

In situ 
test 

strain E / E ~ * ~ O O ( ~ )  values of elastic 
moduli given in 
Swiger ( 1975 1 

( MPa 1 

level 

Brookhaven 
national 
laboratory 

( : from experiment' s description 
( 2, : using a median line on f ig.7.1, value of reference strain 
as recommanded by Hardin & Drnevich 1972b. 

Shippingport 
nuclear 
power station 

Bl VARIATION OF ET WITH THE CONFINING PRESSURE BY THE DRNEVICH'S 

Ref.strain 

2.5 lo-5 

1.82 lo2 
( his table 2 

for G7 = .I155 ( 1  

EQUATION ( Eq. 6.3& 1 : 
* ( G3/Gi 11'* E~ = flfnpa : application for 

1.92 loqS;-( 3/.1155 = 9.78 to2 /==, 9.41 102 
4.43 lo2 * ( 3/.78 = 9.04 10 I 

E~ 
(confining 
pressure 1 

( MPa 1 

- 
1.594 lo2 

( his fig.5 1 
for c3 = .72 

and : 
EG-l=ct = EGT=ct + 0.5 102 
E~m=ct = En=ct + 0.25 lo2 MPa. 

4 10'~ 
(hisp87) 

APPENDIX 3 

7 
(his p89) 

VALUES OF 6 AND 6 AT FAILURE AND AT STRAIN OF . 5  AND 1% FOR 
CHANGING CONFINING PRESSURE. 
All data from experiments with triaxial apparatus on sand (MPa). 

95% 

Dense sand I Loose sand 
Failure : 

1.92 lo2 
( . I 1 5 5  1 

36% 
4.43 lo2 
( .72 1 



Strain in % : 

(a) : Duncan & Chang 1970, medium sand 
(b) : Breth & A1 1973, coarse sands 
(c) : Bishop 1966, medium sand 
(d) : Griggs 1942, medium sand 
(e) : Borg & A1 1960, medium sand 
For higher confining pressure, see Bishop 1966, Borg & A1 1960. 

= CONSTANT 

For the diagram vs 6 : comparison of the values of the slopes 
of the failure lines ( approximated as straight in the interval 
between the stress paths Gj = ct andcl = ct for a same sand in a 

i given packing state. 

range in 6 

from .1 to . S  

slope 
difference 

.2 

6 = ct 

3.6 

references 

(b) 
.4 

6 = ct 

3.4 
from 50 to 200 1.78 (e 1.38 



APPENDIX 4 

ELASTIC/TOTAL STRAIN RATIO AS FUNCTION OF STRESS LEVEL 

Note: When unloading stopped before total stress release, the 
unloading trend of the hysteresis loop followed rather than 
reloading trend. Because they are measured on figures, all 
absolute values are only coarse approximation ( error margin 
probably up to 10% ) .  Relatively to each others, error margin is 
less becausecall values are obtained by the same technique and 
operator. Exept for Swiger ( 1975 ) all data from triaxial 
apparatus tests. 

= c ~ / G ~ a i l  % ge/E~o t % ( exept fi otherwise 
- 
-. 

precised ) 

(a) Holubec ( 1968 fig.1 & 2 ) ,  medium sand, packing medium dense 
(b) Pu & A 1  ( 1985 fig.1 ) ,  fine sand, pack. medium dense 
(c) Duncan & Chang ( 1970 fig.11, 12, 15, 16 ) ,  medium to fine 
sand, pack. : (c) dense; (c') loose 
( d )  Makhlouf & Stewart ( 1965 fig.1 ) ,  medium sand, pack. dense 
(e) Swiger ( 1975 fig.1 ) ,  outwash late pleistocene in situ sand 
( in situ megatest ) ,  pack. medium to medium dense 
KO & Scott ( 1967 )'s data are not included. They used different 
reference parameters related to a different apparatus. They found 
a similar relationship between stress and strain. 



APPENDIX 5 

PROGRAM "STRESS" 

Input data are width and thickness of the slit ( W 
and t ) ,  effective regional stress perpendicular ( ERS3 along the 
Y-axis ) and parallel to the dike ( ERSl along X-axis; ERSl > 
ERS3 in compression ) ,  magmatic pressure ( P, ) ,  Poisson ratio 
( ) and pore pressure coefficients A and B. 
AS for Pollard ( 1973b )Is program, if ERS3 = ERSl = 0, regional 
stresses are isotropic and the internal pressure of the slit is 
the driving pressure ( Pd = P, - ERS3 1 .  If P = 1, then, all 
quantities with dimension of stress are scale8 by Pm. 

The user must supply cartesian coordinates under the form 
x/W and y/W, i.e. all quantities with length dimension are scaled 
by the width of the ellipse in the xy plan. The origin of 
coordinate is the centre of the slit ( fig.6.1 1. 

Computation can be done point by point or 
automatically for a range of x/W and y/W values by the program. 
This two modes can be used alternatively. For each point the 
program prints the values of the three stress components 
( labelled Sxx, Syy, Sxy ) ,  the values of the principal stresses 
( S1, S3 and SS 1,  the val es VS1 [ = S1 (1-v2) I ,  VS3 [ = S3 (1- S ~ 2 )  ] and VSD [ = 2SS (1-V ) ] for use on the stress diagram. The 
program also prints the value of alpha which is the angle between 
S1 and the X-axis ( i,e, gives the direction of principal 
stresses ) .  Alpha varies from +go0 to -90°. 
At least, the values of effective stresses EVSl ( = VSlef, 1 and 
EVS3 ( = VS3,f. ) obtained by the use of Skempton's equatlon and 
for use on the stress diagram, close the list. 

The program is easily checked by duplicating 
numerical applications given in Pollard and coworkers along the 
years ( e.g. Pollard & Johnson 1973 fig.20; Pollard 1973a fig.4, 
7 and 11, Delaney & Pollard 1981 fig.21, Pollard & A1 1983 
fig.22 ) and comparison with results of others analytical 
solutions of the same problem ( e.g. Sneddon 1946 p.234 ) .  The 
"RRSiC" language is that of the Hewlett Packard 87. 



1 U ' PkOGRAll "STRESS?", A. 00DlNOT 1987. 
20  FHlNTER I S  101  
;I.# DEG 
4 0  FK INT  " IIlI STRESS AROUND E L L Y P T I C A  S L I T  I N  ELAST IC  M E D l W  1 1 8 8 "  
51.1 015)s , ' TH IS  PROGRAM I S  V% I D  FOR ERS3 PERPENDICULAR 9NO ERSI  PARALLEL TO THE 9 
LIT" 
60 D I S P  'EkS3 AN0 E R S I  4RE EFFECTIVE REOIONaC STRESS" 
71.1 PKINT 8 F k I N r  

8 8 )  D l S P  "ENTER U , t " ;  
741 INFUT W. t 

P R I N l  USINO 100 1 "FOR A K I T  WITH PAHAHETERS r W - " 1 W ) " t - " ) t  
I M G E  :IA,SO.DD,SX, 2A,OD. SO 
PRINT 
D ISP  "ENTER Pm.EkS3,ERSl.POISION RATl0,PORE PRESSURE COEFICIENT P , A "  
lwu r  P,ERSS,ERSI. V,B.A 
I --*------------- -- 
534'-ERSS-P 
SIP=EHSI-C I_-IOCK 8 

* ---- ----------- 
PRINT USING 790 1 ' - W D  W I T H  1% STRESS BOUNDARIES OF I Pm=*;P# "ERSJ-"I 

INPUT REPLVZS 
I F  REPLY?*-"Y" THEN GOT0 jBO 
D lSY  "ENTER X ( = w / Y ) , V  ( - y / Y ) " )  
INPUT X,Y 
GOTO 4.16 
31SP " l N I T I & L  VALUE O f  Y ,  F IN&  VALUE OF V I  STEP9" 
I tWJT YO, YF, STY 
D ISP  " I N I T I L K  VALUa W 1. FINAL VALUE OF X, STEPq' 
I I Y U T  XO,XF,STX 
FOR V-VO TO V f  STEP STY 
FOR X-xo TO i~ STEP STX 
FR lNT  USINO 4% 1 "FOR 1-'#Xl'LVJD Y - o l V # " l "  
1rwGE ~ x , Q L I , ~ D .  8D,SX, BA,&D.80,4X,A 





PROGRAM "STRAIN" 

The first input data are W, t, ERS3, ERSl and pore 
pressure coefficients B and A as in the program "stress" 
( appendix 5 1 .  
The user can supply a value of Poisson ratio for states of high 
stress with value of stress level at which the change occurs. The 
program calculates displacement for a simple stress path ( e.g. 
Ci=ct ) or a composite stress path ( e.g. Gi=ct until a defined 
value of y/W then $=ct ) .  The user upplies the values of the 3 stress deviator(s) at failure, ( 1-V GDFOal, and in-itial 
Young modulus ( i ) , Ei . At last the user provrhes the magmatic 
pressure, P,, and initial Poisson ratio, J .  Branching at the end 
of the program permits to return to this step for iterative 
research of the desired displacement. 
For calculation of displacement the user provides the distance at 
which computation is to stop ( y/W ) and the interval of 
integration ( y/W ) .  Calculation of displacement can be cut in 
several parts with different intervals of integration ( 
recommended ) and displacements are cum-Ulated. 

Initially the program prints the values of strain at yield ( E at 
SL=.42 ) and the value of unloading reloading Young modulus, Eur. 
The program prints total and the plastic and elastic components 
of displacement frpm dike contact. The displacement is normalized 
by the width. The ~ ~ ~ i ~ * l a n g u a g e  of this program is that of the 
Hewlett Packard 87. 



13 ' PROGRAM "STRAIN" ,  A.GODINOT 1 9 8 7 .  
10 PRINTER I S  701 
-70 VEG 
'IU P R I N T  " r r l t  PROGRAM STRAIN.  G I V E S  DISPLACEMENT / W  ALONG THE NORMAL" 
543 P R I N T  
60 F'FiINT " AT M I D  FLf iNE OF A D I K E  WITH CHANGING POISSON RATIO.  " 

- - 

70 U l S P  "SORRY T H I S  PROGRAM CAN HELP ONLY I F  THE MAGMATIC PRESSURE D I D  NOT DROP 
irELliW I TS MAXIMUM VALUE " 
9,:) F i i l N r  u P R I N T  
91, D I S F '  "ENTER W, t " :  
l u 0  I N P U l  C l ,  t 
113 F R I N C  USING 1 2 0  : "*FOR A S L I T  WITH FARAMETERS a W = " : u i " t - , ' t t  
1 2 0  IMAGE 72A,ZU.DD.;Xs2A.D.3D 
1 ;Ll C R I N T  
IJV D I S P  "ENTER ERSZ,ERSl.POHE PRESSURE C O E F I C I E N T  B.A" 
1 5 1  INPUT EHS3.ERSl.B.A 
160 F'RINT USING 170 : " -AND WITH THE STRESS HOUNDARIES OF : ERSZ=":ERS3:  " E H S l =  
": f l i S 1  
1 7':j IMAGE 44A. 2D. 2D. 4X. 5 A s 2 D .  1D, 
IC'O F'I:.INT USING 1Yl:J ; "WITH B=":B: "A-":A 
1 -)'.I IMAGE 12X. 7A. D.DO.SX.ZAsSD.ODD 
200  D I S P  " V4LUE OF POISSON R A T I O  AT H I G H  STRAIN,  CHANGE AT S L  VALLIE OF'" 

INPUT HSV,CSL 
-20 P R I N T  USING 2So : " V CHANGE FOR ":HSVI" WHEN S L > " r C S L  
2 2 ~  IMAGE 9 X ,  144,  . DD, 104,. DD/ /  
240 D I S P  " I S  IHERE 1 OR 2 STRESS P A T H  (1 /2 )7"  
..\= . - JU INPUT ANSWERZS 
.?611 D ISP "STRESS PfiTH: SSc*. .7.OR Sm-. .? OR 51- .  .?  I I N  MPa, ENCLOSED BY OUOTATI 
011 MAf3b.S AND LESS THLIN 2 9  C H A R X T E R S  ) " 

D I B  i t p t h S C . 3 1  
INPUT s t p t h *  
D I S P  " ( 1 - V ' ? ) S D F a l L s E P I A X  ( I N  PlPa) 9" 

I N P U l  SDULT,EMAX 
I -------- ------ 
S D I J L T H r l  , 0 4 5 I S D U L T  
E42=EMAX'-1/ ( (. 428SDULT)A- l -SDULTHH - 1  ) 
P E 4 2 c E 4 2 8  100 
E T O T S = l  / S D U L T H I E 4 2 + 1  /EMAX 
EUR=(ETUTS8.4S) '-1 
P E H = ( E U R / E M 4 X - l ) 8 1 0 0  

t --------------- 
P R I N T  USINO 4 0 0  I "STRESS PATH I ( 1 - V ' 2 ) " ; r t p t h S ) " M P a m  
I M k G E  14X,? lAs  " " , k s 3 A  
PRINT US~NG 420 ; * ( I - V - ~ ) S D F ~ ~ ~ = ~ J S D W T I  m ~ n a ~ = * ~ ~ n a x ~  "E. ~ ~ X S L - ~ ~ P E ~ Z S  0%" 

IMAGE 9 X ,  14A, DD. DDDsSX,SA.D. D D D E s 5 X * 8 A ~ D .  DDsA 
P R I N T  USINO 4 4 0  ; "EUR=":EW(r" (  " ;PERlv%HIGHER THaN E M A X ) "  
IMAGE 9X,4A.D.DDDEs4XsA,DD,X,18A//  
I F  ANSWERZS-"2" THEN GOTO 4 7 0  
GOT0 673 - -  - - 

DISP "SECOND STRESS P A T H  ( R E L A T I V E  TO D l S T A N C E ) l  S3c-..",OR Sm-..? OR S I X . . ?  
( I N  PWr. ENCLOSED BY W O T A T I O N  M M h S  AND LESS THAN 29 CHARCICTERS ) "  

DIM ~ i p t h z s c = e ~  
I N P U T  r t p t h 2 S  
DISP " 11-V'Z)SDFa,L,EMAX ( I N  PlPa), V/W AT WHlCH THE CHANOE OCCURS?'' 
l NeUT SDULT?s EMAX2, CH 
I -------------- 
SOULT2H-1.0438SDULT2 
E4=2=EMAX2 '-I/ ( (. 42BSDULT2) ' - l - S W C T 2 H " - l )  
P E 4 2 2 a E 4 2 2  8 100 
ETOTSZ=l/SDUL12H8E422+1/EWX:! 
EUR2= ( E T 0 1  S 2 8 . 4 5 )  '-1 
F E R ~ =  (EUR~/E IWXZ-~)  8100 
I _----- --------- 

F H I N T  USING 610 j "SECOND STRESS P A T H  I (1-V-2 )  " 1 s t p t h Z S )  "MPa": "FROM ";CH 
IMAGE 1 4 X , ? B A , " " , K , 3 A . 4 X S 5 A ~ D D 3 D  
F R I N T  USING 630 : '* (~-v^Z)SDF.I ~ - " I S D U L T ~ ;  "EflAX=";EHAX2: "E. 42%SLmW;PE422 ;  " % "  

IMAGE 9X, 1464, DD.DDD,SX,SA,D. DDDE,5XX 8A, D. 00.6 
F R l N T  USING 6 5 0  : " E U R = " ; E U A Z ~ " (  ":PER?$"%HIGH€R THAN E M A X ) "  
I r lALiE 9X.46,0.1>DDE1 4X,A,DD,X, l B A / /  
GOTO h8O 
C H -  1 Wuir 
P I S P  "Fm.V ?" 

INF'UI  P,V 
F d-:F -ERS'J 
F 'R INT USlNCi 720 ; "MhGMATIC PRESSURE 0 F " : P t  "NPa":"  ( P d = " : P d ~ " t l P a )  " 8  " V = " : V  
IMAGE 17X,20R.2D.2D,3A,4X,4A,2D.2D,4As3Xs2A,.DD,// 



7 7 0  V *. 3 1 t / W  
-30 D I S p  " ( N T E G R A ~ I O N  ' S  INTERVAL ( Y / W ) .  END VALUE (Y /W) " "  
79l:l D I S P  " T H E  END VALUE MUST BE EOUAL T O  n INTERVALS + I N I T I A L  VALUE" 

. , , . I  
. .----- -- ------ ---- 

17Bu I F  V;CH THEN GOT0 1 4 1 0  
1 3 9 0  SL=VSD/SDULT 
1 4 0 0  GOT0 1 4 2 0  
14 1 0  SL=VSD/SDULT2 
1 4 2 0  I F  SL<CSL THEN GOT0 1 5 3 0  
1 4 3 0  VSD=ZaSSt ( l -HSVA2)  
1 4 4 0  I F  V>CH THEN OOTO 1 4 7 0  
I 4 5 0  SL*VSD/SDULT 
1 4 6 0  GOT0 1 4 0 0  
14  10 SL=VSD/SDULT2 
1 W 0  I F  SL.: 1 THEN DOTO 1 5 3 0  
14YO BEEP O BEEP O BEEP 
1 5 0 0  PRINT USINS 1 5 1 0  1 "S.L.>l ,  FAILURE REACHED 6bT V I C I N I T Y  OF Y/W-"8Y 
1 5 1 0  IMAGE /, 12X,43A,2D.;D 
1 5 2 0  GOTO 1 8 4 0  
1 5 3 0  I F  V>CH THEN QOTO 1 5 6 0  
1 5 4 0  ETOT-€MAXa-l/(VSDa-I-SDULTHn-1) 
1 5 5 0  GOT0 1 5 7 0  
I S 6 0  ETOT=EMAX2^-l/ (VSD.4- l -SWLT2H^-I  
1 5 7 0  TOTE-TOTE+ETOT 
1 5 6 0  I F  SL >. 4 2  THEN QOTO 1 6 2 0  
1 5 9 0  PPE-. 5+SL/8 .4  
1 6 0 0  PE-PPE :€TOT 
1 6 1 0  GOT0 1 6 8 0  
1 6 2 0  ETOTS-ETOTIVSD 
i 6 z o  IF Y x n  THEN OOTO 1660 
1 6 4 o  PPE-(ETOTS-l /EUR)/ETOTS 
l 6 S U  GOT0 1 6 7 0  
1 6 6 0  PPE=(ETOTS-l/EURZ)/ETQTS 
1 6 7 0  PE-PPEIETOT 
I 6 8 0  TOTPE=TOTPE+PE 
1 6 9 0  NEXT Y 
1 7 0 0  Y-Y-STY/2 
1 7 1 0  RTOTE-RTOTE+TOTEISTY 
1 7 2 0  RTOTPE-RTOTPE+TOTPE(8fV 
1 7 3 0  RTOTEE-RTOTE-RTOTPE 
1 7 4 0  PERRTOTEE-ATOTEE/RTOTEIlOO 
1 7 3 0  PR INT  USINO 1760 ( "TOTAL DISPLACEnENT/W FROM D I K E  CONTACT : "IRTOTE 
1 7 6 0  1- &X,4OA,D.3D€, / 
1 7 7 0  PR INT  US lNB  1780 ) "PLAST IC  I " ~ R T O T P E ( " E L A 8 T I C  I "IRTOTEEI"(";PERRTOTEE:"% 
) " 

1 7 8 0  IMAOQ Sax, 1OA,D. SDE, / r 3 8 X *  lOA, D. 3 M ,  4X9A,DD.D,2A 
1 7 9 0  D I S P  "MORE D f S T A N t E  TO COVER 3 Y/Nn 
1 8 0 0  INPUT ANSWERII  
1 0 1 0  I F  ANSUERIS-aN' THEN W T O  1 8 3 0  
1 8 2 0  GOT0 7 8 0  
1 8 5 0  PRINT 8 PRINT  
1 8 4 0  D I S P  " DO YOU W A N T  TO TRY ANOTHER P a  ? (NOTE r STRESS PATH MUST BE THE SnnE  

) " 

1 8 5 0  INPUT ANSWERZI 
1 8 6 0  I F  ANSWER2S-"Nu THEN GOT0 la60 
1 0 7 0  GOT0 6 8 0  
1 8 8 0  PRINT 
1 8 9 U  D I S P  "END" 
1 9 0 0  END 



APPENDIX 7 

A )  PERMEABILITY, K p ,  AND COEFFICIENT OF CONSOLIDATION, Cv3, FOR 
ORUAWHARO TEPHRA. 

* Permeability, Kp.  

For sand, the permeability is in the range ( Kezdi 1974 p.136, 
Freeze & Cherry 1979 p.29, Chapman 1981 p.59 ) : 

10-lo < Kp < 10'12 m2, 
10-11 m2 will be used. 
This volcanic sand has been confined at 2 to 3 MPa which reduced 
its porosity. The reduction of porosity can be estimated from a 
porosity vs confining pressure curve ( Seed & Lee 1967 fig.8 ) at 
5%. The corresponding drop in permeability is estimated on a 
porosity vs perme 11 ty curve ( e.g. Lambe b Whitman 1979 
p.286 ) as . 3  10' f y ' r n t .  Relatively to sand of sedimentary origin, 
the tephra is exeptionally angular and thought to be very 
sensitive to attrition with production of fines ( i.e. "dust" 
formed by abrasion at corner of grains of the tephra ) .  To 
simulate this, it has been assumed that th pe meability actually 
dropped of . 5  10-11 m2 ( instead of . 3  10' mi ) during burial. 
Then, he estimate of permeability of the in situ tephra, Kp, is 
5 10-15 m2. 
Along dike flank however, and at the end of consolidation, the 
confining pressure is much higher ( fig.8.5 ) .  The poros' y drops 
of a further few percents and permeability of 3 to 5 10' i5 m2. 
The permeability of the tephra adjacent to dike flank, which is 

vapor circulates ( section 9.4 ) is thus estimated at 1 10' 

* Coefficient of consolidation, CV3. 

The coefficient of consolidation is : 

the viscosity of water i Pa.s and K the 
permea ility of the tephra 5 10' 
where 2 

2 m2. Ke, the b& ~ O ~ U ~ U S  of 
elasticity is : 

where E andfi ar the Young and shear e astic moduli. From table t 3 6.1, Ke = 5 10 MPa. Thus Cv3 = 2.5 m /s. 



APPENDIX 8 

MODELLING OF HEAT TRANSFER 

A )  PARAMETERS USED IN THERMAL MODELLING OF THE MAGMA ( Jaeger 
1959, 61, 68, Delaney & Pollard 1982 1.  

* Definition. 

The normalized temperature is Eq.9.2. The distance, y, is 
normalized by thickness, t : 

Y = y/(1/2)t. 
The normalized time is : 

where ts is the time and K thermal diffusivity is : 
K = Kt/C 

where K+ is the thermal conductivity and C the volumetric 
capacit$ is : 

C =  [ C' + (LIOT) I P .  
In this expression,~is magma density, C' specific heat capacity 
and L/AT, the latent heat of crystallization on the temperature 
interval of crystallization,~T. 
Delaney & Pollard ( 1982 ) gave solution for stations at given 
distance, z, from the origin of the conduit ( i.e. downstream 1 .  
The normalized downstream coordinate is : 

Z/Rei Pr. 
Z is the normalized distance along the conduit : z/[(1/2)tl. Rei 
is the initial Reynold number and Pr Prandtl numbe 5 .  They gave 
solution for three stations : Z/Rei Pr = 10- and 
The Reynold number is : 

VlavI the average velocity is Eq.9.3,l is magma viscosity. The 
Prandtl number is : 

Pr = 7 c'/ K ~ .  

* Value of the parameters for basalt. 

= 2.1 J sol m-I ( Shaw 1969 table 3). !' = 1.088 lo3 J Kgtfgdep-I ( Shaw 1969 table 3). 
The latent heat of crystalizxation is sm 11 bec use the dikes 4 f have a glassy texture. One chooses 42 10 J Kg' /200°c ( 10 cal 
g-1/2000~ ) . The density of the magma, estim ted in the following 
part of th's app ndix f : p =  2.59 lo3 K g / m  Then : 
C = 3.3 10 m-? deg- lS and : 
K =  6.36 m2/s. 
If VlW = .Ids ( see p.9-3 ) and 7 = 1.6 lo2 Pa.s ( from 
chapter 10 ) ,  then : 
Rei = .S and Pr = 8.3 to4. 

- 

The station Z/Re; Pr = 10' treated by Delaney & Pollard ( 1982 1 - 

is at y = 83 m f6r the dike modelled in this thesis. 



B )  DENSITY OF ORUAWHARO MAGMA. 

* Density of liquid 

The density,?=, was estimated by the method of Bottinga & 
Weill ( 1970 ) but the polynomial of Burnham 6 Davis ( 1971 ) was 
used for the dependence of the partial molar volume of Hz0 on 
temperature and p essure. 5 Results ( in Mg/m , and pressure, P, in MPa ) : 

1 Init. H2O cont. % 0.5 1 Mean 

p , liquid phase 
I ~ ~ o O C ,  

* Density of phenocrysts : 

The density of plagioclase and clinopyroxene at hight temperature 
was estimated from Skinner ( 1976 table 6.1 ) 

* Plagioclase ( 50-60% An ) : PaOoC = 2.7 ~ ~ . m - ~  
coefficient of expension from 2 to 1150oC '3 de = 0.0215 
and then ~11500C = fiOoC/(l+C( = 2.64 Mg.m- 
* Clinopyroxene : P200C = 3.28, g;, = .034 => ~11500C = 3.17 

* Density of magma 

The density of magma is given by ( Gagny 1977 1 : 
p = ( pL x VOIL + ( pcx x V0lCX 

r H 0 init. = 0.5% : 
= (6.77 x 2.58)+(.195 x 2.64)+(.035 x 3.17) = 2.61 
or H20 init. = 1% : 

2.59 ~ ~ . m - ~  

C) ESTIMATE OF PARAMETERS GOVERNING FLUID PRESSURISATION AND 
DIFFUSION IN HOST ROCK ( analytical approach of delaney 1982 ) 

Normalised variables. 

- temperature : 
& =  ( T - %)/AT 

whereAT is the difference between contact and regional 
temperature. In application to Oruawharo dikes, AT = 500°c 
( section 9.1 1 .  

- pressure : 
y =  ( P - w ) / ~ / $ D ,  

- distance : 



y is normalised by thermal diffusion but is also dependant 
on time : 

= y / ( 4Kts )1/2 
where ts is the time ( s 1 .  

Parameters 

- K ,  thermal diffusivity. For a wet sandstone ( Jaeger 
1959 ) : K = 8 10'~m~/s 

- A,= o(AT ( Eq.9.9 , thermal expansion of water : for 
pressure conditions found in the superficial layers of the crust 
and, 500 - < A T  <1000°~, then A * 1 ( Delaney 1982 fig.4a 1 .  

I 

- p ( found in next parameter , compressibility for storage 
of fluid mass in a fixed volume of porous composite : 

I 
I 

( f for fluid, s for solid Fo a porosity of .4, water 
compressibility of 4.4 10-lb* Pa-f ( Fr eze & Cherry 1979 p. 52 ) 
and sand compressibility of Pa-? computed from elastic 

I ,  then p =  3.44 modulus f table 6.1 [ with 
10-9 Pa-?. This parameter is by rock 
compressibility ( ps = 10 n Pf ) and the consequences are 
discussed in section 9.2.1. 

- fi ( found in next parameter ) ,  hydraulic diffusivity : 
I I 

I 

For cl an medium sand under a confining pressure o 3-2 MPa, Kp = 
5 lO-l%2 ( appendix 7 1,7 water viscosity is 10ef Pa.. and 
then, fi = 3.63 m2/s. 

- 4, ratio of thermal to hydraulic diffusivity : 

from above, D = 4.69 ( dimensionless 1 . 



VISCOUS DISSIPATION 

1) Differential equation and definition of variables. 

For plane shear of an incompressible fluid ( no bubbles ) 
with constant stress, the general differential equation of the 
energy balance is ( e.g. Gruntfest 1963, Gruntfest & A1 1964; 
Shaw 1969, Fedotov 1976, Nelson 1981 ) : 

JVy - 3 T  yxy- - c - -  d 2 ~  
Kt S;2 

Eq. 1 
3x 3% 

where xy is the constant shear stress, vy/3 x the local velocity 
gradient ( flow along OY axis , t, the time, T the local 
temperature, K the thermal conductivity and C the volumetric 
capacity. The 1 eft term is the local rate of viscous heat 
production. It is equal to the local rate at which heat is lost 
bv one-dimensional conduction ( second term on the right ) .  
T G ~  -viscosity is introduced by Newton' s law : 

dV,, 

and the temperature dependence of viscosity is assumed to be an 
exponential- form : 1 = q P E X P  [-a ( T-To 1 1  Eq.2 
where?, and To are the viscosity and temperature at tSo and "a" 
a cons ant ( aS.011 for fluid basalt, .2 for colder basalt with 
crystallites see fig.lO.2 ) .  
The non dimensional temperature is defined as : 

Poiseuille flow in a pip walls is considered : 

between two 
walls 

of the conduit. 
xis the constant pressure gradient in the direction of flow e.g. 

Afg if buoyant forces are acting orOP/L in term of driving 
pressure orpg sind for flow on a surface inclined ( unit: Pa/m 1.  
R is the radius of the pipe or B the half thickness between the 
two walls. The other parameters have been defined previously. 

- 

( K ~ / c B ~ )  * ( 3?,~/8~~) 

flow in a pipe 

non dimensional distance 

where x is the distance from center ( wheref= 0 , L the length 

E, (F = 1 at contacts 1 

non dimensional time,F 

G 

Gprit 
dimension ess average 
residence time in the 
conduit, F4 

x/R 

( K ~ / c R ~  )ts 

a b 2 ~ 4  

4hYo 

8 

( K ~ / c R ~ )  * (  8?o~/8~2) 



2 )  Solutions. 

A) General solution for constant shear stress when fluid and 
surroundings are at the same temperatrure. 

Gruntfest & A1 ( 1964 1 and Fuji & Uyeda ( 1974 ) solved 
numerically the equation for the conditions : 

respectively for f flow between two walls and 
gave some numerical examples on non dimensional diagrams. 

B) Solution for constant shear stress and adiabatic conditions. 

If the ratio of thermal diffusivity to half thickness is 
small, the last term of the differential equation presented 
earlier can be suppressed ( Kt=O 1.  In this case an analytical 
solution is possible. 
For Poiseuille flow the temperature increase is given by ( 
Gruntfest & A1 1964 p.22 ) : 

- - Ln ( I-G'P~ 1 
Tad - Eq. 3 

a 
with respective value of G. 

C )  Solution for constant strain rate. 

Shaw ( 1969 p.531 ) solved the thermal energy balance 
equation for the case of constant strain rate. The relation 
between time and temperature increase is : 

C 
t =  [ E X P ( ~ ~ T )  - 1 I Eq.4 

C -3k where is the strain rate ( ) .  Note: for constant strain 
rate, viscous dissipation is rapid, reequilibration of the melt 
incomplete in partly cooled basalt and a=.05 ( fig.lO.2 1 .  



APPENDIX 10 

PARAMETERS FOR SCRIVEN LAW 

t Determination of : 

?is given in tables ( Scriven 1959 ) from a dimensionless 
concentration group, gS ( and another parameter F which is unity 
for magma; Sparks 1978 ) 

@s = k Cd-LCs 
K . -  cs Eq. 1 

?G 
Cs is the dissolved gas concentration at saturation ( ~ ~ / m ~  and 
Cgis 5he supersaturation ( i.e. water concentration ) in liquid 
( Kg/m ) as defined in Glas & Westwater ( 1964 ) .  
The weight % of water at saturation can be estimated for basalt 
by an equation given by Wilson & Head ( 1981 p.2978 1 : 

[%H20Ieq.=O.1O776 ~ 8 ~ 4  Eq.2 

where PToT is the total pressure in MPa. Then : 

Using P=6.7 MPa for Oruawharo basalt, then [%H20], .=.41. It is 
the difference between Cs and Cswhich is importan?. For the 
dikes, it was nil during intrusion ( no bubbles in selvedge 1 .  An 
increase in cristallinity of say 15% rises the water content in 
the liquid phase of .1% ( from table 4.1 1 then 
[%H20]=[%H 0 +.l=.Sl%. The density of the residua3 liquide at 
approximat:1ie?b900C and with . 51wt$H20 is 2.63 Mg/m ( method of 
Bottinga & Weil, appendix 8B ) .  f is obtained from steam tables 
( e g. Keenan h A1 1978 ) ; for 6.7 MPa and T=1090oC : P~'1.068 

~ ~ . r n - ~ .  
Then & =  .244 from which ( Scriven 1959 1,  t =  . s .  
Even though the solubility decreases slightly with temperature ( 
e.g. Burnham 1979 fig.16.3 ) ,  a change in temperature of 200C 
will not have any significant effect on f'. 
Determination of diffusivity, D : 

For basic mama the diffusivity is dependant on viscosity 
and temperature and can be estimated by ( spark 1978 p.14 

-1ogD = log7 + 5.82 - ( 4100/T) Eq. 3 
with T in 

OK and ? in poises ( .1 Pa.s 1. 
The viscosity of he residual liquid ( table 4.1 column 3 
a water content of .51 is 95 Pa.s ( 950 Poises, method Shaw 
) .  Table 4.1 shows that the composition does not change 

with 
1972 

drastically with small additional amounts of crystallization. 
Then the viscosity ( of the residual liquid ) will vary only with 
temperature more or less as predicted by the method of Shaw. One 
computes : 

for: 1 0 9 0 ~ ~  : D = 1.62 2 ~ - 1  
and 1Og()1+ 200C = 1.86 10- 10 rnYS-l, 
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FIG.3.2. GEOLOGICAL MAP OF SHORE ABOUT THE 
DIKE SITE. 
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