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ABSTRACT

Lava flows are complex multicomponent sysflems, the details of empfacement ofwhich are understood

but in more1han general terms. Anisotropy of magnetic susceptibility (AMS) is an until now unexploited

technique that can yield important information to increase our understanding of such processes.

Despite its successful application in inferring flow direction in pyroclastic deposits and intrusives, its

utility in lava flows remains controversial as the result of some unjustified basic assumptions. For

instance, the hypothesis of a single-grain dominant anisotropy is untenable if it is acknowledged that

most of the magnetic grains observed in thin sections of pristine igneous rocks are not elongated

(flattened), but are almost equant and probably crystallizecl after movement of law had stopped. An

alternative, suggested by several authors through time, has been that magnetic interactions among

neighboring grains is the main source ofthe measured AMS. The relationship among the movement

of melted rock I pyroclastic material, the final grain distribution and the measured AMS, however, had

not received much attention. A model linking all this aspects is developed in this work based on the

evidence gathered for more than 25 lava flows. The consequences of the new medel are far reaching,

requmg additional effort in the interpretation of results and a careful planning in the sampling strategy.

For example, it has been possible to infer through magnetic measuremena a) the location ofthe points

where maximum velocity and/or plug structure has been attained, b) approximate vertical and

horizontal velocity profiles across complete units, c) whether cooling occurred under static conditions

or rather movement continued until temperab.tre had fallen near the complete solicflfication of the flow,

d) the occurrence ofendogenous growth of flow units. and e) the direction of local movement of lava.

In addition, magnetic measurements clearly reflect the internal differences ofvarious morphologies

($-type pMoehoe, P-type pahoehoe, Toothpaste lava and A'a) that include aspects such as shear rate

and cooling mechanisms. The intimate relationship that.AMS bears with the fluid behavior of lava

results in the almost universal applicability of the method, or in other words, it is to some extent

independent ofthe preservation of other structures in the outcrop that have been used traditionally to

infer the same information, which may be ofspecial interest in the study of older, eroded flows, or of

units lacking good exposures displaying their i,*,rnal structura.
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CHAPTER. I: INTRODUCTION

Lava flows are commonly the products ofeffusive volcanic activity, although in some instances they

may originate by the coalescence of explosively generated fragments falling from fire fountains.

Irrespective of their origins, aI/lava flows are complex systems formed of a suspension ofsolid crystals

and gas bubbles in a liquid phase. Both crys1a1s and gas are, for the most part, the result of a decrease

in temperature and confining pressure of the parent magma and consequently their abundance and

external characteristics are a function not only of the bulk chemical composition of the magma, but

also of the way in which the surrounding temperature and pressure conditions change with time.

Actually, as the occurrence of lava flows is restricted to its surface, by definition, the most important

changes in the pressure conditions of the system have already occurred during the ascent of magma

from the interior of the planet, and therefore, the most important changes during the life-time of an

activa lava flow are those related to cooling. Nevertheless, the internal evolution of a law flow remains

stil/ a complex phenomena, the details ofwhich are only beginning to be barely understood.

From the perspective of an outside observer, lava flows behave as a single coherent phase with

some rather peculiar characteristics. The rheological behavior of lavas may be approximated at

different times by either Newtonian or Binghamian models, and many of their internal characteristics

can be explained, at least in general terms, without the need of really sophisticated techniqUes.

However, as recently pointed out ..... despite the wealth of observational data gathered over the last

decades, they (active lavas) remain poorly understood in anything but general terms...It (Kilburn and

Luongo, 1993).

The ortJinai purpose ofthis dissertation was to increase our understanding of the dynamics of lava

flows by studying some of their internal features through magnetic measurements. However, it was

necessary to limit its content to the d8\lelopment of a physical model linking the fluid behavior of lava

with the anisotropy of magnetic susceptibility (AMS) measured in rock specimens, leaving open the

door for the completion of the original goals. Various reasons contributed to this change of emphasis,

including time and economical factors, but the main reason is that the methodology commonly

1



employed to "read" the information gathered by AMS measurements of rock specimens ignores the

most essential aspeds of the problem, and therefore a number of prior conceptions needed to be

modified to tit the empirical evidence. This process of modification of the underlying theory behind AMS

measurements required several steps in which the first results served as the supporting point for the

following phase by questioning some older conceptions, while only partially suggesting the correct

answers that would be resolved after new evidence was gathered. Because each of these steps

contained interesting results from the perspective of the particular geological problem, they were

conceived as independent studies, and mainly due to time constrains, they are now compiled in this

dissertation essentially in their original form. Thus, the organization of the work follows a line traced

in time rather than a retrospecti'lJe view in which part of the first results may well deserve a re

examination to the light of the latter discoveries in order to convey the idea of unalterability commonly

associated with scientific knowledge (at least by most outsiders to the field). Rather,letthis work be

used to illuslrate the point that advances in science usually are not the result of overnight revolutions,

but of a continuous labor that needs to look back critically every now and then.

In Chapter 2 some basic definitions and concepts are introduced together with a presentation of the

model commonly employed to interpret AMS measurements prior to this work. Also, note is made of

the most important assumptions made by that model, and of the problems or inconsistencies resulting

from it. Chapter 3 is the first attempt to interpret~ measurements taking into account all the

information conIained in the measurements. Results of this chapter, thought to be essentially correct,

would no doubt suffer the most modification when SUbject to the final model as developed later.

Chapters 4 and 5 contain the bulk of the empirical evidence on which the proposed model is based.

Actually, the general lines of that model are outlined in Chapter 4, and details are later refined in

ChapIler 5. Chapters 6 and 7 are examples of the application of the new approach in the study of the

internal structure of lavas, that although limited in scope are nonetheless illustrative of the potential

offered by magnetic: methods. Finalty, in Chapter 8 asurvey ofthe applieability ofAMS in igneous rocks

is carried out by critically reviewing the literature in the field. Usually, a literature survey of this type is

the introduclmy chaptM of any disul'tdon, but it is considered that, in view of the sometimes
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antagonistic conclusions reached by previous works, the discussion is more fruitful by acknowledging

the model proposed in this dissertation. The last part of Chapter 8 also includes some indications for

future work. Chapters 3to 7 'Nil! be (had been) submitted for publication as separate papers coautored

with members of my committee that actively collaborated in their conception. The bulk of their content,

as they appear here, is my own responsabilty.

Appendix 1 is devoted to some theoretical aspects of the model that were conceived at about the

same time as Chapter 4, and that most certainly lead to the modifications introduced in Chapter 5.

Appendix 2 contains a list ofmost of the software developed for its use at different stages of the work,

especially in the latter stages; the code used is that of MATLAS, which enormously simplifies the text

of the programs due to the inherent tensorial aspects of the magnetic susceptibility. Finally, Appendix

3 contains the results of the measurements made on all specimens used in the various cha~, if

these had not been included already in the main text.
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CHAPTER 2: WHAT IS AMS1

MAGNETIC SUSCEPTIBILITY

The general subject of magnetism is intimately related with the atomic structure of matter.

Movement of electrons around the nucleus, as well as a spinning motion upon their own axis, result

in the magnetic properties of any material. The interaction of electrons with an externally applied

magnetic field results in the departure oftha equilibrium conditions attained in the absence of the field.

This is called "induced magnetization". In particular, crystalline solids are characterized for the

possession of an ordered atomic structure in which definite atoms occupy fixed positions. The

interaction among electrons of neighbor atoms determines the physical properties of the crystal,

including those controlling the details of the magnetization process. These latter define what has been

named "magnetic susceptibility".

From a mathematical point of view, both the magnetic field <I:D and the magnetization (M) are

vectors. In general .!:i and Mare not parallel, therefore reqUiring the magnetic susceptibility @ to be

defined as a second cm:Ier rank tensor to ensure a linear relationship between .!:i and M. Symbolically,

this is represented by the equation

M. = Po ~ H. (2.1)

where lJoisthe permeability ofvacuum, a escalar constant equal to 4 'It X 10-7 Henrys I meter. In the

SI of unils. Mand J.Io I::i have the same units (Ampere I meter) and therefore ~ is a dimensionless entity

(note thatsince Mis referred to unitvolume, allhough dimensionless~ is sometimes called the volume

susceptibinty, Nye (1960».

Equation (2.1) is valid in general, except for the cases where the intensity of.!:l. is very high, and

therefore ~ is most correctly referred to as low-field volume magnetic susceptibility. In this work, we

always will be concerned with this type of susceptibility eliminating the need for the repetition of the
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complete name. In a very few instances when the low-field mass susceptibility, ~ (defined as ~ I weight)

is used, this will be explicitly indicated.

Three different types of susceptibility: diamagnetic, paramagnetic and ferromagnetic, can be

distinguished (e.g., Brailsford, 1966). Rock minerals displaying any of these three types exist in nature,

the most abundantvolumeirically being either paramagnetic or diamagnetic. Certainly, all the mineral

grains as well as any non-crystalline material contribute to the total susceptibility of a rock, although

their individual influence depends on both their concentration and their individual susceptibility. The

higher values of ferromagnetic susceptibility relative to the other two types may produce that the

susceptibility of the whole rock is dominated by even a very small fraction of ferromagnetic minerals.

For example, Borradane (198S) estimated that as little as 1vol % of magnetite would be enough to

control the susceptibility of the rock (Figure 2.1). Typical values of the susceptibility ofvarious common

rock forming minerals are listed in Table 2.1.

From figure 2.1, it can be observed that in rocks yielding susceptibility values larger than 8 x 1(t4

the main contributions will most probably arise from the ferromagnetic fraction, therefore allowing us

to interpret the resu~ only in terms ofthese minerals. Clearly, the higher the measured value ofthe

whole-rock susceptibility the better this approximation. As common values of the susceptibility

measured in igneous rocks in general, and most specifically in lavas, are higher than 1(t3, we will only

be concerned with the susceptibility arising from the ferromagnetic fraction.

ANISOTROPY OF MAGNETIC SUSCEPTIBWTY

Equation (2.1) has been proposed to express the general case of a linear relation between.!:i and

M. This includes cases where tI. and Mare not parallel, as well as cases in which the susceptibility is

dia-, para-, or ferromagnetic. If Mis always parallel to.!::t, irrespective of the direction in which .!::t is

applisd, ~ is szid to b~ isotropic. M2gnetic susceptibiflty "'ViII be anisotropic in any ether case.

Ferromagnetic minerals are characterized, among other things, by the possession of a special

type of magnetization even in the absence of an externally applied magnetic field. This will be called

"spontaneous" or "remanent" magnetization depending on the size and chemical composition of a
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TABLE 2.1. Mean susceptibility of some common rock-forming minerals (after Tarling and Hrouda,
1993; Carmichael, 1984».

Mineral Mean Susceptibility Density
x1o-e Kglm3

Paramagnetic Hornblende 8920 30aO

Chlorite 70 -1550 2800

Biotite 998-1290 2900

Muscovite 122 -165 2831

Diamagnetic Quartz -14 2648

Calcite -14 2710

Dolomite -38 2866

Ferromagnetic Magnetite

Hematite

Maghemite

Pyrhotite

6

30056

1325

24000

5-92

5200

5300

4800

4600
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particular grain. In any case, this magnetization is independent of the external magnetic field, and

therefore it should be clear that the term Min eq. (2.1) does not apply to this type of magnetization

exclusive offerromagnetic minerals. Unfortunately, this limitation of eq. (2.1) is very often overlooked,

resulting in some misconceptions regarding magnetic fabric, as will be discussed in the following

paragraphs, together with the factors determining whether the measured~ is iso- or anisotropic. The

relative importance of the contribution of each of the various sources of anisotropy, that range from

crystalline to specimen-size scales, is discussed later in this Chapter.

Crystalline Anisotropy

In Fe - Ti oxides, the outer electrons of their Fe or Ti atoms strongly interact with each other using

the intermediate oxygen atoms as "spin-bridges". This coupling of atomic magnetic moments, known

as super-exchange (e.g., Stacey and Banerjee, 1974), is in fact respOnsible for the peculiar magnetic

properties of all the ferromagnetic minerals, of which the Fe - Ti oxides are the most common.

The spin structures are directed so as to minimize the magnetic energy of the crystal; the directions

for which this is accomplished are called"ess( directions. On the contrary, those directions in which

the energy of the crystal is a maximum are called "hard" directions, giving place to what is called

magneto-erystalline anisotropy.

In cubic slructures, the easyd~ns correspond to any ofthe crystallographic directions [100] (the

edges of the cube), [110] (the diagonals along the faces), or [111J (the diagonals across the cube),

depending on the particular atoms involved and on the temperature of measurement. At room

temperature mostTt-magnetites have [111J easy directions and [100J hard directions (O'Really, 1984).

For crystals with hexagonal symmetry, the easy direction may be either parallel or perpendicular

to 1he c-cr)'5tallographic axis, depending also on the temperature and exact chemical composition of

the mineral. Hematite zt low tempel'2tures (below 260 K) has an easy direction parallel to the c-axis,

but at higher temperatures the easy direction lies in the basal plane.

The net alignment of atomic magnetic moments in ferromagnetic minerals, due to the super

exchange forces, maygive place to a spontaneous magnetization which exists even in the absence of
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an externally applied magnetic field. The magnitude of this spontaneous magnetization is characteristic

of the particular chemical composition and the dimensions of the unit cell of a given mineral; its

direction will coincide, in principle, with any ofthe easy directions of the crystal. Disregarding the effects

of the free surfaces of the crystal (which will be introduced later), the only effect that an externally

applied magnetic field may have in a small enough ferromagnetic grain is to rotate its spontaneous

magnetization away from the easy direction to make it parallel to the field, provided that the intensity

of the field is large enough to overcome the energy barriers that confine the spontaneous

magnetization to the 6aSI direction in its absence. If this is the case, the induced magnetization of the

mineral is not only a function of the external magnetic field, but also depends on the position of the

spontaneous magnetization before the external magnetic field is applied. Further, if the extemal field

was closer to an easy direction that originally did not contain the spontaneous magnetization of the

grain (there is always at least one such direction, 1800 from the original position), after the field is

removed the spontaneous magnetization will not return to its original position but rather will be shifted

to the new easy direction. This effect of flipping the direction of spontaneous magnetization has

ocasionally been used as a measure ofthe magnetic susceptibility of the grain. However, due to the

dependence on the initial conditions a second measurement of susceptibility may yield exactly the

opposite results than those obtained in the first measurement, clearly leading to an internal

inconsistency in the quantification of magnetic susceptibility. At present, there are not experimental

reslills available that could be used to solve this problem mainly due to the extremely small grain sizes

involved and to the need for avoiding the effects of magnetic interaction between neighboring grains.

The inherent technical difficulties associated with these features make uncertain whether such results

win be available in the near future. In any case, because this effect involves magnetic fields of relatively

high intensily, it is not important in the characterization ofthe magnetic fabric as concerned in this work,

where magnetic fields do not exceed 800 Aim.

If field intensfty is not strong enough to rotate the spontaneous magnetization away from the easy

direction, or in otherwords, ifMremains constant regardless of the orientation of I::i, a different situation

takes place. In this case, the induced magnetization is zero for every position of the external field, and
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therefore, according to eq. (2.1), so will be the magnetic susceptibility. Clearly, this is of little use in the

characterization of the magnetic susceptibility ofany material, but fortunately the inclusion of the effect5

of the free surface of the grain modify the situation to our advantage.

Shape Anisotropy

The free surfaces of a crystal result in the presence of uncompensated poles which act as the

source for a magnetic field called the "demagnetizing field" (I:L,). The strong dependence of the

demagnetizing field on the geometry ofthe distribution ofunpaired poles in the surface of the grain has

granted the name of "shape anisotropy" to the effects arising from the action of~.

The demagnetizing field can be obtained from any distribution ofunpaired poles ~.e., from any body

with an arbitrary shape) by using the same methods commonly employed in the potential theory,

although the only possible shapes for which an analytical approach is permissible are ellipsoids

(Maxwell, 19(4). Inside any ellipsoid, the components of~ along its principal axes are related to the

components ofM. in the absence of any other field, by

Hdl =- N,~ (2.2)

where i=x, y, z are the direetions ofthe principal axes of the ellipsoid, and N,are constants determined

by the axial ratios of the ellipsoid. Values of N,for ellipsoids of revolution have been given by Stoner

(1945) and for the general ellipsoid by Osborn (1945).

The demagnetizing field is directed opposite to the polarization of the grain-surface that generates

it, although according ¥lith eq. (2.2) it is not necessarily antiparallel to the spontaneous magnetization

(m general, Nx~ Ny 'F Nz; they are equal only in the case of a sphere). Therefore, the demagnetizing

field exerts a torque on the spontaneous magnetization to rotate it away from the easy direction in a

way completely analogous to the manner in which an externally applied magnetic field would do it

(It is very important to remark, however, that the demagnetizing field in small enough grains and their

spontaneous magnetization are inseparable). In larger grains the polarization of their free-surfaces

resulls in the division of the grain into separate magnetic domains, and therefore the physical situation
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becomes slightly more complex. Examination of this ease will therefore be postponed until the following

section, and here we will limit the discussion to the cases of small enough grains.

In some instances .I:b may be strong enough to overcome the energy barriers associated with the

magnetDcrystalline anisotropy, therefore rotating away the spontaneous magnetization from an easy

direction, but in other cases J::b is not strong enough to rotate the spontaneous magnetization from an

easy direction and will only reduce the energy barriers of the structure. In any case, the magnetic

energy of the grain would be a function with several local minima, the position ofwhich depends on

the exact chemical composition and shape of the grain, An external magnetic field will change the

position of those minima while acting on the grain, so that the magnetization of the grain is rotated from

its position of equilibrium. In general, it is assumed that for weak fields the changes in the energy

function of the grain are reversible, so that the spontaneous magnetization will return to its original

position after the field is not longer present, and therefore, that the induced magnetization can now

be described through eq. (2.1). Clearly, the stronger the demagnetizing field (the more elongated or

flattened the shape of the grain), the more likely this assumption will be valid even for small grains.

It is possible to evaluate the relative importance of the shape anisotropy for different mineral

compositions by comparing values of~ for different grain shapes with the values of the energy

barriers (E) required to rotate the spontaneous magnetization away from an easy direction. Shape

anisotropywill be dominant ifHd > E, and the magnetization will be parallel to the direction of the grain

for which Hd is minimized. If, however, the minimumvalue of Hd z E, the orientation of the spontaneous

magnetization will be controlled to a large extent by the crystalline easy directions. In Table 2.2, values

of the energy barriers and of tL for several shapes and compositions within the II-magnetites have

been calculated using eq. (2.2). Values for the demagnetizing factors were taken from Stoner (1945),

ofsaturation magnetizalion from O'Rea11y (1984) and ofthe energy barriers from Stacey and Banerjee

(1974). From the Table it can be seen that although shape anisotropy will be dominant for almost any

mineral within the Il-magnetil:egroup, there are some instances in which crystalline anisotropy cannot

be neglected. This is especially clear for minerals with larger Ti content, where the energy barrier is

more than half the largest value of J:b in all but one (the most oblate) case. Crystalline anisotropy is
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on the contrary the dominant term for all the minerals of the i1meno-hematite group (Stacey and

Banerjee, 1974).

Magnetic-Domain Anisotropy

Itwas mentioned in the previous section that free surfaces of larger grains produce different effects

than those described for small grains. In effect, because the presence of unpaired magnetic poles is

restricted, ideally, to the surface of the grain, an increase in size will tend to leave unaffected the

internal parts ofthe mineral witHe the atomic momen1s closer to the free-surface will be sUbject to the

polarization effects more strongly. This asymmetry in the forces acting on the atomic momen1s deep

inside and near the surface of the grain results in the splitting of its magnetic structure. Those atomic

moments closer to the surface are more likely to occupy an easy direction closer to the tangent of the

free surface so to minimize the polarization by reducing the density of "free" poles. This, in tum,

produces that the atomic moments in the internal parts of the grain occupy different easy direction in

order to eliminate any internal polarization. Therefore, not all the atomic momen1s in the internal parts

of the grain can lie along the same easy direction (as was the case for small grains), but in adjacent

regions they should lie along different (sometimes opposite) easy directions depending on the changes

imposed by the alignment of atomic moments near the surface (rig. 2.2). In a narrow zone at the

borders between two regions, each having its atomic n]omenls directed along a different easy direction,

the atomic moments will be forced to occupy intermediate, transitional directions. Each ofthe zones

with an uniform direction of magnetization (an easy crystallographic direction) is called a "magnetic

domain", and the intermediate zones are called "domain walls".

The details of the creation of a grain possessing several magnetic domains (called multidomain,

MD, as opposed to the small grains previously discussed that had only one single domain, or SO

grains), are notwell understood, in part because the MO configuration is not unique for a given grain.

Two examples ofObselVed, very different arrangements of magnetic domains near the free surfaces

of grains are shown in rlQ. 2.3.
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TABLE 2.2. Values of Saturation magnetization (Ms), Demagnetization factors (Np, Neq),
Demagnetizing field(Hd p and Hd etJ and energy barriers (E) for various grain shapes with polar I
equatorial ratios as indicated, and three diffsrent chemical compositions.

pleq Msx 105
Np Neq 5 5 Ex104Hdp x10 Hdeq x10

(Aim) (AIm) (AIm) (Aim)

0.4 .588154 .205923 2.82 0.99

0.9 .361822 .319089 1.74 1.53

Fe30 4 1.0 4.8 .333333 .333333 1.60 1.60 2.98

1.1 .308285 .345057 1.48 1.66

2.5 .135146 .432427 0.65 2.08

0.4 .588154 .205923 2.53 0.88

0.9 .361822 .319089 1.56 1.37

Fe2.9T'o.104 1.0 4.3 .333333 .333333 1.43 1.43 6.22

1.1 .308285 .345057 1.33 1.49

2.5 .135146 .432427 0.58 1.86

0.4 .588154 .205923 0.71 025

0.9 .361822 .319089 0.43 0.38

Fe2.4T'o.e0 4 1.0 1.2 .333333 .333333 0.40 0.40 2.65

1.1 .308285 .345057 0.37 0.41

2.5 .135146 .432427 0.16 0.52
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FIGURE 2.2. Magnetic domains and their relation to the size of the grain.
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Splitting of a grain in various magnetic domains will in general reduce the strength of the associated

demagnetizing field, although only in very few, if any, occasions will the demagnetizing field be reduced

to zero. However, as opposed to the SO case, MD grains can have any value of magnetization from

zero up to saturation depending on the balance between mutually antiparallel domains. Changing the

equilibrium conditions through an external magnetic field results in the displacement of the domain

walls, which increases the volume of some domains while decreasing the volume of others. The

energy associated with domain-wall displacement is generally sma", and if the displacement is not very

large it is a reversible process. Depending on the pre-exisling domain configuration, as well as on the

location of any crystalline defects, not all the directions will require the same amount of energy to

induce the same amount of magnetization, and therefore an asymmetry in the magnetic susceptibility

is defined. The effective importance of the demagnetizing field as a factor controlling the AMS, is

therefore reduced because of the very weak values of the net magnetization commonly encountered

in Me grains, although the external shape will be important in determining the orientation of the easy

directions of magnetization of a MD grain to the extent that it may have influenced the pre-existing

domain configuration, or to the point that it may facilitate the displacement ofdomain walls along any

particular direction. Despite all these differences from the previous case, eq. (2.1) still remains valid.

Textural Anisotropy

So far we have discussed the effects of an externally applied magnetic field over an isolated

ferromagnetic grain. In rocks in general, however, ferromagnetic grains are not isolated, but they are

surrounded by a large number of other mineral grains with which they interact in different ways. In the

present context, the magnetic interaction between neighbor ferromagnetic grains is the most important.

The magnetization of any ferromagnetic grain within a rock produces a magnetic field that affects

neighbor partidss,~11y tI'Icss atshortd:slzness. This fi.eld that originated from the magnetization

of individual particles will be referred here as the "interactive field". On application of a magnetic field

with sources external to the rock, the magnetization induced in any individual ferromagnetic grain will

be the resultant of both the external field and the interactive field. Therefore, not only the AMS of the
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individual particles is measured, but the resulting AMS includes a contribution from the magnetic

interaction of ferromagnetic particles. The anisotropy resulting from the unequal distribution of

ferromagnetic grains within a rock has been called "textural anisotropy" by Grabovsky (1956, as cited

in Grabovsky and Brodskaya, 1958), and more recently "distribution anisotropy" by Hargraves et al.

(1991). This source ofAMS has been usually neglected, although in the model proposed in this work

for the AMS of igneous rocks. it becomes the single most important source.

Specimen-Shape Anisotropy

In complete analogy with the demagnetizing field resulting from the unpaired poles on the surface

ofany ferromagnetic grain. a demagnetizing field associated with the shape of a rock-sPecimen can

be defined. The net magnetization of the rock will be, in general, extremely weak relative to the

saturation magnetization of ferromagnetic minerals and therefore. the relative importance of the

demagnetizing field associated with the shape of the specimen will be negligible (Collinson, 1983).

Ellwood (1979), however, presented experimental evidence showing that the influence of the length!

diameter ratio of specimens with cylindrical shape should not be disregarded. Clearly. in the

measurement ofthe AMS of a rock any anisotropy arising from the shape of the rock specimen used

to make the measurements should be completely eliminated. Based in theoretical grounds. Noltimier

(1971) showed that a ratio equal to 0.865 allows any cylindrical specimen to be approximated by an

uniformly magnetized sphere, therefore possessing zero shape anisotropy. A similar ratio had been

previously suggested by Porath et al. (1966) based on experimental results.

Relative Importance Of The Vmoos AMS Sources

Use of the adequate length/diameter ratio, as explained above, will minimize the effects of the

specimen shape in the measured AMS. The relative importance that the other factors have in such

measurements is cliflk:ultto assess in more than general terms due to the large number of parameters

involved. For example, each mineral grain may have a characteristic orientation of its individual

magnetic anisotropy determined by the relative importance that crystalline and shape anisotropies have
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on each particular grain depending on factors such as the particular chemical composition, the shape

and size ofthe grain and the pre-existing domain configuration for the cases of MD grains. Additionally,

to estimate the degree of interaction existing among ferromagnetic grains within a specimen it is

necessary to know the exact position (m 3D) of f!N8ry grain, the distance between any two of them, and

the intensity of the remanent magnetization ofeach individual grain.

In nature, clusters of grains will be places where magnetic interaction is certainly important, while

large, definite non-equant particles may be practically isolated in magnetic terms. As an example of

the difficulties that would be faced in any attempt to create a more realistic source model, in the

Appendix 1 the effects of individual shape anisotropies are included in a simplistic array of particles.

The resulting orientations of1he principal susceptibilities prove to be a complex function of the particle

separation along the three directions of reference, and of the orientation and shape of the particl~

despite all the simplifications made. Nevertheless, it can be concluded from those results that

whenever magnetic interaction occurs, this will be the dominant source ofAMS.

FIELD AND LABORATORY METHODS

Each of the subsequent chapters is based on the results obtained from the measurement of the

AMS of rock specimens collected from several lava flows. In every case, field and experimental

methods remained the same, and results were always expressed in terms of a few basic quantities.

Definitions of this type are given next with the purpose of avoiding unnecessary repetitions.

Collection of specimens and. instrument for AMS measurement

Rockspecimenswere collected with the help of a gasoline powered drill. Cylindrical cores having

a diame18r of2.5 em were oriented using a magnetic compass and clinometer before removing them

from the flows. Ai least one specimen from each core, having an approximate volume of 10 cm3
• was

sUbsequently cut at the Laboratory of Paleomagnetism of the University of Hawai'i. Measurement of

the AMS of the specimens was made using a Kappabridee KYL.-2 instrument at this Laboratory.
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Bulk (volume) susceptibility

Magnetic susceptibllity is the property of matter that determines its internal response to an external

magnetic field; it is a dimensionless quantity in the SI. If the applied field has a low intensity « 800

AIm), the magnetic susceptibility displays a directional variability that is well represented by a second

rank symmetric tensor (Tarling and Hrouda, 1993). The principal directions and values of the

susceptibility tensor correspond to the directions and magnitudes of the three principal susceptibilities,

denoted by kmax, kint and kmin. Bulk susceptibility (km) is defined as the arithmetic mean of the three

principal susceptibilities.

Degree of anisotropy

The three principal susceptibilities have been combined in several ways leading to the definition of

anisotropy parameters in an attempt to characterize the measured susceptibility tensor. Parameters

quantifying the departure from the isotropic case (when all three principal susceptibilities are equal)

are usually referred to as "degree of anisotropy" parameters. As shown by Caft6n-Tapia (1994), most

degree of anisotropy parameters yield qualitatively eqUivalent results differing only in their range of

numerical values. In this work, I used the Aparameter (A =100 {1 - «kmin + kint) 12 kmax)}), ranging

from 00" (ISOtropic) to 100%, and in Chapter 2 also the P parameter (Jelinek, 1981) with comparative

purposes (P =exp{2(P12 + P22+Pl)})·

Magnetic fabric

Adifferent type ofsusceptibility parameter, presumably characterizing the development of magnetic

foliation and/or lineation, has also been widely used in AMS studies. Two main classes of the so called

shape parameters were identified by Cali6n-Tapia (1994) based on their geometrical behavior within

the field of the susceptibility tensors. Parameters in the first group are defined in such a way that their

range remains constant between two fixed values irrespective of the degree of anisotropy of the

corresponding susceptibility tensor, whereas parameters of the second group have a range that is a

function afthe degree ofanisotropy. Because there are not at present any physical bases to prefer any
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one group in particular, one parameter from each was used in each chapter. From the first type of

parameters I used either U =(2kint - kmax - kmin)/(kmax - kmin) with fixed range between -1 and +1

(Jelinek, 1981), or V =sin-1{(kint - kmin) I (kmax - kinin) }112 with fixed range between 0° and goo

(Graham, 1966). From the second type I used B =100 {(kinin - 2 kint) I kmax + 1} with maximum

range within the limits -100 and 100.

Mean direc:tions and regions of c:onfidence around them.

Icalculatect the mean principal susceptibililies using the tensorial approach of Hext (1963). Regions

of confidence around the directions of the mean principal susceptibilities were calculated with two

different methods: Unear approximation (Jelinek, 1978; Uenert, 1991) and Bootstrapping (Constable

and Tauxe, 1990). Graphically, only the former are displayed for clarity, but the lengths of the two

semiaxes of each region were always reported numerically for both methods to allow a direct

comparison. The size ofthese regions was classified based on the scheme proposed by Caft6n-Tapia

et a!. (1994).
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CHAPTER 3: MAGNETIC FABRIC AND FLOW DIRECTION IN BASALTIC

PAHOEHOE LAVA OF XITL£ VOLCANO, MEXICO

INTRODUCTION

Xitle is the youngest (2400 BP; Libby, 1951) and only basaltic volcano in the Chichinautzin

monogenetic volcanic field (Gunn and Moeser, 1970; Martin del Pezzo, 1982); it is located on the

southern edge ofMellico Cily and human settlements now cover large parts of the flow field. Extensive

quarryVig of this rock, however, has produced many excellent outcrops which provide easily accessible

cross sections of the lava flows.

The Xitle lava preserved in and near the National University of Mexico (UNAM) campus is a

compound pahoehoe flow made of iii great number of lava flow units that range in thickness from 02

to 13.0 m. We sampled two flow units in 1992 as part of a pilot study of the variation of magnetic

properties, including magnetic fabric, and due to the encouraging resul1s (Caftan-Tapia etal., 1993),

sampled three more units in 1993.

In this chapter I discuss the results of the measurements of anisotropy of magnetic susceptibility

(AMS) and its correlation with slrudural features (e.g., thickness and vesicle-deformation fabric) of the

flow units aswell as the application of this reck-magnetic technique to determining the flow direction.

SAMPLING I.OCATiONS

The locations ofthe sampling sites are shown in Figure 3.1. In all cases, we collected samples from

the topmost unit so as to avoid possible effects of reheating by overlying lava. Moreover, at site 9 the

sampled unit rests on a paleosol and is the only unit present.

Ofthe five sampled profiles, three (profiles 2, 9 and 6) extend from top to bottom of flow units 8.2

m, 4.7 m and 1.6 m thick, respectively; one (profile 22) includes only the lower 1.1 m of a 6.0 m thick

unit; and one other (profile 1) embraces the top 5.5 m of the flow and consists of the tilted crust of a

tumulus on a unit of unknown thickness (Fig. 3.2). The angle of rotation of different paris of the last

profile was inferred from the flat top crust and the vesicle foliation that are clearly observed in the field;
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the axis of rotation was assumed to coincide with the geologically-inferred flow direction, and in the

following only the structurally corrected results are discussed.

All flow units are highly vesicular in their upper third and almost non-vesicular in their lower two

thirds apart from a vesicular layer containing pipe vesicles in the basal 0.5 to 1.0 m (Walker, 1995a).

The plunge direction ofthese pipe vesicles, the orientation of ropy structure on the surface crust of the

units, the elongation direction ofthe flow lobes, and the slope of the terrain were combined to infer the

overall flow direction ofeach unit. This direction is referred to as the geologically inferred flow direction.

Minor segregation veins up to 5 cm thick, slightly coarser and more vesicular than the lava they cut,

occur near the median plane of each unit and some were sampled. The segregation veins indicate lava

that remained liqUid after solidification of most parts of the unit; the bulk chemical composition of this

late liquid may be slightly more differentiated than that of the flow as a whole (c.f. Kuno, 1965).

RESULTS

Bulk susceptibility

Values for the bulk susceptibility (k,J calculated as the mean of the three principal susceptibilities

from the Xitie lavas average about6x1 era. This is slightly lower than the value obtained from lava flows

ofO'ahu (.2x1 D-2, E. Herrero-Bervera, unpub. data) and from the Azufre volcano in Argentina (.2x10-2
,

CaMn-Tapia et at, 1994). Profiles 2, 1 and 22 give th.e highest values (between 8x1 era and 7x1O~ and

profiles 9 and 6 give the lowest (between 5x10-3 and 4x1~. The difference between the largest and

smallest values is very small when compared with the large variations (of several orders of magnitude)

found in rocks containing very different amounts of ferromagnetic minerals, as for example some

granites or metamorphic rocks (rarling and Hrouda, 1993).

Variations of I<m within flow units are shown in Figure 3.3. The peak values in the middle of profiles

9 and 2 (FigS. 3 a and b) are given by samples collected from segregation veins. Excluding these, k.n

tencls to increase toward the upper margin from the central parts of these units, although in a narrow

zone at the top a sudden decrease takes place. In profile 6 the reverse relationship is observed.
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Centeno-Garcia et at (1986) found similar variations in the magnetic susceptibility across the

boundaries of superimposed flow units in the Xitle lavas, suggesting its possible connection with the

observed degree of oxidation of the rock. Petersen (1976) pointed out that, in general, the degree of

oxidation in thin flows will tend to be higher towards their upper parts, while in flows exceeding 6 m thick

preferential escape of hydrogen from their central parts may produce inner zones of high oxidation.

In the present case, the observed variations of k,., are compatible with the general picture given by

Petersen (1976).

Degree ofAnisotropy

Intemal variations of the degree of anisotropy within single units are shown in Fig. 3.4. Apparently,

the degree of anisotropy increases with depth in the unit, although the differences between top and

bottom are rather small and may not be significant. Typical values of anisotropy are between 1% and

2%, except in the middle parts of profile 9 and the lower part of profile 1 (Figs. 3.4 b and e) where

values of. 5% were obtained.

When we compar~ the values obtained in these flows with these from different types of lavas (Table

3.1) we find that andesite lavas from Azufre give much higher values than those from Xitle or Ko'olau

suggesting a possible relationship with the silica content (following Tormey et al., 1989; Gunn and

Moeser, 1970; Verma and Armienta, 1985; MacDonald and Katsura, 1964), and therefore the viscosity

of the lava. General differences in flow thickness On decreasing order Azufre-Xitle-Ko'olau) seem

consistent with this interpretation. Also, from the data in Table 3.1 (a and b) it would appear that a'a

flows on average tend to yield higher values. of the degree of anisotropy than pahoehoe, although

further work is needed before it is possible to draw any definitive conclusion.

Magneti~ Febri~e

The two parameters used in this chapter to measure the magnetic fabric yield eqUivalent results

for the two partial profiles and for profile 6, but in profiles 2 and 9 some quantitative differences are

observed (Fig. 3.5). In profile 2. the V parameter indicates the presence of a unique zone with a slightly
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TABLE 3.1. a) Average values ofthe degree ofanisotropy ofthe five Xitle units studied. The two figures
listed correspond to the A parameter of Cafi6n-Tapia (1992) and the P' parameter of Jelinek (1981)
where A = 100 (1-~+kJl2kl» and p': (exp{2(p12 + p,,2 + P3~}, P1=ln(k/km') for i=1,2,3 and k.,,'=
geometric mean of the principal susceptibilities. b) Average values from different types of lavas, as
indicated.

a)

PROFILE A(%) P'

1 2.4 1.0018 Thick unit on moderate slope

9 1.7 1.0013 Moderate unit on shallow slope

2 1.4 1.0007 Thick unit on shallow slope

22 1.4 1.0006 Moderate unit on shallow slope

6 0.7 1.0002 Thin unit on shallow slope

MEAN 1.54 1.0009

b)

SITE A(%) P'

AZUFRE 3.0 1.0040 8 aa flows on steep slope

XITLE 2.1 1.0013 1 as flow on steep slope

OAHU 1.0 1.0003 3 aa flows on steep slope

OAHU 0.3 ~.OOOO 1 pahoehoe on shallow slope
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higher degree of magnetic foliation at a height fraction of between 0.8 and 0.6, while the B parameter

indicates a relatively uniform magnetic foliation through the whole thickness of the unit. In profile 9 the

B parsmel8r identifies a zone of higher foliation between 0.35 and 0.65 height fraction that is not shown

by the V parameter. The physical relevance of these differences is not clear at present, although by

using the Bparameter it was possible to design a consistent criterion that allowed the size reduction

of the regions of confidence around the mean susceptibilities as explained in the next section.

On average, magnetic foliation is a little more developed in profiles 2 and 1 than in profiles 9, 22

and 6 (Table 2&, B parameter). Assuming that the exposed section of profile 1 is less than half of the

total thickness of the flow (which is a reasonable assumption in view of the mechanism of formation

of this type of tumulus as discussed by Walker, 1991, 1995b), the degree of development of the

magnetic foliation would be directly related to the total thickness of the unit, which may be of great

importance in the study ofthe internal emplacement mechanism of lava flows. For instance, it is known

from a structural study (Walker, 1995b) that most of the Xitle flow units continued to thicken by

endogenous growth by the "lava rise" mechanism of Walker (1991) after they were emplaced, and

therefore itwould follow that the thicker units are more likely to be subject to larger degrees of internal

deformation or shearing. This internal deformation would conceivably affect the development of the

magnetic foliation; the larger the amount of internal shearing, the better developed the magnetic

foliation. Clearly, the previous assumption is valid only for the B parameter and not for the V parameter
~

and therefore, as there is yet no physical basis to prefer anyone parameter, the conclusions drawn

should be taken as a reasonable inference deserving further investigation.

Comparison of the magnetic fabric of the pahoehoe Xitle lavas with that of lavas from other

settings (Table 3. 2b, parameter B; data sources as in Table 3. 1b) would seem to indicate that larger

degrees of internal deformation occur, on average, in a'a than in pahoehoe units of similar composition.

The average magnetic fabric of the Azufre lavas (8 flow unil:s), defines a strong magnetic lineation,

which may be the consequence oftheir higher viscosity as indicated in the preceding section, for such

lavas would move more like a plug presenting limited internal deformation therefore preserving a

strong vesicle lineation. The data base is, however, meager.
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TABLE 32 a) Average values of the magnetic fabric of the five XitJe units contained in this work. The
two parameters used were the B parameter of Caft6n-Tapia (1992) and the V parameter of Graham
(1966) where B=100 (~-2kJ~ +1» and V = sin-1{~-kJI(kl-kJ}112. See text for details. b) Average
magnetic fabric of other types of lavas as in Table 3.1.

a)

PROFILE B(%) V(O) Flow thickness (m)

2 -1.42 64 8.2

1 -1.39 56 >5.5

9 -1.12 55 4.7

22 -1.10 59 6.0

6 -0.64 58 1.6

MEAN -1.13 58

b)

SITE B(O-') VCO)

X1TLE (aa) -1.43 59

OAHU (aa) -0.41 57

OAHU (Ph) -0.04 48

AZUFRE(aa) +1.35 42
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Directions of the Principal Susceptibilities

Figure 3.6 consists of lower hemisphere equal-area plots of the principal susceptibility axes for the

five Xitle profiles. The apparent large scatter is similar to that found by previous studies ofAMS in lava

flows (Khan. 1962; Symons, 1975). By using the sta1istic:a1 tools provided by Hext (1963), however, and

criteria proposed by Cal'i6n-Tapia et al. (1995) to classify the size of the regions of confidence. the

groupings of the principal directions (Fig.3. 6) range from moderate to very good in most cases. An

exception is profile 6 where all the three principal susceptibilities are poorly clustered around their

mean. In the other four profiles, the minimum susceptibilities are much better grouped than either

maximum or intermediate susceptibilities, which usually define a girdle-like arrangement around the

mean minimum. The mean direction of the minimum susceptibilities lies within 100 to 20 0 of the

vertical. The direction of the mean maximum susceptibility of profiles 9, 22 and 1 agrees quite well with

the geologically-inferred flow direction, but in profiles 2 and 6 it is the mean intermediate instead. In the

former cases (FGS. 3.7b, 3.7d and 3.7e), mostofthe maximum susceptibility axes are contained within

:I: 22.50 ofthe ftowdirection, and have an upflow plunge in the basal parts of the unit. In profiles 2 and

6, on the contrary, all the three principal susceptibilities are within 22.50 of the flow direction (Figs. 3.7a

and 3.7c) almost irrespective of the position of the sample in the unit, although in profile 2 (Fig. 3.7a)

four distinctive groupings ofsamples can be identified (see discussion below).

The plunge of the principal susceptibilities in profile 6 (Fig. 3.7c) seems to be rather random,

whereas on profile 2 (Fig. 3.7a) an upflow plunge is clear in the upper parts of that flow-unit.

DISCUSSION

AMS and Flow Direction

AMS measurements have proved to be reliable indicators of flow directions in pyroclastic flows

(e.g., Ellwood, 1982; Knight et aI., 1986) and dikes (e.g., Knight and Walker, 1988; Ernst and Baragar,

1992; Staudigel et at, 1992, Puranen et at, 1992) but some doubt has existed about their utility in lava
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flows. For example, Symons (1975) could not find any significant relationship between the geologically

inferred flow direction of the Aiyansh flow and the mean direction ofthe principal susceptibilities. This

may be because samples were collected only from the surface of the flow where rotation of blocks

during emplacement may occur, or cooling effecls could modify to some extent the original directions

ofNIlS. Moreover, the statistical methods available at that time to calculate the mean directions of the

principal susceptibilities were largely inappropriate.

More positive results were obtained by Khan (1962), who found that the mean intermediate

susceptibility was roughly parallel to the flow direction of lava flows although the seatter of the main

susceptibilities was large, and by Kolofikova (1976; reported by Hrouda, 1982) who found a good

agreement between the diredion of the maximum axis of susceptibility and the flow direction, but only

in the intermediate and not in the frontal parts of the flow. MacDonald et al. (1992) also found a

parallelism between the principal maximum susceptibility and lineations assumed to be produced by

laminar flow of lava.

In the case of the Xitle lavas, I found that either the mean maximum or the mean intermediate

susceptibili!ies pci1t in .the same direction as the geologically-inferred flow direction. These apparently

contradictory results can be reconciled, however, by considering the way lava flows move.

The dimensions, especially the width and thickness, of lava flows are strongly controllecl by the

rheological properties and the slope of the preexisting terrain (e.g. Gauthier, 1973; Hulme, 1974;

Baloga and Pieri, 1986; Naranjo at aI., 1992). Assuming constant rheological properties along a flow,

a decrease in slope resuIm in both awidening and a thickening ofthe lava, to reach the new equilibrium

configuration. In widening, the lava will thus ~ forced to change its direction of movement locally

except, perhaps, close to the axis of the flow, as schematically shown in Figure 3.8. Thus, in those

regions away from the flow axis, the local flow direction may be nearly perpendicular to the direction

of advance of the front of the lava lobe. Moreover, small variations in direction and amount of the

grounds/ope, aswell asthe resislance that may be encountered by the flow at the front of the lobe due

to the formation of a rigid crust or the accumulation of debris, may cause subsidiary lobes to form in

directions at an angle of up to 90° with the main lobe.
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In our case, the present day slope of the terrain in the locations of profiles 9, 1 and 22, where the

mean maximum susceptibirrty and the geological information were in agreement, is steeper (. 4°) than

that ofprofiles 2 and 6 « 10). The first three units fonn rather narrow lobes, and this can be interpreted

as resulting from flow down a moderate paleoslope. Also, profile 9 unit rests on a paleosol, which

eliminates the possible effects of the underlying flows on the topography.

I conclude that the mean maximum susceptibility points in the direction of the local movement in

every case; the local movement coincides with the direction of advance of the unit as a whole only in

the cases where the slope is steeper.

Internal Variation Within Single Units

!J.s described above, the axes ofminimum susceptibility are usually better clustered than the other

two principal susceptibilities. The degree of clustering of the maximum susceptibilities was improved,

however, by filtering out selected specimens from the profile. The criteria that proved to be the most

useful to reduce the confidence regions around the mean maximum susceptibility were 1) to eliminate

specimens having a degree of anisotropy lower than an arbitrary threshold value (different for each

unit) and 2) to take out from the calculations those specimens with a partiCUlarly large degree gf

foliation. These criteria resulted in the removal of 25% - 58% of the specimens in each profile. The

remaining specimens yield the distributions shown in Fig. 3.9. The regions of confidence around the

mean maximum and intermediate susceptibilities were most clearly reduced after filtering on profiles

9,22, and 1 (compare figs. 3.6b, 3.6d, and 3.6e with 3.9b, 3.9d and 3.ge).

Groups ofspecimens atvery specific positions within the flow units defining well clustered axes of

maximum susceptibility were delineated through filtering. For example, in profile 6 specimens from the

upper and lower parts of the unit define two clusters that reflect a 15°· 20° imbrication in opposite

directions of~; the effects of a rotation around an axis trending in a NW-Se direction are also indicated

by these two clusters, and seem to be responsible for the large dimensions of the regions of

confidence around the mean values. The opposite imbrication of the k1 axis of specimens from the

upper and lower parts of the unit is most clearly observed in profile 9. Additionally, in unit 9 a third
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group of specimens, in which the directions of maximum susceptibilities are nearly normal to these

found near the top and bottom, is defined by specimens from its central parts, namely those showing

the higher degrees of development of the magnetic foliation as indicated in a previous section.

In the profile of unit2, three groups ofspecimens, roughly corresponding to the upper, middle and

basal parts ofthe unit, were identified. The k1 directions in the upper and lower parts of the unit do not

showthe imbrication relationship found in the other two complete profiles, although this could be due

to the high vesicularity observed in the upper section. All of the specimens from the upper part of this

unit have the ks axis parallel to the geologically inferred flow direction. It is not clear why this should

occur, although possible explanations may include 1) the exclusive presence of single domain

magnetite in this region ofthe ftO\lV leading to an inverse magnetic fabric (Rochette, 1988),2) distortion

ofthe flow pal.tBrns dueto turbulence or to the effect of rising bubbles, 3) deviation of flow directiol'! in

late-injected lava from the original flow direction during endogenous growth and, 4) the rotation of a

rigid crustal block of lava during movement of the flow. The last possibility was suggested by the

resemblance of the distribution of the AMS measurements of this group (Fig. 3.9b) to the results for

profile 1 before introducing the structural correction (not shown). Detailed study of other magnetic

properties is needed to validate the first possibility, while the other three are more difficult to evaluate.

Yet a fourth group ofonly four specimens located between the upper and middle parts of the flow

can be identified in this unit. Th~ specimens have a better degree of definition of the magnetic

foliation than the rest of the specimens from the unit. For this reason, they are not included in F'lgure

3.9a. although their k, directions are nearly parallel to the geologically inferred flow direction. Usually,

a better development of a magnetic foliation may be associated with a stronger influence of shearing

stresses ofsome sort, and therefore the presence ofthis fourth group of specimens may be indicating

the Iocadion ofa region wiIhin the unit in which intemal~ring was stronger during emplacement. The

possible rotation of the upper block of the unit is compatible with this interpretation.

SUMMARY

Main conclusions of this chapter are:
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1) It is possible to infer the flow direction of lava flows from AMS measurements.

2) An imbrication ofthe maximum axis ofsusceptibility in opposed directions at top and bottom may

be observed very clearly in some profiles, which may constrain the azimuth of motion of lava flows,

although certainly some complications may distort this behavior.

3) Among the possible complications that may exist in the interpretation ofAMS measurements

the most important are a) the principal maximum susceptibility is more likely to be directed parallel to

the direction of the local movement, which may be different from the direction of advance of a lava

flow, b) the presence of large vesicles and the possibility ofsignificant crustal rotations may disturb the

AMS initially related with the flow of lava and c) in very thick units it may be possible to obtain different

directions ofmovement from different parts of the unit, especially from its central parts, which may be

reflecting a change in the direction of movement of ItMa with time. In particular, the endogenous growth

of lava flow units, by continued injection of lava under a surface crust, and jacking up of that crust, may

produce significant deviations from the initial flow direction. Xitle flow units show particularly clear

evidence for this type of endogenous growth.

4) In order to obtain significant results from lava flows, it seems necessary to collect as many

samples as possible from the same unit and these should be uniformly distributed along a vertical

profile that must include the base of the unit, especially in the case of thick lava flows. It also may be

necessary to filter the resulting measurements.

Finally, relationships suggested by this study that require further research include:

1) The degree ofanisotropy is directly related to either the viscosily of the lava, the morphology of

the flow, or both and,

2) The magnetic fabric indicated by the susceptibility ellipsoid is directly related to the state of

internal deformation suffered by lava flows during movement. Clearly, should these relationships be

confirmed, AMS would offer e unique opportunity to study the details of the formation of flow fields.
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CIIAPTER. 4: NEAll VENT NA

INTRODUCTION

Many of the details of the movement of lavas are recorded in the solidified rock as foliations and

lineations, defined by the ordered orientation of crystals and/or vesicles that range in size from

macroscopic to microscopic (and perhaps submicroscopic) scale. Usually, the quantification of these

indicators of flow behaviour is tedious and time consuming. Nevertheless, much information has been

obtained from such studies (e.g., Waters, 1960; Smith and Rhodes, 1972; Komar, 1976; Coward,

1980; Rowland and Waiker, 1987; Saer and Reches, 1987; Husch, 1990; Smith at aI., 1993).

A ctitrerenttechnique relies on the measurement of the magnetic susceptibility of rock specimens

in various orientations relative to an applied magnetic field. The directional dependence of the

magnetic susceptibility on aweak field « 800 Aim) is commonly referred to as anisotropy ofmagnetic

susceptibility, or AMS (Tarling and Hrouda, 1993). The AMS of rock specimens has proved to yield

useful results even in cases when no other petrofabric indicators seemed to be present (valuable

reviews of this type ofstudy can be found in Hrouda, 1982; Jackson and Tauxe, 1991; Rochette et a!.,

1992; Tarling and Hroucla, 1993), although the potential applications ofthis method have still not been

fully explored. Several aspects that deserve closer attention have been pointed out in the previous

chapter, including the possible relationship of the intensity and type of magnetic fabric with the state

of internal deformation of lava flows.

In this chapter, I include the results of measurement of the AMS of specimens from two lava flows

displaying avery conspicuous concentric forl8tion pattern in transverse section (fig.4.1), and show that

there is an almost perfect match between the macroscopically observed vesicle foliation and the

instrumentally inferred magnetic foliation. The orientation of these foliations can be explained as

resulting from changes in the relative magnitudes ofshear stresses within the flows, leading to a model

for the origin ofIWS in igneous rocks that incorporatessome elements of the fluid behaviour of molten

rock. Extension of this model to other morphologies (pahoehoe and toothpaste lava), together with a
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FIGURE 4.1. Photographs ofthe cross sections showing vesicle foliation patterns. a) Mauna Kea flow unit.



FIGURE 4.1. (CONTINUeO) b) detail of the left side of the Mauna Kea unit, c) central part of same unit
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FIGURE 4.1. (CONTINUEO) d) Right side of the Xitle unit, e) central part of the Xitle unit displaying large megavesicle. White chalked lines follow the
vesicle foliation. Scale is 15 em long. .



fuller cflSCUSSion ofthe effects of post-emplacement clSruption of the original magnetic fabric is made

in the next chapter.

GEOLOGY OF THE lAVA FLOWS

The two lava flows studied here are rather narrow lobes (4.5 and 3.9 m wide) of a'a type that flowed

down fairly steep (:::: 10°) slopes. In transverse cross sections both show a concentric foliation marked

by a parallelism of strongly flattened vesicles. This foliation is parallel with the direction of flow, as

deduced from the slope of the terrain and the elongation of the lobes. It is presumed that the

similarities in the vesiclHnarked fabrics of both flows may reflect a physical process common to these

flows, rather than a peculiarity of the lava from these two particular sites.

One ofthe flows was eruJUd from XiUe volcano, which is a small monogenetic basaltic lava shield

ofthe scutulum type (Nee-Nygaard, 1968) located in the southem end ofMexico City. It is exposed in

an abandoned quarry approximately 1 km from the scenic road to San Miguel Ajusco town at UTM

coorcfmates (419300 m E, 2129600 m N). The second flow came from a vent high on the south side

ofMauna Ka, a large oceanic volcano on the island of Hawai'i. It is exposed in a road cut on the road

to the summit ofMauna Kea, at an altitude 10 600 ft above sea level, on a bend 1.6 km northeast of

Hale Pohaku.

Differences in the chemical composition of the la~ are presumed to be ofsecondary importance

in determining the mineral fabrics. XiIIe products are olivine basalts of high-alumina type while the

Mauna Kea flow belongs to the late stage alkali-basalt lavas that cap this volcano.

The Xitle flow (Fig. 4.2a) has two foliation nodes, and could be regarded as being formed by two

contiguous lobes each showing the characteristic concentric foliation, the two concentric patterns

coalescing and departing from a simple arrangement in the middle parts of the unit. An interesting

characteristic ofthis unit is that it displays some megavesicles in the cross section, one near each node

of the observed foliations.
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The flow from Mauna Kea (Fig. 4.2b) has a simpler pattern in which the foliation encircles a single

node above the middle of the unit. The observed foliation is somewhat asymmetric and departures

from the concentric pattern occur near the top of this unit. Megavesicles are absent.

RESULTS

Bulk susceptibility and direction of the prindpal susceptibilities

a) Xitle flow

The magnitudes and directions of the three principal susceptibilities of all 22 samples from the Xitle

flow are listed in Table 4.1 anc:l shown in Figure 4.3a. Values of the bulk susceptibility range from 5.75

x 10-3 to 9.84 x 10-3 (mean value 7.44 x 10~ which is roughly the same range found in several

pahoehoe units from Xiile volcano (Chapter 3).

The directions of the principal susceptibilities of all the samples (Fig. 4.3a) appear somewhat

scattered, but the regions of confidence around the mean maximum susceptibility are indicative of a

fairly significant mean direction (Caft6n-Tapia et al., 1994). The mean of the maximum susceptibilities

iswithin 200 ofthe flow direction inferred from the geology (due east), which is a good agreement given

the apparent scatter of the data.

b) Mauna Kea flow

The magnitudes and directions of the 44 samples collected from the Mauna Kea flow are listed in

Table 42 and shown in Fig. 4.3b.

Bulksusceptibilil.y ofthese samples is an order of magnitude higher than for the Xitle flow, ranging

from 3.08 x 10-2 to 6.98 x 10"2 (mean value of 5.67 x.1 o-~, in agreement with other flows from the

Hawaiian islands (Chapter 5 and Herrero-Bervera, unpub. data). The difference between the bulk

susceptibiflty ofXitIe and Mauna Kea flows may be related either to a larger amount of titanomagnetites

or to a larger degree of oxidation (hence compositions closer to pure magnetite) of an initially similar

amount of titanomagnetiies in the Mauna Kea flow.
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TABLE 4.1. Values (K) and directions (D .<fecUnation, 1- inclination) ofthe principal susceptibilities of samples from the Xitle unit. Last two columns show
degree of anisotropy (A=100 (1- (k3 + k2) 12k1), range: 0,100) and magnetic fabric (B=1oo (1 + (k3 -2k2) I k1), range: -100 , 100).

Sample K",... D""", IIIIU KInt Dint lint Km,n Dm,n l"'ln K......, A(%) B(%)
t# x10"* x10"* x10"* x104

01 5.788 098 06 5.760 008 06 5.705 229 82 5.751 0.96 -0.47

02 6.934 103 15 6.857 008 15 6.768 237 68 6.853 1.75 -0.17

03 8.542 301 08 8.333 039 45 8.182 204 44 8.352 3.33 0.68

04 6.515 318 32 6.415 079 39 6.333 202 34 6.421 2.16 0.28

05 7.040 319 06 6.929 065 68 6.808 226 21 6.926 2.44 -0.14

06 7.425 298 42 7.417 201 07 7.215 103 47 7.352 1.47 -2.61

",,07 6.959 277 20 6.925 . 008 03 6.689 106 70 6.858 2.18 -2.90
...a

08 7.106 233 20 7.048 325 05 6.959 068 69 7.038 1.44 -0.44

09 6.796 343 07 6.762 250 24 6.658 089 65 6.739 1.27 -1.03

10 7.466 261 28 7.411 167 07 7.136 063 61 7.338 2.58 -2.95

11 7.058 228 14 7.004 134 16 6.815 357 69 6.959 2.10 -1.91

12 9.056 220 25 8.988 116 27 8.659 346 52 8.901 2.57 -2.88

13 9.996 085 23 9.864 245 66 9.644 352 08 9.835 2.42 -0.88

14 7.551 086 27 7.515 287 61 7.285 181 09 7.450 2.00 -2.57

15 7.562 040 50 7.543 298 09 7.265 201 38 7.457 2.09 -3.43

16 7.420 064 50 7.359 315 15 7.103 214 36 7.294 2.55 -2.63

17 8.541 159 68 8.370 017 18 8.187 283 13 8.366 3.07 -0.14



TABLE 4.1. (CONTINUED) Values and directions of principal susceptibilities from Xitle unit.

Sample KIIIIlll D_ 1_ K,nt D,nt 11m Kmln Dmln Imln Kmlllll A(%) B(%)
t# x10-3 x10-3 x10-3 x10-3

18 9.024 045 25 8.942 138 06 8.661 240 65 8.876 2.47 -2.21

19 5.964 070 18 5.935 338 04 5.900 237 71 5.933 0.78 -0.10

20 7.369 188 10 7.361 098 04 7.250 345 79 7.327 0.86 -1.40

21 7.174 092 52 7.113 319 28 6.907 215 23 7.065 2.29 -2.02

22 8.758 273 08 8.628 182 05 8.362 061 81 8.583 3.00 -1.55

..
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FIGURE 4.2. Diagrams showing the foliation patterns (dashed lines corresponding to the white lines
in Fig. 4.1) and sample locations in a) Xitle flow and b) Mauna Kea flow. Rectangles indicate the fields
ofFig. 4.1.
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TABLE 4.2. Values (I<) and directions (0 - declination, .- inclination) of the three principal susceptibilities of all samples from the Mauna Kea unit. Last
two columns show values of the A (degree of anisotropy) and B (magnetic fabric) parameters as defined in Table 4.1.

Sample KmlX 10_ 1- Ktnt Dint lint Km1n Dmln Imln Km.n A(%) B(%)
## x10.z x104 x10·2 x104

01 5.718 220 24 5.688 126 08 5.604 019 64 4.04 1.26 -0.94

02 5.205 210 24 5.102 303 06 5.064 046 66 4.04 2.34 1.25

03 5.594 201 07 5.503 292 07 5.453 070 80 6.47 2.07 0.73

04 4.756 218 52 4.643 355 29 4.612 098 21 6.23 2.70 1.72

05 4.324 155 46 4.308 327 44 4.224 061 04 4.23 1.34 -1.57

06 4.097 203 58 4.047 015 31 3.988 107 03 6.18 1.94 -0.22

g07 6.229 160 39 6.189 047 25 6.051 294 40 6.83 1.75 -1.57.
08 6.539 191 18 6.516 066 61 6.348 289 22 6.98 1.64 -2.22

09 6.312 171 28 6.276 353 62 6.102 262 01 6.18 1.95 -2.19

10 4.301 353 62 4.282 201 25 4.107 105 11 4.34 2.48 -3.63

11 6.263 090 38 6.229 182 02 6.034 275 52 5.69 2.10 -2.57

12 6.908 055 37 6.885 153 10 6.697 255 51 5.83 1.69 -2.39

13 7.062 347 04 7.004 083 51 6.871 254 38 6.58 1.76 -1.06

14 6.267 328 46 6.192 126 42 6.084 227 11 6.03 2.06 -0.53

15 4.421 192 26 4.319 099 07 4.271 355 63 6.41 2.85 1.22

16 5.758 169 69 5.697 270 04 5.608 002 20 6.44 1.83 -0.49



TABLE 4.2. (CONTINUED) Values and directions of principal susceptibilities from the Mauna Kea unit.

Sample Kmax D_ 1- Klnt Dint lint Km,n Dm1n Imln Kmean A(%) B(%), x104 x104 x104 x104

17 5.926 171 25 5.82 264 7 5.747 9 63 5.83 2.4 0.56

18 6.685 201 43 6.59 93 18 6.455 347 41 6.58 2.43 -0.6

19 6.124 20 76 6.032 266 6 5.937 174 13 6.03 2.28 -0.05

20 6.488 5 68 6.407 100 2 6.333 191 22 6.41 1.82 0.11

21 6.514 0 21 6.453 267 8 6.341 156 68 6.44 1.8 -0.78

22 6.006 312 0 5.982 42 3 5.889 218 87 5.96 1.17 -1.15

23 6.959 183 7 6.893 92 6 6.79 319 81 6.88 1.69 -0.53

~24 4.589 186 1 4.559 . 96 1 4.487 330 89 4.55 1.44 -0..91

25 6.939 6 6 6.844 97 4 6.74 216 83 6.84 2.12 -0.13

26 4.942 12 12 4.906 102 0 4.827 194 78 4.89 1.53 -0.87

27 3.965 215 35 3.921 49 54 3.874 310 6 3.92 1.7 -0.08

28 5.618 203 33 5.509 89 32 5.447 326 40 5.52 2.49 0.84

29 6.23 192 48 6.183 65 29 6.063 318 28 6.16 1.72 -1.17

30 6.417 11 61 6.346 242 19 6.258 145 21 6.34 1.79 -0.26

31 6.491 243 70 6.459 27 17 6.301 121 11 6.42 1.71 -1.94

32 4.643 4 6 4.594 269 42 4.56 100 48 4.6 1.42 0.32

33 5.24 82 52 5.217 205 23 5.092 308 28 5.18 1.63 -1.95



TABLE 4.2. (CONTINUED) Values and directions of p,rincipal susceptibilities from the Mauna Kea unit.

Sample Kmllll D_ Imllll Klnt Dint lint Kmln Dm,n Imln Kmean A(%) B(%)
# x104 x104 x104 x104

34 6.86 232 45 6.809 100 34 6.685 351 26 6.78 1.65 -1.06

35 6.38 178 1 6.289 269 18 6.183 84 72 6.28 2.26 -0.24

36 5.814 194 16 5.761 74 60 5.671 291 25 5.75 1.69 -0.64

37 5.608 202 13 5.547 343 74 5.435 110 10 5.53 2.09 -0;91

38 6.287 217 3 6.211 314 66 6.125 125 24 6.21 1.89 -0.16

39 4.486 214 34 4.446 77 47 4.408 321 22 4.45 1.31 0.04

40 6.573 224 14 6.474 99 66 6.396 319 19 6.48 2.1 0.32

~41 6.207 206 23 6.08 60 63 6.024 302 14 6.1 2.5 1.14

42 3.16 186 31 3.102 286 16 2.991 41 54 3.08 3.59 -1.68

43 6.428 312 11 6.347 215 31 6.236 59 57 6.34 2.12 -0.47

44 5.254 1187 12 5.217 317 71 5.113 94 14 5.19 1.69 -1.28
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FIGURE 4.3. Directions and regions of confidence of all specimens from a) Xitle flow, and b) Mauna
Kea flow. The regions of confidence shown were calculated with the multivariate analysis technique
(Lienert, 1991); the dimensions of the regions of confidence obtained with the resampling method
(Constable and Tauxe, 1990) are given numerically in parenthesis. Geologically inferred flow direction
is shown by the arrows.
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The directions of the principal susceptibilities of all samples from this flow also appear scattered,

but the regions of confidence around the mean maximum susceptibility are smaller than in the Xitle

flow (F"1g. 4.3b). The mean ofthe maximum susceptibilities lies within 20° of the flow direction inferred

from the geology (nearly due south), similarly to the resul1s obtained in the Xitle flow.

Two interesting relations can be established from the AMS resul1s. 1) By plotting the principal

susceptibilities of each sample in a plane normal to the geologically inferred flow direction assuming

an underlying slope of 10° (Fig. 4.4), it becomes clear that the plane containing the maximum and

intermediate principal susceptibilities, or plane ofmagnetic foliation, is systematically oblique to the flow

margins and flow axis (FIgS. 4.48, 4.4c, 4.4d) so as to lie on a family of nested cones, the axis ofwhich

coincides with the flow axis and the apices of which point down~f1ow. 2) Using the same plane of

projection, it is clear that there is an almost perfect match between the plane of magnetic foliation and

the macroscopic vesicle foliation (Fig. 4.4e, 4.4t).

The obliqUity of the plane of magnetic foliation is interpreted to constitute an imbrication, as

previously observed in the dikes of the Ko'olau volcano (Knight and Walker, 1988) and in Xitle

pahoehoe units (Chapter 3). The imbric:alion angle averages 25° in the Mauna Kea unit, and 20° in the

Xitle unit; the larger angles occur near the foliation node in both flows. The inward increase in the

imbrication angle is consistent with the down-flow curvature of vesicle foliations observed in places

where the plane ofthe outcrop is parallel to the flow direction, as schematically illustrated in Fig. 4.4b,

where the plane of projection of Figure 4.41 has been hypothetically displaced along the flow direction

several times.

Magnetic fabria and degree of anisotropy

The magnetic fabric of this lobe is preferentially foliated, with an average value of the degree of

anisoiropy of ::2 %. Larger values of ihe A parameter are found near ihe node of foliation, while

specimens closer to the borders yield smaller values ofA. Two samples with the highest degree of

anisotropy, and the only two samples showing a slightly Iineated fabric, are located in the vicinity of the

central megavesicle.



a)

of

~~~=----=:::::::~~agnet;c.
foliation

b)

FIGURE 4.4. a) Side view showing the nested cones and the imbrication angles (i) mentioned in the
text (8 is the angle of the underlying slope taken as 100 in both units of this work). b) Relation of the
imbrication angle to the curvature of a foliation in an outcrop parallel to the flo.." direction.
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FIGURE 4.4. (CONTINUED) e) Equal area projections of the plane of magnetic foliation (XitIe unit) and the maximum susceptibility indicated by
the squares. Numerical values are the sample number as given in Table 4.1. Geologically inferred flow direction is normal to the plane of the
projections; the hemisphere towards the observer was used in all cases (observer looking up-flow).
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FIGURE 4.4. (CONTINUED) f) Equal area projections of the plane of magnetic foliation (Mauna Kea unit) and the maximum susceptibility
indicated by the squares. Symbols as in fig. 4.4 e).



The magnetic fabric of this unit is also preferentially foliated, with an average value of the degree

ofanisotropy of ::: 2 %. The magnetic fabric seems to be slightly more foliated in its left side perhaps

reflecting the asymmetry in the foliation.

ORIGIN OF THE FOLIATION PATIERNS

The origin of AMS

It has been customary to interpret AMS measurements in terms of the preferred orientation of

elongate ferromagnetic grains that move in flowing magma. This interpretation is based on two basic

assumptions: 1) the shape of titanomagnetite grains is the dominant factor controlling their magnetic

anisotropy, and 2) the AMS of a rock specimen is determined by the individual anisotropies of non

interacting titanomagnetite grains (see the reviews by Hrouda, 1982; Jackson and Tauxe, 1991;

Rochette et a!., 1992; Tarting and Hrouda, 1993). Most grains of magnetite observable in thin sections

of unaltered igneous rocks, however, are not elongated but tend to be irregularly shaped, and the

texbJres of ferromagnetic grains usually suggest that their crystallization occurs after movement of the

melted rock or pyroclastic material has already ended (Wolff et aI., 1989; Hargraves et aI., 1991).

Regarding the second assumption, Stephenson (1994) has shown that magnetic interaction of

neighbor grains may indeed produce a large degree of anisotropy even in the case of intrinsically

isotropic grains (see also Appendix 1). As even a smaU amount (::: 1 vol %) of ferromagnetic minerals

may result in inler-grain magnetic interactions (Borradaile, 1988; Sprowl, 1990), it is doubtful whether

the non-interaction assumption is valid for most igneous rocks.

Hargraves et al. (1991) suggested that the early crystallizing silicates form a sort of template that

controls the distribution of small ferromagnetic grains, and to some extent the shape and orientation

of larger grains. Magnetic interaction between ferromagnetic grains would in tum determine the

susceptibBy measured in the specimen and, therefore, the magnetic fabric would mimic the fabric of

other crystals more likely to be already present in the flowing magma. The same basic idea was

previously proposed by Stacey (1963) although he did not sustain it with any direct observation, and

by Wolff at al. (1989) in the context of pyroclastic deposits. Both models (Wolff et aI., 1989 and
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Hargraves et aI., 1991) shift the relative importance from the (magnetically) isolated-particle origin of

AMS to an interactive model, but neither investigate the details of the mechanism controlling the

distribution of grains, nor its relation with the internal structure of the rock.

To bridge this gap, a model linking the velocity field of a moving fluid to the distribution of minute

particles immersed in it and the observed vesicle foliation is proposed in the next section.

Foliations clue to fluid motion

In any fluid, it is possible to relate the stress tensor with the Eulerian strain rate, which involves the

spatial variations oftha velocity field of the fluid through its constitutive equation. For an incompressible

Newtonian fluid, the constitutive law takes the form:

(4.:1)

where i and j may each be equal to x, y and z, the components of a Cartesian system of reference, t,
is the component of the stress tensor applied on a face of the fluid element normal to the i direction

and pointing in the j direction, eij is the Eulerian strain rate tensor, IJ. the viscosity of the fluid, VI the

component ofthe velocity in the i direction, and v'J indicates the rate of change of v, following a change

in position of the observation point in a direction parallel to the j direction (Menke and Abbott, 1981).

The components of the stress tensor given by (4.1) can be easily evaluated ifwe take the case of

a flUid moving with a velocity in ORe direction, say x, and assume that the velocity remains constant

along that particular direction. Kilburn and Lopes (1991) have shown that these assumptions are

reasonable for near vent lavas, based on the observation that lava flow lobes do not increase

appreciably in widIh or length except in a small region at their front. Thus, the components of the stress

tensor defined by (4.1) become:

and,

(4.2)
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Knowing all the components ofthe stress tensor, it is easy to estimate the orientation of its principal

(all normal) stresses and from these the orientation of the shear plane in any element of fluid (e.g.,

Hatcher, 1990).

If'txy in eqs. (4.2) is made infinitesimally small while keeping 'tzx finite, the shear plane will tend to

be a horizontal plane. If instead 'tzx is made infinitesimally small while keeping 'txy finite, the shear plane

will be a vertical plane. Different orientations of the shear plane between these two extremes are

obtained depending on the relative magnitudes and signs of the four non-zero shear stresses in eqs.

(4.2) (Fig. 4.5).

The shear plane can be related with the observed foliations in a very simple way. Ifwe take as a

reference any cubic element of fluid, the action of the local stresses will deform it so that after some

time it becomes a rectangular box with its shorter dimension normal to the shear plane. Any bubble

contained in the fluid element will undergo the same type of deformation, therefore explaining the

formation of the flattened vesicles observed in both lava flows.

The magnetic fabric is also related to the shear plane although in a somewhat less direct form.

Particles contained in two originally adjacent cubic fluid elements (likely to suffer very similar

deformationsas long as the elements of reference are small enough and the stresses are continuous,

smooth functions of position within the fluid) will be cflStributed along two non-adjacent rectangular fluid

elements after some time, as illustrated in Fig. 4.6. Magnetic interaction between particles along the

direCtion ofcompression in the figure will thus be enhanced, while interaction between particles along

the direction of extension will be reduced. Similarly, magnetic interaction between particles along the

direction nonnal to the plane of the figure can be enhanced or reduced, depending on the sign of the

stress in this direction. In any case, particles can be envisaged as distributed over distinct parallel

planes that correspond to the respective shear planes of the original cubic elements of reference.

The distribution of particles will not only influence the orientation of the three principal

susceptibilities, but also the type of magnetic fabric measured. Stephenson (1994) showed that

idenIicaJ spherical particles homogeneously distributed along parallel, non-interacting planes will have

a minimum susceptibility normal to the planes and two larger susceptibilities of approximately equal
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values parallel to them; the larger the separation between planes, the smaller the relative size of the

minimum suscepllbility. IV. the other extreme, ifthe distances between particles over a plane are larger

than along the normal to it, magnetic interaction along that normal will dominate, and the magnetic

fabric will be preferentially foliated (Appendix 1). In the case of Figure 4.6, if it is assumed that the

stress normal to the page is equal to U1at along the vertical direction, the shear plane would be vertical

and magnetic interaction along the direction of extension will be negligible, therefore resulting in a

preferentially foliated magnetic fabric (indicated by negative values of the B parameter) with its

minimum susceptibility parallel to the direction of extension (normal to the shear plane). If on the

contrary, the stress normal to the page is equal to the extension shown in the figure, the shear plane

will be horizontal and the resulting fabric would be preferentially lineated (positive values of the B

parameter) with its maximum susceptil:lilily parallel to the cfJTection of compression (normal to the shear

plane).

Thus, it is proposed that whenever a well defined shear plane is created by the local stresses due

to lava movement, the principal susceptibilities will be closely related to ill' the magnetic fabric is

preferentially foliated, the minimum susceptibility will be close to the normal to the shear plane while

if the magnetic fabric is preferentially Iineated the maximum susceptibility will be normal to it. The larger

the absolute value of the shear the better defined the magnetic fabric (which would be marked by

values of the B parameter closer to -1 or +1, respectively).

VELOCITY PROFILES

Flow conditions and rheology

Fromfigure 4.5, itis clear thatUte paUem ofvesicle and magnetic foliations observed in both Mauna

Kea and Xitie units can be reproduced by adjusting the relative values of the four non-zero stresses

(ct. eqs. 4.2) across the surface of the outcrop. The orientation of the magnetic fabric in three

dimensions, however, allows us to infer more regarding the velocity field of moving lava.

If the orientation of the plane of magnetic foliation does indeed parallel the local shear plane as

explained in the previous section, its imbrication implies that the approximations made by eqs. (42) are
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FIGURE 4.5. Different orientation of the shear plane depending on the relative values of shear
stresses. The frontal plane is normal to the xdirection and corresponds to the plane of projection in
Fig. 4.4 a). The second plane (partially delineated with dashed lines) represents the shear plane
obtained when the relation between the two non-zero shears indicated below each case is satisfied.
The intersection of both planes (thin line) marks the trend of the foliation as observed in the outcrop.
Positive y direction is indicated by the dashed arrow in all cases.
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for details.



not completely valid. In order to reproduce the orientation of the plane of magnetic foliation through

the use of the local stress tensor, it is necessary to include at least one extra non-zero term in eqs.

(42), or in otherwords, we would need to take into account the contributions of a velocity component

in a direction perpendicular to that in which flow is occurring. Alternatively, we can still assume that the

velocity remains unidirectional, although it is necessary to allow changes in its magnitude with distance

from the vent ~.e.,1ioc is no longerzero in eqs. 4.2). This, together with the coordinate system of F"Jgure'

4.4a, and according to the orientation ofthe magnetic foliation shown in Figs. 4.4c - 4.4f, allowed us

to infer the velocity profiles shown in FIgS. 4.7a and 4.7b.

To construct the velocity profiles, I first located the points in which there is a change in the

orientation of the direction of the imbrication assigning to these points the maxima or minima in the

velocity values (small arrows in rigs. 4.7a and 4.7b). To estimate the slope afthe curve in the profil,s

two eharactmisticsofthe magnetic foliation were used in conjunction,'1) the orientation oftha foliation

in the plane normal to the flow direction and 2) the angle of imbrication relative to the flow direction.

The first factor gives information ofwhether the changes in the velocity are positive or negative as we

move in the positive vertical (z) or horizontal (y) direction, while the second allow us to estimate how

different the velocities at two points would be after a displacement along the flow direction has been

accomplished. The latler can be used as an indirect estimate of how steep should be the slope of the

profile. Certainly, the profiles are.only approximations because we only have information about the

relative Importance of1he changes in the velocity along two orthogonal directions at a time, and there

is no way to know the absolute value ofany ofthese changes independently (otherwise we would know

a priory the velocity profile that we are inferring).

In figures 4.7c (Binghamian) and 4.7d (Newtonian), velocity profiles for the cases of unconfined flow

over a alionary surface and between two stationary boundaries are shown for comparison (note that

the horizontal profile for each rheology can be represented by the ease of flow between two stationary

surfaces). It is observed in F"1g. 4.7 that the vertical velocity profiles inferred from the foliation patterns

in both flows are more closely related to the eases of flow between two stationary boundaries.

Therefore itwould seem that bo1h floW'S may have developed a roof that moved slower relative to the



central paris of the flow. The departure ofthe simple concentric pattern in the foliation in the upper right

comer of the Mauna Kea flow can be interpreted as marking the absence of a slow upper layer in this

side, so that the roof formation in this flow was only partial.

The maximum veIoc:ily along the vertical profi1es does not coincide in either unit with its geometrical

cemer, but is slightly above it in the Mauna Kea flow and below it in the unit from ><iUe, within the limit

of experimental error. In any case, it is likely that changes in the velocity in a small region near the

maxima in both units were presumably smaller than nearer to the borders, and therefore could be

interpreted to represent a region where plug flow occurred indicating that the rheology of the flows was

closer to Binghamian than to Newtonian. The profiles shown in F'lgs. 4.7a and 4.7b seem to suggest

that lava in both flows possessed a small yield strength during its emplacement The yield strength

could not be V8BY large because the region of plug 1I0Vtf is notvery clear in the vertical profiles, although

it is betterdefined in the horizontal profile from Mauna Kea unit (It should be noted that only one side

of the Xitfe flow was sampled, hence explaining the incomplete velocity profile).

DISCUSSION

In the previous sections a model was proposed that explains the orientation of the principal

susceptibilities as a result ofthe different magnitudes of the elements ofthe local stress tensor, which

in turn depend on the changes in the velocity components of fluid elements of a lava flow. Some

comments have to be made, however, to better appreciate the advantages and limitations of this

model.

First, the proposed model for the origin of the AMS of igneous rocks depends mainly on the grain

distribution along 1he local shear plane. Each mineral grain, however, may have a characteristic shape,

and its final orientation may be controlled by factors such as hydraulic forces, grain-grain interactions

and"! or preferential growlh directions. Thus, in general, the anisotropy due to the particular shapes of

indMclual grains will be superimposed on that arising from the distribution of grains in the shear planes,

so introducing some deviations from the model pro~. Nevertheless, it is found (Appendix 1) that
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FIGURE 4.7. Velocity profiles (x component) inferred from the orientation afthe foliations of Xitle and
Mauna Kea flows along a) a horizontal (y) direction and b) a vertical (z) direction. Arrows indicate the
position of the foliation nodes shifted relative to the medial plane of the units. Cashed lines indicate
changes in the velocil.y suggested by the orientation of the plane ofmagnetic foliation that can not be
easily explained by a simple rheological model. Profiles of flow unconfined and with stationary
boundaries for c) Binghamian and d) Newtonian fluids are given for comparisson.
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anisotropy due to shape will usually be dominated by anisotropy arising from magnetic interaction of

grains, therefore validating the proposed model in a general context

second, it is implicit in the model that the distribution ofstresses present during the final stages of

movement of the flow was somehow preserved by the minerals or vesicles after solidification of the

lava. Although this may be the case in the two units here studied, this is not necessarily true for all lava

flows. For inslance, in a lava flow that becomes static while still fluid , as when ponded in a depression

or in the interior of pahoehoe lobes that are restrained by their chilled crus1s, the force of gravity will

act in such a way that the effects of the hydraulic forces will have been somewhat distorted in the

entrapped lava upon solidification or complicated by convection or vesicle ascent The amount of

distortion will be related to the time elapsed from the moment when movement ceased to the time

when the lava reached a yield strength large enough to prevent any further change in the distribution

and orientation of grains.

If it is accepted that the measured susceptibilities do indeed have a simple relationship with the

average separation ofgrains as adduced in the previous section, then it is possible to predict how the

effects of gravity would disrupt the magnetic fabric assoeiated with movement of lava. For example,

taking the case in which kmin is originally vertical and kmax is parallel to the flow direction, we can

expect that seUIing ofgrains will eventually shorten the inter-grain distances along the vertical leaving

more or less unaltered the distances along the horizontal plane. This would result in an increase of

!<min that could end in a vertical maximum susceptibility and an intermediate susceptibility parallel to

the flow direction. The type of magnetic fabric (whether foliated or lineated) and the degree of

anisotropy will be modified in the process following the evolution illustrated in Fig. 4.8. The

characl8rislicNItS of lavas possessing a range of different morphologies seems compatible with this

evolutionary precess (Chapter 5).

Third,~n does not cx:cur simultaneously in all points of a flow. A solidification front moves

from the boundaries to the central paris ofa flow at a velocity that depends on how heat is transported

to the bounding surfaces of the flow and on how it is removed from the surfaces by the surroundings

(e.g., Fink and Griffiths, 1990; Pinkerton and \Nilson, 1994). Thus, the changes in the velocity

69



preserved by the magnetic foliation do not necessarily represent a single flow regime as assumed in

the previous section, but may represent a completely different situation. As the solidification front

moves toward the inner paris of the flow it \M1I "freeze" the stress distribution acting just before it passes

over a particular point, in which case the imbrication angle would be explained in terms of the shear

occurring between a rather solidified layer and a more fluid part of the flow. The presence of a foliation

in almost the full width and height of the flow would therefore suggest that movement of the internal

parts took place until very late in its history. Furthermore, the location of the places where the

maximum imbrication angle is achieVed would now be marking the place where the influence ofgravity

disrupted the most the magnetic fabric related with movement of lava, or in other words, the places

where solidification occurred last. In the ease of the two units of this work, we could therefore infer that

cooling took place at a faster rate from the top in the Xitle flow, but that it was faster from the bottom

in the Mauna Kea flow. The first ease is what is usually expected because heat transfer to the

atmosphere is more effective than to the underlying rock (e.g., Fink and Griffiths, 1990), but the second

ease is slightly harder to explain. Cue to this small complication, I prefer the original interpretation in

the sense that a single velocity regimen was preserved in both flows.

Fourth, although the velocity field of the lava flows was extremely simplified in order to arrive at the

suggested model, the proposed origin for the AMS of igneous rocks has a more general nature. In

other words, there is no reason to suppose that the ~rientatlon ofthe principal susceptibilities ean be

linked to the velocity field of lavas only in the special circumstances described earlier. In effect, even

in the cases of a three dimensional velocity field (when the general expression (4.1) for the stress

tensor has to be used) it would be possible to find the orientation of the principal stresses and,

therefore, a loeal shear plane. Unfortunately, this generality results in a multitude of possible

configurations of the velocity field each of which could give rise to the obselVed orientations of the

principal~. For example, it is possible to obtain a similar orientation of the shear plane and

the compressive axis by introdUcing 'tyz, 'tzy, 'tyy and 'tzz as the extra non-zero terms instead of ~,

implying that the velocity was not really unidirectional, but that it had significant vertical and horizontal

components. In any case, due to the faet thata magnetic foiialion can be detected even in cases where
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FIGURE 4.8. Diagrammatic evolution of the susceptibility tensor due to the influence ofgravitational
forces. Projections indicate the position of the principal susceptibilities (squares-maximum, triangles
intermediate, circles-minimum) at different stages dUring the process. The corresponding magnetic
fabric is indicated by the position of the point in the field of the susceptibility tensors (Cafton-Tapia,
1994). Points a, e and d are preferentially foliated, while b is preferentially lineated.
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no other mineral foliation is observed, it is suggested that in general it may be possible to obtain some

information about the relative magnitudes of shear stresses, and therefore velocity changes, within a

lava flow by measuring the AMS of rock specimens.

CONCLUSIONS

The main conclusions of this chapter are:

1) The direction of the mean maximum susceptibility in both flows of this study agrees well with the

geologically inferred flow direction despite the apparent large scatter of principal susceptibilities.

2) The general inclination of the magnetic foliation plane to the axis of the flows defines an

imbrication indicating the flow direction.

S) There is an excellent agreement between the measured magnetic foliation and the macroscopic

vesicle foliation. Both foliations can be explained in terms ofthe variation of the orientation of a local

shear plane.

4) The comprehensive model proposed to explain the origin of the AMS of lava flows incorporates

some elements oftheir fluid behaviour. At variance with previous works (e.g., Khan, 1962; Hargraves

et al., 1991) this model offel'S a systematic approach that opens the possibility of obtaining some

information aboutthe dynamic aspects ofthe movement of lavas1hrough the measurement of the AMS

of rock specimens. Resutls of measurements made on lava flows with other morphologies than the

two near-vent a'a flows of this study (Chapter 5) seem to confirm the validity of the proposed model,

at least in general terms.

5) Assuming a wry simpiified s.:uJation of unidirectional flow, the orientation of the magnetic plane

can be used to obtain approximate velocity profiles of lavas.

6) Based on the velocity profiles inferred from both the vesicle and magnetic foliations, it is

suggested that the two units studied here behaved more like Binghamian than Newtonian fluids, and

that they developed a roof (perhaps entirely ofclinker) that had strength and/or moved slower than the

central parts of the flows. The roof development in the unit from Mauna Kea may have been only

partial before the end of movement occurred.
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CIIAPTEIt 5: HAWAIIAN PAHOEHOE, TOOTHPASTE AND kA

INTRODUCTION

Distinclion between the two main morphological types of basaltic lava, namely pahoehoe and a'a, was

originally based on the different appearance of their surfaces (e.g., Dutton, 1884), and ever since their

names have been automatically associated with a smooth or rough surface aspect, respectively.

Differences between morphologies, however, are not limited to their surface aspect but include their

internal structures and their modes of advance (MacDonald, 1953). The relative abundance, distribution

patterns and shape of vesicles (e.g., Walker, 1987; 1989; 19958; Wilmoth and Walker, 1993), the

distribution and orientation of mineral grains (e.g., Smith and Rhodes, 1972; Rowland and Walker, 1990),

and the deviation from the vertical of columnar jointing (Waters, 1960) are examples of internal features

that have been traditionally used to infer some of the characteristics of emplacement of lavas.

Measurement of the anisotropy of magnetic susceptibClity (AMS) of rock specimens is another

technique that can provide information regarding the dynamics ofmovement of lava flows (e.g., Caft6n

Tapia 8t aI., 1994; Chapter 3; Chapter 4). In this chapter I report the results of the measurement of the AMS

of 22 basaltic lava flow-units of various structural types emplaced over different ground slopes in the

. Hawaian IsJands. I focused my attention on four aspects ofAMS, discussing each separately to facilitate

the presentation although there is a certain degree of interdependence among them. There are four

sections desaibillg and interpreting a) the bulk susceptibility, b) the degree of anisotropy, c) the magnetic

fabric and d) the orientations of the principal susceptibilities.

FIELD AND lABORATORY METHODS

Rock specimens were collected with the help of a gasoline powered drill from a total of 22 basaltic

ftow-unils including eight s-type pahoehoe, five P-type pahoehoe, three toothpaste lava, and six a'a (Table

5.1). One ofthe1Doti'lpaste units was sampled at two different outcrops: at the flow frontal part (HTF) and

about25 m behind (HTB). The geologically inferred flow direction was different at each of these sampling

sites, and for this renon they are reported as independent profiles in Table 5.1.
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AMS INFERRED FLOW
DIRECTiON

EXPECTED fLOW
DIRECTION (:t 35°)

lpter.ln the column ''# spec. used / collected", the first figure is exclusive to equal area projections; the total number of specimens
irection measured directly on the field is marked with an asterisk, and in this case it is determined within ± 1S°. The Ailr1S inferred
Irough imbrication patterns. See text for details.

~S # SPEC. USED I . SLOPE OF
COLLECTED EMPLACEMENT (")

9/11 <1 155 40"*

25/31 > 15 210 330

25/32 >15 210* .270

20/24 10 190 220

20/22 10 1S0 194

11/13 10 1S0 230

6/7 3 230 270"'"

9/11 3 2eO 270

10/12 <1 155 120

5/5 5 155* 225**

15/17 <1 155 10**

23/29 5 190 151

35/41 <1 160 200





TABLE 5.1. (CONTINUeO) General information of all 23 profiles oftliis chapter.

UNIT THICKNESS # SPEC. USED 1 SLOPE OF
NAME (m) COLLECTeD EMPLACEMENT (0)

TOOTHPASTE

HTB 1.00 .o!!" , Ai!' <1lot' 1101

HTF 1.20 11/13 <1

TP1 0.58 8/9 <1

TP2 1.15 11/15 <1

A"A

HA01 1.30 17/22 10

..... HA02 0.30 13/16 15
UI

HAOS 0.29 11/15 15

HA04 1.71 37/42 5

POO4 1.11 12/17 10

PU02 0.70 6/7 3





his chapter.

# SPEC. USED I SLOPE OF EXPECTED FLOW AMS INFERRED-FLOW
COLLECTED EMPLACEMENT CO) DIRECTION (:t 35°) DiRECTION

14/16 <1 70* 75

11/13 <1 35* 62

8/9 <1 100* 110**

11/15 <1 100* sa

17/22 10 270 2eO

13/16 15 270 256

11/15 1S 270 2S0

37/42 5 240 240

12/17 10 190 146

6/7 3 280 250**





TABLE 5.2. Estimates of some statistical parameters obtained from the distribution of a) Volume susceptibility (km), b) Mal
Magnetic fabric (U and B parameters). Mean and standard deviation (SD) are given for each unit. We additionally calculate the kl
of a particular morphology. Values smaller than 1 x 10-4 are not considered significative for magnetic susceptibility.

km Xm A

UNIT MEAN SO KURT SKEW MEAN SO KURT SKEW MEAN SO KURT SK
NAME x 10-3 x 10-3 X 10-4 X 10-4

S-pahoehoe 9.9 3.93 0.66 6 6.41 1.08 0.5- 24.77 3.E

HP02 7.9 1.4 5 4 0.19 0.03

HP06 7.7 1.0 5 1 0.36 . 0.14

HP07 6.7 1.9 3 1 0.89 0.28

POO1 9.4 0.7 6 1 0.32 0.12

POO2 11.6 0.7 7 0.41 0.16
.....
0) POO3 15.3 2.4 8 1 1.07 0.70

PUOO 15.4 2.7 13 2 0.59 0.19

PU01 14.8 1.3 7 1 1.16 0.32

P-pahOehoe 8.7 3.41 0.66 4 3.14 0.68 0.85 3.34 1.0

HP01 8.8 0.3 4 0.43 0.06

HP03 1.0 0.20 0.02

HP04 2.3 1 0.32 0.11

HP05 5.9 3 0.48 0.16

WADO 14.3 0.1 6 1 1.52 0.29





led from the distribution of a) Volume susceptibility (k.n), b) Mass susceptibility (Xm), c) Degree of anisotropy (A parameter), and d)
alion (SO) are given for each unit We additionally calculate the kurtosis and skewness of the distribution formed by all the specimens
not considered significative for magnetic susceptibility.

Xm A U B

AN SO KURT SKEW MEAN SO KURT SKEW MEAN SO KURT SKEW MEAN SO KURT SKEl
)4 X 104

6.41 1.08 0.5- 24.77 3.65 0.16 2.64 -0.43 -0.10 11.81 -1.3(

4 0.19 0.03 0.56 0.14 -0.28 0.19

1 0.36 0.14 0.23 0.16 -0.10 0.10

1 0.89 0.28 0.23 0.17 -0.28 0.19

1 0.32 0.12 -0.18 0.29 0.12 0.14

0.41 0.16 0.05 0.32 -0.05 0.33

1 1.07 0.70 0.13 0.15 -0.03 0.14

2 0.59 0.19 0.36 0.12 -0.28 0.09

1 1.16 0.32 0.07 0.20 -0.03 0.36

3.14 0.68 0.85 3.34 1.03 0.11 2.49 -0.34 -0.23 4.67 -1.30

0.43 0.06 0.32 0.15 -0.20 0.10

0.20 0.02 -0.05 0.28 0.01 0.07

0.32 0.11 -0.03 0.22 0.02 0.10

0.48 0.16 0.00 0.16 0.01 0.09

1 1.52 0.29 0.14 0.18 -0.52 0.43





TABLE 5.2. (CONTINUED) Estimates of statistical parameters for all units of this chapter.

km Xm A

UNIT MEAN SD KURT SKE MEAN SO KURT SKE MEAN SD KURT SI
NAME x 10-3 x 10-3 W x 10" x 10" W W

TOOTHPASTE 11.9 2.59 0.96 5 6.41 1.69 1.32 2.00 0.:

HTB 10.1 1.6 5 1 1.39 0.31

HTF 23.2 1.5 9 2 2.07 0.20

TP1 5.9 0.6 3 0.57 0.14

TP2 7.6 0.7 3 1.05 0.22

A'A 32.0 2.81 0.30 14 3.66 0.75 1.69 4.54' O.~

...... HA01 33.2 3.2 14 1 1.85 0.17

......
HA02 27.1 3.1 12 1 1.74 0.24

HA03 12.3 5.3 a 3 0.54 0.15

HA04 46.S 5.5 19 2 1.87 0.56

P004 23.5 2.9 10 1 2.49 0.36

PU02 14.2 0.5 7 0.49 0.05





eterS for all units of this chapter.

Xm A U B
".

"'EAN SO KURT SKE MEAN SO KURT SKE MEAN SD KURT SKE MEAN SD KURT SKE
I( 10.& x 10.& W W W W

:; 6.41 1.69 1.32 2.00 0.26 0.19 2.11 -0.29 -0.00 3.04 0.17

:; 1 1.39 0.31 0.36 0.16 -0.63 0.39

~ 2 2.07 0.20 -0.18 0.15 0.47 0.36

~ 0.57 0.14 0.10 0.26 -0.12 0.19

~ 1.05 0.22 0.40 0.19 -0.66 0.28

14 3.66 0.75 1.69 4.54 0.76 -0.02 2.19 0.13 0.00 4.24 0.41

14 1 1.85 0.17 ~O.15 0.14 0.35 0.36

12 1 1.74 0.24 0.05 0.19 -0.25 0.44

3 0.54 0.15 -0.13 0.21 0.08 0.12

19 2 1.87 0.56 -0.02 0.21 0.23 0.55

10 1 2.49 0.36 0.07 0.17 -0.13 0.46

0.49 0.05 0.30 0.17 -0.26 0.13





WIth the ~ption of the four tootnpaste lava profiles, both the top and bottom boUndaries of all

the studied unitls were clearly observed in the outcrop. In the case of toothpaste lava. only the

upperrrtOldfew meters of1M unitwere exposed and accelIISibIa for drilling, and consequently variations

with thickness of the AMS of this morphological type could not be completed.

The reported slopes ofemplacement (Table 5.1) were usually assumed to be given by the present

day slope as determined from the generalized contour lines on topographic maps. In a few instances

itwas possible to measure the ground slope direc:tiy on the field. In any case, the errors associated with

the determination of the slope at any particular site are thought to be small.

The uncertainties associa1lBd with the estimalss ofemplacement slope have a more marked effect

on the determination of the direction of flow at the sampling locations. Although in some instances it

was possible to use other indicaIDrs (e.g., the orientation of pipe vesicles, surface structures and/or the

elongation direction of lava lobes) to constrain further the local diredion of movement, available

evidence in general did not allow to estimate it precisely (within a:t 35° interval in most cases, Table

5.1); this will be called the geologically inferred flow direction in the following.

BULK SUSCEPTlBD.I1Y

Variation within unita

With the exception of isolated specimens yielding local peak values, most units displayed little

variation of k", across their entire thickness (reg. 5.1 a) except for a weak pattem of decreasing k", that

is observed in most $-type pahoehoe units. The influence of vesicularity (pahoehoe specimens in

general poeSllss II larger amount ofvesicles than a'. specimens) was investigated by calculating the

I1'\SIl&1I~ <km I weight) ofeach specimen. Variations of mass susceptibility with position (Fig.

5.1b) preserve essentially the same general form as for k.n, although locally smoothing the curves.

Variation between units

$-type pahoehoe and a's display similar variations of mean magnetic susceptibility, at least in the

available common range ofunitthicl<ness, whereas p-type pahoehoe yields a distinct trend (Fig. 5.2b).
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For all morphologies, there is an increase of average magnetic susceptibility with increasing thickness

for ftow u'" > 1 m thick. S-type pahoehoe and a'a units with thicknesses < 1 m reverse the trend so

that average magnetic susceptibility now increases with decreasing thickness. This change is not

observed in P-typ8 pahoehoe units, which are also characterized by a weaker average magnetic

susceptibility than both a'a and S-type pahoehoe for a given thickness.

The histograms of figure 5.38 illustrate the frequency distribution of k,., of all the specimens

grouped by morphological type, and some statistical parameters are listed in Table 5.2. It is apparent

from this infofmation that k,., is to some extent related with the lava morphology: a'a flows yield larger

values than eilher pahoehoe or toothpaste lava. Histograms of mass susceptibility (F"tg. 5.3b) show the

same trend, which therefore cannot be attributed to the different vesicularity of the specimens.

Discussion

The observed variation of magnetic susceptibility is most certainly the result of a complex interplay

of several parameters including bulk chemical composition of the erupted material, rate of cooling,

oxygen fugacity conditions prevalent dUring initial cooling, degree of post-emplacement alteration

suffered by the flow and the distribution of magnetic grains. Due to the wide geographic distribution of

sampling sites, and because whenever possible both a'a and pahoehoe units were sampled at the

same locality, it is unlikely that chemical. composition or post-emplacement alteration played an

imPortant role in defining the observed trends.

In general, thicker unlls will cool at a slower rate than thin units and therefore are likely to have

larger amounts of crysIalrlzed magnetic phases. Also, preferential escape of hydrogen leading to

higher oxygen fugdes during cooling of thicker lavas can result in the deuteric oxidation of

titanomagnetite, producing the exsolution of phases with compositions closer to pure magnetite

(Petersen, 1976).13oltI cfth~ factors lead to a stronger magnetic susceptibility, and therefore can

explain the trend observed for units thicker than 1 m. The trend displayed by thinner a'a and S-lype

pahoehoe UnD, or the weaker magnetic susceptibility of P-typ8 pahoehoe and stronger values of a'a

regardless of thickness, are, however, not explained by these factors.



To accou~ for the systematic variation of magnetic susceptibility with morphology it is therefor.

necessary1D adopt a c:ltferent perspedive. For example, it is possible that pahoehoe units have a more

efficient cooling mechanism than a'a, so that their crystal content is smaller even in units with

comparable thicknesses. Although at present it is not known whether the incandescent surface

displayed by a'a flows relative to pahoehoe is larger per m3 of lava, the larger surface observed in a'a

flows makes this possibility somewhat unlikely. A more reasonable explanation is that a'a flows

promote the development ofhigher oxygen fugacities across the unit, perhaps through a more efficient

mechanism for injestion of air/atmospheric water than pahoehoe.

Yet a third posSbiIily is that units formed under certain c:onditiDns allow a larger degree of magnetic

interaction between ferromagnetic partic:les than others. Although it is true that the effects ofmagnetic

interaelion are still not well understood, it is becoming clear that they playa veBY important role in the

determination of the magnetic properties of rocks (e.g. Shcherbakov at al. 1995). In particular,

magnetic interaction between neighboring particles can increase the measured value of magnetic

susceptibility by as much as 40% (Appendix 1). Oistribution of magnetic grains promoting magnetic

interaction can be relatBd 1D the intemallluid dynamics of each particular morphology (Chapter 4), and

therefore differs from rate of cooling or degree of oxidation in that it explicitly relates magnetic

susceptibility with morphological type.

The apparent inverse relationship between magnetic susceptibility and unit thickness observed in

thin a'a and $-type pahoehoe units (unlikely to have been formed by endogenous growth) may

therefore result from a combination of all these variables. For instance. thin units formed at the frontal

parts of a flow are more likely to be buried rapidly by the advancing lava, and therefore their cooling

ratesare IiMlytD be slower than would be expected from their actual thickness, resulting in an increase

of~SltseePibility of thinner units relative to thicker ones. This effect is not observed in P-type

pahoehoe because this type oi law emerges from the vent with a smallsI' volatiAG contGnt (Wilmoth

and Walke" 1993) and is therefore more likely to cool down in an environment with a lower oxygen

fugacity. AdcIiIionaIIy, formation of grain clusters is favored in S-type pahoehoe because crystalization

is restricted to thOH regions that contain liquid squeezed between adjacent vesicles. In cases where
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the number of grains per unit volume of liquid is small. magnetic interaction will be favored only if

dustin am formed. so that magnetic susceptibility is slightly increased in very thin $-pahoehoe units

relative to a'a of comparable thicknesses. If the number of grains per unit volume is large, however,

magnetic interaction does not depend so strongly on the formation of clusters. but rather on average

separation between grains. In these cases, although clusters will still be formed locally in $-pahoehoe,

vesicles have the overall effect of increasing average grain separation, and consequently magnetic

susceptibility of thick s-type pahoehoe units is weaker than on a'a of comparable thicknesses.

In summalY. although the range of possible values within a single unit is wide in general, it allows

the identification of syst8matic changes among different lava flow morphologies. Rate of cooUng,

oxygen fugacity and distribution of magnetic phases, all ofwhich are interrelated, are all ~emingly

imporiant parameters. The speciftc conditions of emplacement of a particular lava flow may result in

departure from the general lines discussed here; the occurrence of endogenous growth is presumed

to be especially important in this regard.

DEGREE OF ANISOTROPY

Variation within units

Variation of A within each unit is shown in Figure 5.4. It is observed that A essentially remains

constant with depth, although in a few instances the value of A in the lower half is larger than in the

upper halfofthe unit The difference in values ofA between samples near the top and samples near

the base is usually small in most pahoehoe units, however, and tends to be obscured by the presence

of int8rrnediate specimens with peak values ofA. Zonation of A is more clearly observed in a'a units.

Variad0D8 behrem umb

Specimens from the same morphological type have been grouped together to form the histograms

shown in Fig. 5.5; the corresponding statistical parameters are listed in Table 5.2. A clear trend of

increasing value ofA from $-type pahoehoe and P-typ8 pahoehoe to toothpaste lava and a'a is
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observed from the distributions. This trend is similar to that observed in the distribution of magnetic

susceptibility, alltlough in the case of A there is no systematic variation with unit thickness (rig. 5.6).

Discussion

Peterson and Tilling (1980) and Kilburn (1981) showed that the transition from pahoehoe to a'a

is intimately related to changes in both (apparent) viscosity and strain rate. From two flows with the

same viscosity, that suffering the stronger strain rate is more likely to have the characteristics of a'a.

whereas that with the weakerstrain rate will resemble pahoehoe; intermediate values of strain rate are

associaIed wiItI toothpastGlava (Rowland and Walker, 1987). The observed progression ofvalues of

A from small in pahoehoe to large in a'a are consistent with such difference in the ~ear rates

suggesting that the degree ofanisotropy is controlled, at least to some extent, by the local rate ofshear

(see also Chapter 3).

The model proposed in Chapter 4 can be used as a framework to explain the mechanism through

which this dependence is established. The main assumption of the model is that AMS of igneous rocks

is controlled by grain distributions resulting from the action of hydraUlic forces; magnetic interaction

among neighboring fen'omagnetic grains finally defines the orientation and magnitucle of the measured

susceptibilily bmsor. According to the model in iIs original form, grain distributions are controlled by the

orientation of the local shear plane of individual fluid elements, although it is more convenient to use

instead the hypothesis of co_lily between stress and strain expressed by the constitutive law of an

incomprnliiibfe N8WlDnian fluid (e.f., eqs. 4.2 and fig. 4.5 ); this hypothesis, thought ofa more general

character, also satisfies the required changes in orientation that originally lead to the proposed model.

ConMquently, I 'MIl focus my attention in the deformation suffered by fluid elements over which a

particular (fixed) stress tensor is applied.

The deformation of a group of neighboring fluid elemenis, initially defined as spherical at the

arbitrary initial time to. can produce distinct planes (lines) depending on the relative sizes of the three

principal stresses acting on each element, as illustrated in F'1g. 5.7. The stress acting on each element

in the figure is approximately the same than that acting on its neighbors, and in both of the cases
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N'tI!Jr atlrM intiIrvaI (dO has elapsed, ferromagnetic particles contained in one ofthe original spherical

ftuid~will be more likely to interact magndc:allywilt particles on the neighboring fluid element

that is closer after deformation, whereas magnetic interaction with elements that are farther is

proportionally diminished. The longer the time interval the stronger the deformation of the original

elements, and therefore the larger the difference in the magnetic interaction along two perpendicular

c::Iiredions. The changes in the intBnsity ofinteraction along different directions justdescribed will result

in an increase of the degree of anisotropy associated with a set of fluid elements (Appendix 1), which

would explain why the more deformed states possess the larger degrees of anisotropy.

Two aspedB ofthe process ofgradual deformation of fluid elements shown in Figure 5.1 deserve

further comment First, it should be clear that the figure is used only to UI•• how deformation of

fluid elements may enhance magnetic interaction along one diredion while diminishing it along another

direction, and does not pretend to portray the actual process that occurs in a moving fluid. Orientation

of the principal stresses in a moving fluid in general will not coincide with the direction ofmovement

ofa particular point because ttle local relative velocity is in effect ttle resultant of the superposition of

a pure straining motion and a rigid body rctation (e.g., Batchelor, 1991), and ttlerefore the direction of

elongationlflattening should not be associated with the direction of local movement Inclusion of the

rotational motion modifies the orientation of the d!formed elements depending on the particular

verocity field, although the process of progressive deformation of fluid elements will be preserved.

Second, because magnetic interaction is likely to be enhanced when particles are closer and

diminished when they are farther, in the case of elongation the maximum susceptibility is more likely

to be pllII'IIIel to the z..wtMnasthe rnininum susceptibiIilywill be parallel to ttle x axis. It is therefore

clear that". final shape of the deformed fluid elements should not be associated with the shape of

the e!.!!!Ceptll:!l!llty tensor, even under theM schematic conditions.

In summary, evan when it is notyet possible to establish a quantitative relationship between degree

of anisotropy and lava shear rate, there seems to be a physical relationship between these two

parametilsfs1hatam be used to iludy the imemal kinematics of lava flows. For inanc=, the observed
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variation ofd~reeof anisotropy \\ttl height sugge.sIs that shear rate was more intense in the lower part

ofabout halfofthe studied units regardless of morphology. The more deformed basal layer (provided

one has been inferred), however, seems to be proportionally thinner in S-type pahoehoe than in P-type

pahoehoe or a'a. Therefore, based on magnetic measurements it can be concluded that not only a'a

flows are more sheared than pahoehoe, but also that there seems to be an internal zonation of shear

that is related to lava flow morphology.

MAGNETIC FABRIC

VariatiOft within units

Variation of magnetic fabrics within a single unit is illustrated in rig. 5.8a using the U parameter,

and in Fig. 5.8b for the B parameter. Despite the lack of a general correlation of magnetic fabric with

vertical position, it is possible to identify zones with a distinctive magnetic fabric in some instances,

although their identification is commonly hampered by the presence of isolated specimens with "peak"

values. The relative importance of these peaks depends on the parameter used, and therefore,

zonation ofthe magnetic fabric Vlrilhin a unit is to some extent parameter-dependent, although detailed

examination of both parameters usually lead to the identification of the same regions.

Iexamined in detail 34 specimens in which clearly deformed vesicles define either a foliation or

a combination of both lineation and foliation apparently pervading the entire specimen. The vesicle

foliation is of two types: 1) relatively large (diameter> 0.005 m), clearly flattened vesicles, all with a

common orientation, and 2) smaller vesicles of an apparently spherical shape, but distributed so that

layers containing large numbers of vesicles alternating with layers practically devoid of vesicles are

clearly identifiable on the surface of the specimen. Vesicle lineation is more diflicult to identify, and I

only included specimens containing large vesicles apparently more elongated than flattened;

distribution of smaller vnieles in some specimemi give the appaarc:Anc= of the above mentioned

additional vesicle foliation. The magnetic fabric of all but two of the 17 specimens with an exclusive
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vesicle foliation is foliated (all of them have k",1n normal to the vesicle foliation) whereas the magnetic

fabric ofthe 17 specimens with an additional vesicle lineation is Iineated in 12 specimens (nine with k",..

parallel to the vesicle lineation) and foliated in the remaining five (all with k",in normal to the vesicle

foliation). The association ofa foliatedllineated magnetic fabric to a particular specimen is independent

of the parameter used, but the relative degree of development of either type of fabric is not.

Valiations between units

Hisb:lgrams ofU anetB for all the specimens, grouped by morphology, are shown in Figures 5.9a

and 5.9b, and some statistical estimates are listed in Table 5.2. According to the U parameter (Fig.

5.9&), there is a slight progression from a predominance of foliated fabrics in s-type pahoehoe to an

almOit symmetrical dislribution around a neutral fabric in a'a flows, although the distributions of S-type

pahoehoe, p-type pahoehoe and toothpaste lava are very similar to each other in most respects. The

e paramet8r in contrast, suggests a larger proportion of lineated fabrics in toothpaste lava and a'a

relative to pahoehoe, and also indicales a clear conc:entration of specimens with a nearly neutral fabric

in $-type pahoehoe that distinguishes this morphology from the other three (Fig. 5.8b and Table 5.2).

Another difference between the two parameters concerns variation ofmagnetic fabric with flow unit

thickness. The B parameter suggests a relative progression toward more lineated fabrics for thicker

a'a units, and toward more foliated fabrics for thiCker P-type pahoehoe, neither ofwhich is apparent

from U (Fig. 5.10).

Diecuaion

Vertical variation ofmagnetic fabric within single units, and a better definition of magnetic foliation

(as quantified by the B parameter) with increasing tt1ickness, was reported previously for some Xitie

lavas (Chapter 3) and may be a common feature of law flows. Based on this evidence, it was

~ on chaptBr 3 that there was a possible relationship between internal deformation of the flow

and magnetic fabric deserving further examination. It is not clear at this point, however, whether
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differences in the quantific:ation of magnetic fabric obtained by the two types ofshape parameters are

physically relevant, but it is clear that these differences preclude a more detailed interpretation of

results. Nevertheless, the close asscc:iation observed between magnetic fabric and vesicle deformation

efaffy suggests that both types of fabric are the result ofvery similar physical processes. The apparent

predominance of more Iineated fabrics in a'a than in pahoehoe flows may reflect differences in their

internal flow mechanism, the details of which remain to be still investigated.

ORIENTATION OF PRINCIPAL SUSCEPTIBWTmS

Directions of mean principal susceptibilitia and regions of confidence

arouncl them

The rels1iv8 magnitudes of the principal susceptibilities of individual specimens can influence the

regiOns of confidence (e.g., Ernst and Pearce, 1989), and therefore it is important to eliminate those

specimens that otherwise may dominate the results. To this end, we modified the empirical method

suggested in chapler 3, and filtered out from the calcuJations specimens with either a very large degree

of anisotropy (a value ·of the A parameter> three standard deviations in each unit) or a very different

magnetic fabric (a value of the B parameter farther than three standard deviations from the mean in

each flow). The total number of specimens used in each fiow-unit is reported in Table 5.3.

Results show that the regions of conficlence calculated with both techniques have the same size

from a practical point of view for all the lava flow-units (Fig. 5.11). Nine units yield three non

overlapping regions ofconfidence with sizes ranging from very small to fairly small, ten have girdle-like

regions of confidence around either the mean maximum (3) or the mean minimum (7), and the

remaining four unlB yield regions of confidence that exceed the fair-size threshold value proposed by

Caft6n-Tapia at aI. (1994). Units in the lastcategory were eilher the thinner units of a given morphology

or included less than ten specimens in the calculation of the mean tensor.

Six units yield mean kmax nearly vertical, three ofwhich are S-type pahoehoe, and one of each of

the other morphologies. One of these units is the front of a toothpaste lava lobe in which vesicle

foliation is nearly verlical in the outcrop; a second unit belongs to the category of flows with very large
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FIGURE 5.11. Equal area projections (lower hemisphere) of the axes of principal susceptibilities of all
lava flows studied after filtering of specimens with either Ii very large degree of anisotropy or a very
different magnetic fabric. The sizes of the regions of confidence are given numerically for both the
linear and bootstrapping methods in Table 5.3. but only the former are shown for clarity. The solid
arrow indicates the trend of the geologically expected flow direction, and the open arrow that of the
AMS inferred flow direction. Units with one large arrowsre such that AMS and geologically inferred
flow directions lie within 5°. S-type pahoehoe.
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an principal susceptibilities and sizes of the regions of confidence around them.

Linear Boots. Dint lint Linear Boots. Dmin Imin Linear Boots.
Approx. Approx. Approx.

6 69:11 90:10 257.9 1.9 69:10 90:13 38.1 87.5 17:10 13:07

9 33:15 28:23 137.7 68.6 56:26 90:21 239 4.2 56:11 90:32

8 46:16 90:18 277.7 5.5 50:17 90:27 7.3 -4.5 29:14 28:15

3 37:17 50:16 40.9 -9.7 37:15 50:19 311 0.9 21:15 19:16

6 61:21 90:19 14.1 3.3 61:14 90:20 103 -19.1 22:17 20:15

~. 29:14 21:18 319.6 3 24:16 20:18 183 85.9 34:13 26:14

~ 48:15 72:20 276.8 1.2 43:11 77:14 164 62.8 47:12 25:08

25:14 20:11 258.4 79.3 72:24 90:27 1.4 2.4 72:14 90:17

23:20 18:12 29.7 1.8 23:11 15:08 139 84.7 21:11 16:08

51:28 90:28 315.4 1.9 63:42 90:67 44.8 -17.7 64:34 52:25

53:32 90:31 50.2 -18.6 53:39 90:71 357 60.7 39:32 54:32

28:12 25:18 240.4 -6 32:24 32:25 300 78.2 32:19 33:18

11:08 11:09 293.6 16.9 28:08 31:10 85.6 71 28:10 31:09









sceptibilities.

nax linear Boots. Dint lint linear Boots. Dmin Imin .. Linear Boots.
Approx. Approx. Approx.

-1.1 57:16 90:20 242.5 8S.9 57:21 90:22 344 0.2 22:16 19:15

76.9 29:12 25:09 333.2 -8.2 27:14 22:12 61.7 10.1 21:11 16:10

-26.6 47:12 36:07 43.1 10.6 47:12 36:12 295 59.1 15:09 11:07

22.2 28:08 52:09 21.3 -29.1 28:22 52:16 337 52 . 23:11 16:07

-14.5 17:09 12:07 348.9 6 39:15 50:11 101 74.3 39:08 50:08

3.8 29:16 24:12 348.3 30.5 27:23 23:18 160 59.2 27:12 23:11

71.7 57:21 90:17 290.6 12.3 59:29 SO:69 17.7· -13.3 39:21 90:26

7.9 41:18 90:18 60.2 -27.4 41:24 90:21 79.1 61.3 26:14 22:15

12.8 14:09 11:08 52.9 -16.8 12:07 11:07 92.2 68.6 14:06 11:07

12.9 80:47 90:35 4.5 -3.8 80:34 90:90 78.2 76.5 47:33 57:38





regions ofconfidence due, perhaps, to a small number of samples, and all of the remaining four have

in common the presence of large amounts of nearly spherical vesicles in the outcrop. The mean ktnt

was cfosor10 the vertical in only three units, two of which are S-type pahoehoe and one is the crustal

part ofa loothpaste lava lobe. All of these three units yield girdle like regions of confidence around a

horizontal mean k",.. The remaining 14 units yield a mean k.nln closer to the vertical.

Directions of the mean susceptibilities and flow direction

The first NIlS studies made on lava flows (e.g., Khan, 1962; Symons, 1975; Ellwood, 1978) usually

assumed, a priori, that either k". or kwrt were likely to point along the direction of movement of the lava

as awhole. Which of these two principal susceptibilities was preferred depended on whether the model

of orientation of isolated ellipsoidal particles moving in a viscous fluid (Jeffery, 1922; Taylor, 1923) was

accepted as controlling the measured AMS. Later work (e.g., Caftan-Tapia et aI., 1994; Chapter 3;

Chapter 4), showed that the hypothesis of mean !<max parallel to local flow direction is usually consistent

with the geologically inferred flow direction in lavas, although in a few instances this was not

immediately evident.

The model proposed in Chapter 4, however, requires a closer examination of the measurements

before making a decision ofwhich principal susceptibitity is parallel to the flow direction, especially in

those cases in which it is suspected that post-emplacement disruption due to the influence of gravity

forces has likely occurred. In order to infer flow direction from the AMS measurements I used the

following scheme: 1) Two groups of units were formed, one with mean k.n.x horizontal and the other

wiIh mean k.n.vertical, 2) From the first group, the direction of mean k.nax is selected as flow direction

if the region ofeonfidence around k",. is at least moderately small, otherwise I relied on the imbrication

ofeiltier incIMduaI kn. or k..m axes before selecting a flow direction. 3) From the second group (mean

kmllX vertical), I noted that usually not all the specimens had k.nax vertical, but mainly those from the

middle pans ofa unit FolkMing the evolutionary process described in Chapter 4, I attempted to identify

imbrication pattems of groups of specimens from the same region of the unit, giving little attention to

the particular type of priilcipal~ (i.Q., whether it was !emu, k;m or k",J. This procedure usually
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yields positive results, and suggests a flow direction that coincides either with the trend of the girdle

around the mean k,.., (Ifone was defined by the regions ofconfidence) or with the mean IGm (If no girdle

was defined). The only exception to this was unit HTF, in which the observed vesicle foliation in the

outcrop made me anticipate a horizontal k.mn pointing along flow direction, so the AMS inferred flow

direction in this case was selected as that of the mean Iemm.

As most units defined an imbrication of axes regardless of what group they were placed in,

imbrication was studied independently of the size of the regions of confidence. The results of this

procedure (see below) always confirmed the flow direction selected in the base of the regions of

confidence alone, and allowed me to infer a flow direction in those cases that it had not been possible

with the described scheme.

The flow direction inferred from AMS results from each of the 23 units is compared with the

geologically inferred flow direction in Table 5.1. Differences in the azimuth of expected and AM$

inferred flow directions average 380
, and only in 10 units the difference exceeds 350

• Agreement

between both flow directions is better in a'a flows than in pahoehoe.

The overall agreement obtained between geologically and AMs-tnferred flow directions in most

units is similar to that reported in previous studies of the AMS of lava flows in which the tensor

averaging method was used to calculate mean cfirection of principal susceptibilities (e.g., Caft6n-Tapia

at aI., 1994; Chapters 3 and 4).

Vertical variation of the direction of the principal susceptibilities

Despite the relatively small regions of confidence found in some cases, usually the principal

susceptil:lililies ofall specimens from one flow unit are scattered all over the equal area projection. In

some instfInces., ho¥t8ver, it is possible to identify clusters of prinCipal susceptibilities eiltler consisting

ofa single type ofas ~.e. kn-~ or kmJ or by a combination of two or all three. I further investigated

this observation through axial density contour plO1S (ct., FISher et at., 1993) of populations of 3n

principal susceptibililies, where n is the number of specimens inclUded in each plot; it·was varied from

no less than 3 up to the total number ofspecimens collected from each unit. It should be noted that
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although each principal direction is now treated as an independent datum (the method identifies

clusters of c:firections irrespective of the type of susceptibility) there are always two data perpendicular

to it (and to each other) corresponding to the other two principal directions of the same specimen.

Thus. it was anticipated that the contour plots should be the result of the combination of three basic

types ofdistributions: 1) three mutually orthogonal clusters. 2) a girdle distribution with a cluster at the

pole of the girdle and 3) a unifonn distribution.

Contour plots including all the specimens ofall but two a'a and all four toothpaste lava units display

a complex combination of the two first basic distributions, and very commonly the general aspect is

closer to that of a uniform distribution. However, division of specimens according to their vertical

position in the outcrop always leads to isolation of several basic distributions (rig. 5.12). In the simplest

case (rig. 5.12a), there are two distributions of 3 clusters each, corresponding to samples from ti:le

upper and lower levels respectively. This type ofstructure reveals veri clearly the effect of an opposite

imbricaticn of axes of principal susceptibility, unambiguously indicating the absolute direc1lOn of flow.

A second case, slightly more complex, reveals a relative rotation about a nearly vertical axis of both

distributions (Fig. 5.12b), which tends to obscure the direction of flow. A further complication is

encountered when one, or both of the basic distributions are instead of a girdle-like type (rig. 5.12c),

although flow direction stili can be inferred from these plots with some care.

Some units display not only upper and lower level distributions, but there is an additional zone

defined by specimens from the central parts of the flow. The distribution of the central parts in some

instances can be identified as a transition zone between those in the upper and lower levels (Fig.

5.12d), but it also can be completely unrelated to them (Fig. 5.12e). In any case, flow direction is not

as clearly indicated as in the simplest cases because very often upper and lower levels in units with

Ute additional centmI zone show the effects of relative rotation as explained above. A final category of

structures corr~ponds to units in whida nocp~ imbrication is defined. The four toothpaste lava

and most a'a units belong to this type (Fig. 5.121). In the case of toothpaste lava this may reftectthe

fact that only tho upper part of the unit was accessible for sampling.
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FIGURE 5.12. Examples of the degree of clustering defined by the principal susceptibilities of
specimens within a unit. Specimens from different positions in the unit define various simple
distributions as discussed in the ten.
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FIGURE 5.12. (CONTINUED) Degree of clustering of principal susceptibilities. See text for details.
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FIGURE 5.12. (CONTINUED) Degree of clustering of principal susceptibilities. See text for details.

126



d)

N

N

All specimens

E

N

Upper + lower levels

E

Central level

E

FiGURE 5.12. (CONTINUED) Oegree of clustering of principal susceptibilities. See text for details.
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FIGURE 5.12. (CONTINUED) Degree of clustering of principal susceptibilities. See text for details.
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FIGURE 5.12. (CONTINUED) Degree of clustering of principal susceptibilities. See text for details.
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DiIlCU8ROD

a) Zonation of the velocity fielet

There is clear evidcmce that the directions of the principal susceptibilities bear a close relationship

with the local deformation suffered by fluid elemen1s of moving lava (Chapter 4; previous section).

Therefore, the formation of clusters of principal susceptibilities by specimens collected from adjacent

parts of the same unit indicate that this deformation changes systematically with position. In general,

the flow has two main zones displaying opposilD imbrications ofthe susceptibility axes. Such a change

in the orientation ofthe principal susceptibilities is related to a change in the relative magnitude of the

velocity component along the direction of movement, and can be used to locate approximately the

region where velocity was higher (Chapter 4). This type ofslrUcture is common to all studied pahoehoe

units and rare in a'a, suggesting thatvelocily has a muimum in the medial pariS of the former, but near

the top of the massive part in the latter. Examples of roofed a'a units, however. can also be found

through AMS measurements (Chapter 4).

The presence ofa central zone with a characteristic orientation of principal susceptibilities is more

common in thick s-type pahoehoe than in other morphologies, indicating a change in the conditions

of movement in the internal parts of this type of lava. The absence of a clear secondary structure of

some of these central parts may be interpreted as cooling under static conditions (absence of

deformation), whereas a change in direction of movement, perhaps related to endogenous growth, is

recorded 8$ awell defined distribution of principal susceptibilities different from those observed in the

upper and lower zones.

b) Flow dil'ediOI1l

Imbriedon of the axes of principal susceptibility is a very important indicator of the direction of

movement. It was shown that this imbrication is to some extent independent of the type of principal

susceptibility, therefore suggesting that the mechanism controlling the orientation of the principal

susceplibilities is sIronger than that controlling their relative magnitudes. The examples of the magnetic

fabric ofindi'llidual~ discumed in the previous section also lead to the same conclusion. This
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type of behavior can be explained in terms of magnetic interaction bet\nen neighbor particles as

shown in the Appendix 1.

The intimate relationship existing between the rate of strain and the orientation of the principal

susceptibilities, together with the weaker control that the former exerts over the relative siZes of the

later, introduces an undesirable complication in the study of AMS. The main assumption made to

calculate mean directions with the tensorial approach is that every specimen is a random sample of

a umc;ue susceptibility tensor which is no longer satisfied if the susceptibility of each specimen follows

the systematic changes of the strain rate with position in the flow. This not only questions the validity

ofthe method employed to calculate a mean direction for a given unit. but also obscures the physical

significance of the calculated mean. The agreement foUnd between the geologically and the AMS

inferred flow directions in this and previous works on lava flows that used the tenaorial method to

calculate the directions of the mean principal susceptibilities (Caft6n-Tapia et at 1994; Chapter 3;

ChaplJlr 4). hCWf'8V8r, seems to indicate that the tensorial method Is not only valid but that the inferred

flow direction is reliable.

A common feature of all these works is that samples were collected across the width of a single

unit, &0 that the VllIrious zones undergoing distinct deformations are more or less equally represented.

/Jt.s shown above, the deformation sutr8red in opposite sides of the unit tends to be opposite in direction

so that the mean direction from the complete collection of specimens tends to average out the

systematic variations related with lava movement. For this reason, the mean direction of principal

susc:epIiI:liti is therefore physicatly significant. Filtering out selected specimens that otherwise could

bias the calculations also helps to explain the general agreement between geologically and AMS

inferred ftGW directions because in so doing the weaker control on the relative sizes of the principal

suscepllbilles exerted by the moving lava is also screened. The number of specimens collected is

a~ impot.&mfactor bacau= f;!:.'Sf~=mo are mere likely to reflect the effeds of the weaker

control in the re1aM sizes of prineipal susceptibilities. Usually, large regions of confidence around the

mean principal susceptibilities are the main consequence of the collection of few specimens.
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CONCLUSIONS

Most of the characteristics displayed by the measured AMS of lava flows can be explained quite

sal&factcl'ly ifmagnetic interaction among particles is accepted to be its main source. The distribution

of ferromagnetic grains seems to be intimately related to the local shear rate. therefore allowing us to

investigate the internal variations of this dynamic parameter through magnetic measurements.

Although all aspects of the susceptibility tensor are ultimately controlled by the local shear and post

emplacement crystallization, shear seems to be more important in defining the directions of principal

susceplil:lililies. Each of the other parameters (average susceptibility. degree of anisotropy or magnetic:

fabric), however, can yield information that can help to characterize the internal processes taking place

in moving lava. For example, differences in magnetic susceptibility suggest that the cooling ~echanism

of a'a flows is different from that of P-typ8 pahoehoe, and these two may be different from that of S

type pahoehoe. Variation in degree ofanisotropy between morphologies is consistent with the view that

a'a flows are in general more sheared than pahoehoe, and the combined resultB of magnetic fabric

and directions ~f principal susceptibilities suggest that the internal parts of pahoehoe units are more

likely to have suffered a differentdeformation history than the interior of a'a ftows. All of this information

suggests that a'a continues to mCM'l unlillava has a high viscocity; any ftow-induced fabric is therefore

. more IiketytD survive unaltered. Pahoehoe, on the contrary, becomes static when lava still has a low

viscociI.y so that the flow-induced fabric is more likely to be disrUpted. The ocunence of endogenous

growth complicates things still further. Directions of principal susceptibility can also be used to locate

zones of maximum veIociy in the interior of lavas, aswell as to infer the direction of movement of units.

Regarding this last point, it is not possible to generalize that flow direction is always parallel to a

particular susceplibiIily axis, but an adequate sampling strategy and detailed examination of the

variation In the orientation of axes of principal susceptibility from top and bottom of a single unit will

usually give a feliable flow direction. In any case, tha study of AMS of h;vas c=n yisld important

information regarding their internal mechanism of movement, and therefore the method has a wide

range of possible applications in volcanology.
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CHAPTEll6: MODE OF FORMATION OF LARGE VESICLES FROM XITLE

VOLCANO lAVAS

INTRODUCTION

Vesicles are common features that preserve valuable information about the fluid characteristics of

lava flows. Several studies have been devoted to investigate the effects of bubble coalescence

(sahagian, 1985; sahagian etal., 1989: Manga and Stone, 1994), growth and rise of bubbles (Aubele

at at, 1983; Walker, 1981; 1989) and gas exsolution due to crystallization of lava (philpotls and Lewis,

1987; Godinot, 1988). Also, some attempts have been made to explain the shape ofvesicles in terms

of hydrodynamic forces acting on bubbles in highly viscous media (e.g., McMillan et aI., 1987; Stein

and Spera, 1992; Chapter 4).

In a recent paper, Walker (1996) identified two different mechanisms of ascent of large bubbles

(Fig. 6.1), based in observations made on lavas from XitIe volcano, Mexico. In one of these modes, the

bubbles rise actively due to the buoyant forces resulting from their lower density relative to the

surrounding liquid producing the so called "globular vesicles", whereas in the second (passive) mode

the gas contained in the bubble is forced upwards by the action of a collapsing roof of jelly-like

material. Although in both of these modes bubbles rise buoyantly ~.e., gravity is the ultimate control),

in the active mode the upward mOVement ofthe bubble is likely to disrupt its vicinity while in the passive

mode the bubble and the immediately overlying material exchange places leaving undistorted their

surroundings producing the so called "belljar vesicles". The mode of ascent of larger bubbles can

therefore be inferred in the field from the deformation and orientation of other bubbles in the vicinity.

In this chapI&r, I report on the anisotJ'opv ofmagnetic susceptibility (AMS) of rock specimens drilled

at different disI:ancc!ls from two belljar vesicles, and from asystem of three large globular vesicles that

clearly ascended actively in an attempt to gain independent evidence regarding the mechanisms of

bubble ascent proposed by Walker (1994).
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Vesicle foIation

~;f~m~~~~
a) ACTIVE ASCENT

1
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··.··· u........... .. u .

L.::; Globular vesicle

3

4_ _._..__._-

b) PASSIVE TYPE

FIGURE 6.1. T\'VO modes of bubble ascent in basaltic flo\w. a) active due to buoyancy forces, and b)
passive due to collapsing of the bubble roof (after Walker, 1996).
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SITE DESCIUPTION

All the studied vesicles are exposed in outcrops located in the campus of the National University

ofMelCico (UNAM). The three globular vesicles are exposed in the lower part of the quarry behind the

building of the "Oirecci6n General de Asuntos del Personal Academico", very close to the profile 2

outcrop reported on Chapter 3. They form a system of contiguous globular vesicles, each with an

approximate diameter of 0.2 m (rig. 6.2). The floor of the two upper vesicles is concave upwards,

suggesting that it was pushed from below under the influence of the trailing bubbles, although

apparently coalescence was never completed. A few deformed, small vesicles surround the three

globularvesicles apparentlydefining a vesicle foliation that follows their contour. The scarcity ofsmall

vesicles, however, make uncertain the orientation of the foliation in several places.

The two belljar vesicles belong to a different unit exposed on an outcrop in front of the "Facultad

de Ciencias Pollticas" (F"Jg. 6.3). One has a concave-upward cavity with a maximum separation of

approximately 0.1 m. Its lower left side defines a very thin, almost vertical cylinder-like shape,

somewhat reminiscent of the late stages ofthe passive mechanism ofgas-ascent shown in rig. 6.1 b.

The second is rather elongated wiIh a lower tip as the only vestige of the gas-ascent process. Smaller

vesicles surrounding the two belljarvesicles are abundant and do not display any signs of deformation.

RESULTS

The measured directions of the three principal susceptibilities of each specimen were individually

projected into a verllcal plane parallel to the corresponding outcrop. The hemisphere of the projections

shown in Figures 6.4 and 6.5 is the hemisphere towards the observer; the projected plane is the plane

of magnetic foUaticn (by definition is the plane comaining the kmax and y and the direction of the

maximum susceptibility is indicated by the square. The orientation of the principal susceptibilities,

magnetic fabric and degree of anisotropy of each specimen are listed in Table 6.1.

Active ascent

From figure 6.4, it is apparent that the plane of magnetic foliation near the three vesicles follows
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FIGURE 6.2. a} Photograph of the three globular vesicles that ascended actively showing sample
locations.
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FIGURE 6.2. (CONTINUED) b) Close-up of the three vesicles before collection of samples. Note
vesicle foliation chalked on the outcrop. Scale is 15 cm.
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FIGURE 6.3. a)General view of the roadcut where the two belljar vesicles are located. One of the
vesicles was covered by vegetation a few months after the samples were collected, when this picture
was taken
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FIGURE 6.3. (CONTINUED) b) Close-up ofthe smaller belljar vesicle.
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TABLE 6.1. Values (K) and directions (tkIeclination, I-Inclination) of the principal susceptibilities of all specimens used in this chapter. Last two columns
show degree ofanisotropv (A=100(1 - (k3 + k2) 12k1), range: 0,100) and magnetic fabric (B=100 (1 + (k3 - 2k2) I k1), range: -100,100).

Sample Kmu D_ lmax K,nt Dint I,nt Km,n Dmln Imln Kmean A(%) B(%)
## xi0'; xi04 xi0'; xi0';

Globular
vesicles

1 6.261 273 77 6.249 171 03 6.195 81 13 6.235 0.62 -0.67

2 6.784 178 51 6.754 314 30 6.649 58 22 6.729 1.22 -1.11

3 5.385 149 61 5.358 247 04 5.315 339 29 5.353 0.90 -0.30

4 6.121 159 55 6.106 332 34 5.995 64 4 6.074 1.15 -1.57

5 6.78 351 6 6.752 252 58 6.825 85 32 6.719 1.35 -1.46

6 4.55 180 20 4.439 289 42 4.353 71 41 4.447 3.38 0.55
....

'5.832... 7 5.88 207 57 315 11 5.714 51 31 5.802 1.48 -1.540

8 5.499 125 43 5.473 242 26 5.339 353 36 5.437 1.69 -1.96

9 6.307 157 65 6.259 50 8 6.138 . 317 23 6.235 1.72 -1.16

10 6.081 216 47 6.042 11 40 5.941 112 13 6.021 1.47 -1.02

11 6.753 177 59 6.735 21 29 6.591 285 11 6.693 1.33 -1.87

12 6.72 198 34 6.666 90 34 6.609 317 46 6.665 1.23 -0.04

13 7.563 150 56 7.544 35 16 7.363 296 29 7.490 1.45 -2.14

14 6.703 184 49 6.67 49 32 6.543 304 23 6.639 1.44 -1.40

15 7.278 207 9 7.209 112 26 7.144 315 62 7.210 1.39 0.06

16 7.207 116 29 7.202 19 13 6.993 267 58 7.134 1.52 -2.83



TABLE 6.1. (CONTINUED) Values and directions of the principal susceptibilities

Sample 1<".. D_ 1- Klnt Dint lint Kmln Dmln Imln K_ A(%) B(%)
# x10-3 x100ll x10" x10-a

17 6.807 36 18 6.777 136 27 6.63 277 57 6.738 1.52 -1.72

18 7.192 73 52 7.164 199 25 6.938 303 26 7.098 1.96 -2.75

19 6.95 126 66 6.871 29 3 6.761 298 24 6.861 1.93 -0.45

20 6.636 122 59 6.522 213 1 6.489 303 31 6.549 1.97 1.22

21 6.833 128 50 6.738 248 23 6.673 352 31 6.748 1.87 0.44

22 7.035 120 67 6.923 262 18 6.874 356 13 6.944 1.94 0.90
....

23 7.277 195 66 7.1$5 35 23 7.17 302 8 7.214 1.3 0.78~....
24 6.935 97 54 6.887 238 29 6.753 339 19 6.858 1.66 -1.24



TABLE 6.1. (CONTINUED) Values and clirections of the principal susceptibilities

sample Kma D_ Imo Klnt Dint lint Km1n °mfn Imln Km..n A(%) B(%)
## xi0" xi0-s x10" dO"

Belljar
vesicle 1

1 6.768 346 1 6.711 76 11 6.69 251 79 6.723 1.00 0.53

2 6.112 336 24 6.085 69 6 6.046 173 65 6.081 0.76 -0.20

3 6.402 8 38 6.391 114 20 6.246 226 46 6.346 1.3 -2.09

4 10.26 359 50 10.25 140 33 10.18 244 20 10.23 0.44 -0.58

5 6.268 109 31 6.255 9 16 6.131 256 54 6.218 1.2 -1.77

6 6.56 25 18 6.536 117 7 6.509 228 70 6.535 0.57 -0.05-it) 7 5.129 359 42 5.118 248 22 5.056 138 40 5.101 0.82 -0.99

8 5.929 ·330 5 5.917 65 40 5.857 234 50 5.901 0.71 -0.81

9 5.965 342 10 5.939 76 20 5.829 227 67 5.911 1.36 -1.41

10 6.628 4 47 6.595 140 33 6.456 246 24 6.56 1.55 -1.60

11 6.613 26 31 6.558 130 22 6.409 249 51 6.527 1.96 -1.42

12 6.9 2 12 6.863 95 14 6.726 232 72 6.83 1.53 -1.45

13 7.079 5 16 6.979 101 18 6.911 237 65 6.99 1.89 0.45

14 7.186 6 60 7.144 133 19 7.04 232 22 7.123 1.31 -0.86

15 7.1 145 5 7.023 46 59 6.97 238 30 7.031 1.46 0.34

16 7.023 359 38 6.988 111 30 6.877 233 43 6.963 1.29 -1.08

17 7.734 53 8 7.682 315 41 7.522 152 48 7.646 1.71 -1.40



TABLE 6.1. (CONTINUED) Values and directions of the principal susceptibilities

sample K_ D_ Im.. KII1t D,nt ~nt Km,n Dm,n Imln K_ A(%) 13(%)
1# x1003 x1003 x1003 x1003

Belljar
vesicle 2

18 7.165 342 36 7.154 106 38 7.014 225 32 7.111 1.13 -1.80

19 6.598 71 20 6.564 341 00 6.494 251 70 6.552 1.05 -0.55

20 6.585 330 15 6.538 72 38 6.467 223 48 6.53 1.25 -0.36

21 6.13 321 21 6.108" 59 20 6.038 189 60 6.092 0.93 -0.78

22 9.543 311 1 9.531 44 65 9.499 220 25 9.524 0.29 -0.21

23 6.737 342 0 6.731 252 12 6.632 72 78 6.7 0.82 -1.38
....

24 6.844· 344 20 6.839 83 23 6.725 217 59 6.803 0.91 -1.59~
w

25 9.831 320 16 9.825 51 2 9.819 148 73 9.825 0.09 0.00

26· 7.399 344 17 7.392 78 12 7.346 202 69 7.379 0.41 -0.53

27 6.625 63 40 6.617 329 5 6.504 233 50 6.582 0.97 -1.58

28 6.715 353 21 6.704 105 48 6.591 245 39 6.67 1.01 -1.52

29 7.422 107 42 7.414 2 15 7.25 257 44 7.362 1.21 -2.10



very cfosefy th,eir contour but farther do not show a definite pattem of preferred orientation. Another

difference between the 10 farther samples (1 to 4 and 19 to 24) and the 14 samples that are in the

nearproximity of the vesicles is that those in the first group yield an average maximum susceptibility

closer to the vertical (mean inclination: 61 ° ::t 8°), than those in the second group (mean inclination:

39° :t 19°). Distinction between farther and cfoser samples is not extensive to the values of bulk

susceptibility, degree of anisotropy or magnetic fabric.

BeDjar vesida

Contrary to the results obtained from the globular vesicles, the plane of magnetic foliation of those

samples closer to both belljar vesicles do not follow their contour but rather display an orientation

similar to that observed on the farther samples (Fig. 6.5). The inclination of the axis of maximum

susceptibility is independent of the location of the sample relative to the belljar vesicles, and it is

shaIIowerthsn in the oulaopofthe globularvesicles (mean ofall 29 samples from this unit 23° :i: 16°).

Values of the degree of anisotropy seem to be related to sample position: samples near the vesicles

(samples 1 to 9 and 1810 24) have, in average, a lower degree of anisotropy (0.91 :t 0.31) than those

farther from the vesicfes (1.27 :i: 0.54). Bulk susceptibility and magnetic fabric are independent of

position.

DISCUSSION

Itwas shwm in Chapter 5 that the orientation of the principal susceptibilities may be related to the

degree of solidification reached by the lava after motion ended. A vertical maximum susceptibility is

assoc:iatIId with lava Ilkeiy10 have crossed the solidifieation threshold while static, whereas a horizontal

muimum SllIC8flIiIitily is more likely asscdattd to lava crossing the same threshold while still moving.

Accordlng 'fin thiii; ~a13tion, the onantmion of the prin•• susceptibllitiss of sp:cim=ns fQr from

theV8Sicfes can be UHdto infer the state of lava in each ofthe two units of this chapter. For instance,

the unit containing the globular vesicles was likely to be stagnant liquid lava, but on the unit with the

beIIjarvesicles it likely reached a larger value ofviscosity before stopping, although solidification may
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have been not complete at the time when movement ceased. The changing orientation of the plane

ofmagneic foIiaIian around the globular vesicles can therefore be attributed to the deformation of the

surrounding liquid lava during the ascent of the bubbles in analogy with the deformation due to lava

motion discussed in Chapter 4. In contrast, the nearly constant orientation of the principal

susceptibilities of samples near the belljar vesicles suggests the absence of any systematic

deformation of the surrounding lava associated with bubble ascent.

The obtained results therefore yield evidence that confirms the existence of two distinct

mechanisms of vesicle formation in Xitle lavas as proposed by Walker (1995&). Further, AMS

measurements ytek:I information regarding the conditions of lava that may favor the development of

either vesicle type. These conditions are unlikely to be found in the same location simultaneously,

which would explain why the two bubble types do not coexist in close proximity in the same flow.
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cal plane nearly parallel to the outcrop of the three bU~~les shown in Fig. 6.1. The hemisphere prOjected: towards
l is the maximum susceptibility.
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FIGURE 6.5 Projection of the principal susceptibilities of each specimen in a vertical plane nearly
parallel to the outcrop of the two bubbles shown in Fig. 6.2. Symbols as in Fig. 6.4
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FIGURE 6.5. (CONTINUED) Projection of the principal susceptibilities around belljar vesicles.



CHAPTER. 7: FLOW DIRECTION OF THE BDU<ETI' FLOW, COLUMBIA RIVER

BASALT, INFERRED FROM AMS MEASUREMENTS

INTRODUCTION

Paleoflow direction in flood basalts can be determined from the orientation of spiracles or pipe

vesicles found at the base of the flow (Cas and Wright, 1988). Unfortunately, the base of the flow is

not always exposed, or the available outcrop may not contain the required number of pipe-vesicles to

infer asIatiiI1icaIIy significant flow direction. An alternative method to infer flow direction of lavas is the

examination of the microscopic fluidal texture (e.g., Smith and Rhodes, 1972). The microscopic .

method, however accwate may be, has as major drawbacks the time and the large etrort required for

the counting of elongated grains in each thin section. A much faster, and considerably accurate,

melhod is the measurement of the anisotropy of magnetic susceptibility (AMS) of rock specimens. In

this chapler, I reportthe resulls ofthe measurement of the AMS of rock specimens collect8d from the

Birkett flow on the Columbia River Basalt Group.

SITE DESCIUPTION

The Birkettftow is part ofthe Grande Ronde Basalt Formation ofthe Columbia River Basalt Group

in south-centraJ Washington (landon and Long, 1989). According to the classification of Long and

Wood (1986), this flow is a Type III flow in which multiple colonnade-entablature tiers are not

prominent. The upper part ofihe flow exposed at sentinel Gap exhibits a layered structure of abundant

vesicles. similar to that deseribed by McMillan et al. (1987) on the Cohassett flow. The lower part of

the ftaw consists of poorly formed columns and vesicles are almost completely absent. The base of

the flow is not exposed.

Cylindrical specimens of 0.025 m diameter were drilled on the exposed surface of the Birkett flow

at sentinel Gap (F'1g. 1.1), and oriented wiIh magnetic compass and clinometer before retrieving them.

A total of 61 samples were collected, 38 from the lower 23 m and 23 from a layer 2.8 m thick within

the veSculated section of the flow (Fig. 1.2). Average sample septmlJtion on the lower, non-vesicular
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FIGURE 7.1. Location map of the area around Sentinel Gap, where the Birkett flow used in this study
is exposed.
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part ofthe flow was 0.6 mwhile on the vesicular section sampleswere separated by a shorter distance

(0.13 m in average). The more detailed sampling in the vesicular zone included six layers of vesicles

with distinctive population characteristics (Fig. 7.2a).

RESULTS

When plotted in the lower hemisphere of an equal area projection , the principal susceptibilities of

all 68 specimens show a somewhat scattered cflSbibution. Density contour plo1s (e.g., Fisher et al.,

1993; Chapter 5), however, reveal the presence of three mutually orthogonal clusters of directions

(Fig. 7.3a). About half of the specimens from the upper part of the flow and 9 specimens from the

lower part of the flow yield either almost isotropic or iII-defined susceptibility tensors (as indicated by

the failure, at a 95% confidence level, of the anisotropy tests accompanying the output of the

Kappabridge), which results in a reduced significance ofthe directions of the principal susceptibilities

of each specimen. Elimination of these specimens from the equal area projection reduces the

apparent scatter while preserving the definition of the three clusters of directions (Fig. 7.3b).

In Chapter 6, I explored the magnetic fabric ofvarious lava flow-morphologies from the Hawaiian

islands. These results indicate that cases in which lava is nkely to have stopped while still liquid are

characterized by nearly vertical maximum susceptibility axes (subsequently referred to as "Vj and

almost uniform distribution ofsusceptibility axes. Despite the nearly uniform distribution, however, it was

common to observe an opposite plunge of the principal susceptibility V on specimens collected from

upper ancllO¥l8f parts ofthe same unit These contrary plunges were interpreted to constitute a double

imbrication similar to that used to infer the absolute flow direction from the AMS measuremenis of

dikes (e.g., Knight and Walker, 1987) and a'a flows (Chapter 4). and allowed me to infer the absolute

flow direction of lava flows independenUy from the orientation of the mean principal susceptibilities. In

the present case, most of the meiml.lm suSCGptibifity axes are nearly veriical and the plunge oftile

V axes is different on specimens from the upper and lower parts of the flow (Fig. 7.3), therefore

suggesting that the Birkett flow a) stopped whOe still liquid in its interior (although subsurface growth

continued as expiained below), and b) its flow direction at the sampling loeatioi'i was towaras lile west.
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In Chapter 4 itwas postulated that the influence of the gravilational force causing vertical movement

of gas bubbles and crystals in static, liquid lava would tend to disrupt the orientation of the principal

susceptibiflties according to a well defined evolutionary scheme that resulted in the exchange of

orientation of principal susceptibility axes accompanied by a decrease of the degree of anisotropy of

individual specimens. Thus itwas anticipated that sIalic-cooling lava should be characterized by a large

number of maximum susceptibility axes nearly vertical, and a rather large scatter of directions of the

principal susceptibilities leading to almost uniform distributions. These features were later observed

in some Hawaian flOVt'S (Chapter 5). In the present case, the orientation of the principal susceptibilities

is compatible with a static-cooling lava, although the definition of the three clusters of directions

sugges1s an additional effect not observed previously. This mechanism is also responsible for the

formation of the obselved vesicle-imbrication, and consists of the successive injection ofvesicular lava

as explained in the next section.

There are two additional lines of evidence that seem to support the above interpretation of AMS

resul1s. First, Landon and Long (1989) pointed out that flows in the Crab Creek flow-package were

probably emplaced from the east and southwest of the Pasco Basin based on the decreasing thickness

of these flows observed in drill holes from various points in the region. Second, there is a Westward

imbrication of elongated vesicles that has been measured in the field by Walker (unpubUshed data).

Thus, measurement of the AMS of rock specimens from the Birkett flow yields a flow direction that is

consistent with that inferred from other sources. '

Implications 1"01' The Mode of Emplacement

In the preceding interpretation of AMS da1a, post-emplacement disruption, probably related to

crystal settling, is assumed to have played an important role. The shape of the vesicles in the upper

halfof the fta'*, hi:M"aWir, is not consistent '"'it! this inW."PI'Gtaticn. Liquid lava, \\'ith such a small viscosity

as to allow vertical movement of crystallites would also allow vertical (upwards) displacement of

bubbles due to buoyancy. Although in effect, MacMillan et al. (1987) suggested that vertical

displacement of bubbles had certainly occurred in some of the eRB flows, ascending bubbles in a

153



a) N

N

E

b) N

N

E

All specimens Selected specimens

FIGURE 7.3. Equal area projection(above) and density contour plots (below) of the principal
susceptibilities. a) All specimens, and b) eliminating specimens with any anisotropy test failed. All
directions are in the lower hemisphere; in the two projections on top, solid symbols are samples
collected from the upper, vesiculated part oftha flow and open symbols are specimens from the lower
part of the flow. Squares - kmax, Triangles - kint, Circles - kmin.
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viscous fluid are likely to develop either an elongated shape with the elongation directed near the

vertical (e.g., Manga and Stoner, 1994), or retain a nearly spherical shape if their velocity of ascent is

very small (Clift et aI., 1978). The vesicles preserved in the outcrop, however, are flattened with their

shorterdimension near the vertical and a preferred elongation plunging towards the East. Preservation

of these flattened vesicles in the outcrop indicates that the viscosity of the lava was large enough to

prevent surface forces from restoring their spherical shape; lava this viscous would have prevented any

vertical displacement of bubbles or crystals.

These apparently contradictory observations can be reconciled by the mechanism of endogenous

growth proposed by Walker (1995b). In Fig. 7.4 a sequence of lava pulses is shown, each injected

near the medial plane of the preceding pulse. According with this model, the lava of each pulse

stopped while still fluid enough to allow a significant vertical displacement of both bubbles and~Is

(therefore disrUpting the original AMS). When the following pulse was injected, shearing between the

new and old lava produced the deformation of the bubbles along a nearly horizontal plane and lead

to the measured 1WfS. This impfles that viscosity ofthe first pulse of lava at the time of shearing would

had already reached a value large enough to preserve the deformation of the bubbles and AMS

orientation, but viscosity of the second lava pulse was still small enough to begin the cycle for a

second time. The whole process would then be repeated several times. at least as many as

independent vesicle layers are in ~e upper vesicular zone ofthe flow.

A consequence ofthis model is that the time elapsed between two successive pulses of lava could

not be very long because otherwise the whole unit woulcl have not solidified as a single cooling unit,

but it had to be long enough to allow some significant vertical displacement of bubbles and crystals to

take place. The model also requires a large increase in viscosity in a narrow temperature range, as

has been suggested by some workers (ct., Williams an~ McBirney, 1979).

In summery, .AMS meBSYrements not only yield independent evidence supporting previously

inferred flow directions for the Birkett flow, but also support the endogenous growth of this thick unit.
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CHAP'I'ER 8: GEOLOGICAL APPUCATIONS OF AMS IN IGNEOUS ROCKS· A

CIUTICAL REVIEW

INTRODUCTION

Low-field anisotropy of magnetic susceptibility (AMS) is a unique petrofabric indicator because of

its speed and low cost Cl:arling and Hrouda, 1993). its sensitivity to small variations in the amount, type

and, perhaps more important, distribution of ferromagnetic grains makes this technique very attractive

to study in detail the internal structure of some igneous rocks. In order to interpret the results ofAMS

measurements, a number of assumptions regarding its origin are usually made, although due to the

complexity of natural phenomena the same assumptions may not be applicable to every situation.

Rochette et sl. (1992) reviewed some of the most common assumptions to the light of magnetic

mineralogic considerations, and expressed the need to asses their valic:flty in each case study. In this

chapter, the consequences of accepting magnetic interaction between particles instead single shape

anisotropy as the main source for the measured AMS in rock specimens are discussed. It is also

attempted to show that AMS methods are a powerful, so far mostly unexploited tool that can greatly

increase our understanding of the dynamics of movement and emplacement of some igneous racles.

The proposed model to explain the distribution of particles (ct., Chapter 4) is likely to be valid only

in cases in which the source of AMS is the ferromagnetic fraction, and for which the contribution of

para-- and diamagnetic minerals can be neglected. This clearly limits the scope of this review to AMS

studies on igneous rocks in which the bulk susceptibility is usually> 2 x 1(t3 SI. A further restriction will

be imposed by excluding, rather arbitranly, large plutons in which the susceptibility value is larger than

the above threshold value but for which a complex fluid dynamic history is anticipated. In this regard,

the term NintrusiveNwill in the remainder be restricted to structures like dikes or cone shee1s in which

laminar flow between parallel boundaries seems to have been the main form of magma transport.

ORIENTATION OF THE PRINCIPAL SUSCEPTmWTIES

Until now, it has been most commonly accepted that the AMS measured in rock specimens is

diredly related with the preferred orientation ofmagnetically non-interacting mineral grains. This is not
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unl'88llliOl18ble 88 a first approlCim8llon, because the AMS of large single grains of magnetite is dired!y

r8IIIt8d with .. shape (ct., Chapter 2). Consequently, in order to explain the orientation of the AMS of

a rock specimen, a mechanism capable to produce a preferred orientation of, say, elongated grains

needs to be sought for. In the following sections I shall demonstrate that a more detailedexaminlltion

of the data together with the inclusion of geological considerations indicate that this hypothesis is not

the most adequate, and therefore a different model has to be adopted. Textural anisotropy (i.e., AMS

resulting from the distribution of ferromagnetic grains in a para- or diamagnetic matrix) as suggested

by Wolff at al. (1989) and Hargraves et al. (1991) is perhaps the most Ukely subltitute for the single

grain shape hypothesis, while the fluid model linking this type of anisotropy to the conditions of

emplacement of lava in previous chapter seems a plausible physical mechanism.

Pyroclastic depolBitla

Workers interested in the study of pyroclastic depods adopted from the first studies.

sec:IimentoIagi models in which grains moving in III concentrated suspension orient themselves with

their longest dimension approximately parallel to the direction of motion and their shortest dimension

along the direction of maldmum gradient (Rees, 1968). Accordingly, it was expected that the maxlmum

susceptibity (kmax) ofSOI'M pyroclastic deposits pointed along the direction of movement of the flow

that produced the deposit. and indeed this was the result found by Ellwood (1982) and MacDonald and

Palmer (1990) in natural deposits for which the source region was relatively well constrained

geologically. Knight et iii. (1986) and Hillhouse and Wells (1991) adopted this model, and used it to

succeafut1y estabfish the previously unknown sources of natural deposits in Sumatra and

southwestem United States, respectively.

Although all this evidence could suffice to reasonably conclude that both the assumed source of

AMS and the mechanic model of grain orientation were correct, some details deserve a closer

examination. For instance. the magnetic fabric of most specimens in all the published studies of AMS
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in pyroclastic deposits (EUwood, 1982; Incoronato et at, 1983; Knight et a!., 1986; Wolff et al., 1989;

MacOonaid and Palmer, 1990; Hillhouse and Wells, 1991; Palmer et at 1991; Seaman et aI., 1991)

is preferentially foliated (this term is equivalent to an oblate shape, and a prolate shape is equivalent

to a preferentially lineated fabric as shown by Caft6n-Tapia 1994), yet the kmax axes are usually well

clustered parallel to the direction of flow.

A preferentially oblate fabric requires, always within ttl: :::::;:6;jiiiiii shape h70p0thesis, either a

predominance of flattened grains or a rather uniform distribution over the plane of magnetic foliation

(this plane is defined as the plane containing the maximum and intermediate susceptibilities) of the

long axes of elongated grains. If the first possibility is correct, the predominance of flattened grains

would preclude the definition of a significant cluster of kmax axes, and therefore it would not be

possible to infer the flow direc:lion ofthis type of deposits. Actually, in all of the mentioned studies, with

the exception ofthose by Inc:oronato et al. (1983) and Seaman et a!. (1991), a good grouping of kmax

axes is characteristic of the obtained results, and therefore this assumption does not seem justifiable

(the two exceptions mentioned can be in part due to the fact that Incoronato et a!. (1983) did not used

the most adequate statistical method to calculate the mean directions and regions of confidence

around it, while the specimens measured by Seaman et a!. (1991) all yield a very low value of the bulk

susceptibility).

Optical inspection ofthin secIionsmade by Knightet al. (1986) revealed that a preferred orientation

ofelongated particles was clearly observed in most cases, but their results also show that the direction

of kmax do not necessarily coincide with the direction of alignment of the elongated particles. This

evidence is in clear conflict with the second assumption, automatically invalidating this possibility.

Therefore. a somewhat different approach seems to be necessary to explain more satisfactorily the

observations. Wolff et a!. (1989) had already pointed out other 'problems faced by the single-grain

h~,~ that instead, the MIlS fabric is controlled by groundmass microlites distributed

within the existing tuff fabric O.e., a textural anisotropy). Unlike the single-grain hypothesis, textural

anisotropy strongly depends on the magnetic interaction among ferromagnetic grains, as discussed

in previous chapters.
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According with the model proposed in Chapters 4 and 5, the orientation of the principal

susceplibililies is intimately related to the stresses I deformation suffered by each element of fluid, and

in the simplest case of a unidirectional velocity, kmax will be nearly parallel to the flow direction (d.,

Chapter 4). The orientation of elongated grains already present in the moving fluid is to some extent

independent ofthe orientation ofthe magnetic fabric due to the intemal deformation of fluid elements.

Ifhydrodynamic orientation of elongated grains is effective, the individual-grain shape anisotropy may

reinforce the orientation of the kmax axes, and therefore a coincidence between kmax and the optically

observable fabric mil be obtained, but if individual grain orientation is not effectively controlled by

hydrodynamic forces either because the drag associated with the indMdual shapes was not strong

enough, or because the grains themselves were not present during movement of the fluid (i.e., late

growth crystalrlmtion of minerals did occur) the individual shape anisotropies will be superimpcsecl.in

the textural fabric in a rather complex way (ct. Appendix 1). In this last case, it is very likely that the

optically observable fabric and the magnetic fabric wiH not coincide, because the latter will be

controlled by magnetic interactions.

A consequence of the adoption of the fluid model is that most of the mentioned AMS studies in

pyroclastic deposits imply a relatively simple fluid behavior in the region where deposition was actually

occurring, so that kmax is parallel to flow direction. Further, the orientation of the plane of magnetic

foliation would suggest a mark~ difference in the velocity with vertical position in the flow, while

horizontal changes are almost negligible.

Lavallowa

Similarly f:D the case ofpyroclastic deposits, the AMS of lava flows has been found to be preferentially

foliated in mostspecimens, although unlike the pyroclastic counterpart, the directions of the principal

susceptibilitiss usually yield a rather large scatwr "Whin the same cooling unit. This scatter of

susceptibility axes precluded, at least in part, the adoption of a single model to explain the orientation

of individual grains reqUired by the isolated1Jrain hypothesis, but instead, two different models have

been suggested.
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One ofthe models adopted the results obtained by Jeffery (1922) and Taylor (1923) regarding the

movement of isolated ellipsoids immersed in a fluid of very large density. In accordance with this

model, Khan (1962) suggested that both kmax and kmin axes should be perpendicular to the direction

of movement of lavas (consequently kint is parallel to the flow direction) and presented a few

specimens from different lava flows that seemed to support his conclusion. As more recent results

proved, however, the orientation of the principal susceptibilities does not follow a simple relationship

with the direction of advance of lava flows (e.g., Symons, 1975; Cafton-Tapia et al., 1994; Chapters

3, 4, 5, 6 and 7), and therefore, the evidence presented by Khan (1962) can not be accepted as

representative of lava flows in general. In other works in which Khan's approach was adopted (e.g.,

Brown et aI., 1964; Ellwood, 1978), the geological evidence was not clear enough to support the

validity ofthe model, but in fact, the interpretation of results was "forced" to fit it, therefore eliminating

these works as valid examples in favor of this approach.

The second model used a reasoning similar to that explained for pyroclastic deposits, therefore

predicting that kmax should be parallel to the flow direction of lavas. Although this assumption found

slightly more support from the geological evidence, early results were still somewhat controversial. For

example, Symons (1975) found that kmax was within 10° of the flow direction of the Ainyash flow in

25% of his sites, while in nearly 13% kmax was making an angle of 80° - 90° from it. Nevertheless, he

acknowledged that these results could be due to a sampling biasing towards the crustal parts of the

flow. As shown in Chapter 3, there is clear evidence that the crustal parts of thick flows may indeed

yield kmax orientations that are very different from those obtained from specimens collected lower in

the unit. Nevertheless, the assumption of a kmax parallel to flow direction found more support from

the geological evidence presented in later works. For instance, MacDonald et al. (1992) report an 80%

agreement between the direction of kmax and field measured lineations, and as shown by Cal'i6n

Tapia at a!. (1994) and in Chapter 3, !<max indicates reasonably well the flow direction of lavas, in

agreement \Wh the geological evidence (provided that no disruption of the original fabric has occurred).

Both of these models, however, relying in the isolated-grain hypothesis are prone to the same

criticism than that made to pyroclastic deposits. Hargraves et a!. (1991), for example, used the same
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arguments than Wolffet al. (1989) have used in the case of pyroclastic deposits against the isolated

grain hypothesis in lavas and intrusives, suggesting that it was the distribution ofgrains (i.e., textural

anisotropy) the main factor controlling the AMS of these type of rocks. This opened the door for the

conception ofthe fluid model presented in Chapters 4 and 5. An immediate consequence of this model

is that AMS measurements suggest that the internal structure of lava fIO'NS is more complex than that

of a pyroclastic flow. However, unlike the case of pyroclasts, care should be exercised when

interpreting the AMS of lavas because of the disruptive effects of gravity forces (see below).

Intrusives

Studies of the AMS of intrusive rocks follow the same trend than that described for lava flows

regarding the relationship between the principal suscepbbilities and flow direction. Khan (1962) and

Ellwood (1978) assumed that magma direction in intrusives was indicated by kint, while Knight and

Walker (1988), Park et al. (1988), Rochette et al. (1991), Ernst and Baragar (1992) and Puranen at

al. (1992) assumed instead that kmax indicated the magma flow direction. Uke in the case of lava

flows, geological evidence, whenever available, seemed to favor the latter assumption (see also

Abouzakm ,1974; Halvorsen, 1974). The presence of a large proportion of intrusives in which this

simple scheme does not seem to apply, however, leads to question the validity of the assumptions

made in the interpretation of AMS measurements. In analogy with the evidence from both pyroclastic

deposits and lava flows it seems reasonable to adopt the interactive model in this case again.

CONSEQUENCES fOR. THE INTERPRETATION OF RESULTS

The various models so far proposed to explain the sources of AlVIS in igneous rocks lead to very

different conclusions based in the same experimental results. To illustrate this point, let us assume that

we coiledsamples across tie whole wicr.:h ofa horizontal intrusive, and that the AMS results show tINe

differentgroups of orientations. Nearer to the walls, the plane ofmagnetic foliation coincides with the

plane of the intrusive, but in its central parts kmax is normal to it. Furthermore, lets say that the

orientation of the kint axes changes from N-S near the walls to E-W in the middle of the sheet.
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Although this may seem a rather arbiIrary and idealized case, there are some examples from intrusives

in the island of Skye (E. Herrero-Servera, unpub. data) that share most of these conditions.

If1N8 adoptthe isofated-grain hypothesis, and assume that kmax is parallel to the flow direction, we

would conclude that the initial pulse of magma occurred in an E-W direction and that the conditions

of movement in the interior of the intrusive were either turbulent or strongly influenced by convective

currems, hence explaining the cflfferent orientation observed in the middle of the intrusive. Alternatively,

we could have inferred that cooling or overloading stresses normal to the walls of the intrusive had

reoriented the principal susceptibilities in this region, or that the conditions of movement changed with

time in a rather complexway.lfwe assume instead that kint is parallel to the flow direction (remaining

within the isolated-particle hypothesis), the interpretation of the results would be that the direction of

magma movement was originally along a N-S trend changing latter to an E-W trend, making

unnecessary the occurrence ofturbulence, convedive currents or the effecls of any post-emplacement

stresses. The change in orientation of the other two principal susceptibilities could be easily

disregarded, or in the best ofthe cases considered as fortuitous.

A very different interpretation of results would be given ifwe adopt the textural anisotropy hypothesis

together with the dynamic model explained in previous chapters. In this case, our conclusions would

be that magma motion took place in an E-W direction originally, coinciding with the first interpretation,

although none of the presumed complications would be inferred. Instead, settling of crystals in a

stationary still fluid magma would suffice to explain 'the change in orientation of the susceptibility axes

from the walls to the center of the intrusive.

These abundance of interpretations forces us to seek additional information to evaluate which of

the described processes ofemplacementwas more likely to have actually occurred. The first and third

cases would be supported by an imbrication of kmax axes from samples collected at opposite sites of

the intn.!s!lm, whereas the second case would be supported by an imbrication of kint axes. Thus at least

one possibility can be eliminated if sampling across the intrusive is completed. Now, a change in the

type ofmagnetic fabric from preferentially foliated to preferentially lineated and back to foliated from

one side to the center of the intrusion would be compatible with the interactive hypothesis, but would
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be very hard to explain with a single..grain hypothesis. Therefore, in principle, it would be possible to

select the most likely scenario based only in data from the AMS measurements alone.

POST-EMPlACEMENT DISRUPTION OF AMS FABRIC

In the previous section, the importance of disruptive processes due to stresses or gravitational

settling of minerals has been exemplified. Other types of disruption can be related to mechanical

compaction, welding, d8\ritrification and rheomorphism in pyroclastic deposits (MacDonald and Palmer,

1990), and to the ascent of large bubbles in lava floM (Chapter 6) and intrusives. Certainly, any event

accompanied by the formation of new mineral species or the transformation or disappearance of

primary minerals (e.g. hydrothermarlSm, extreme weathering or higher degrees of metamorphism) also

may affec:tthe AMS ofthe rock. Therefore, geological indicators of any of such alterations should be

well documented in each case.

The extent to which post-emplacementdisruption may obscure the significance ofAMS results can

in some instances be assessed from the measurements ofAMS alone, provided that an extensive and

~matic sampling strategy has been followed. This is specially valid in the cases of rheomorphic flow

or whenever reactivation of viscous flow occurs in a different direction than before because these

phenomena are hlcelyto take place over a limited area, and on some specific locations rather than all

over the extent of the unit under study. The predi~ pattern followed by the disruption process will

depend not only on the process itself, but also on the orientation and type ofthe original fabric and on

the model adopted to interpret the AMS results, as shown in the previous example. In any case, it is

reasonable to suggest that whenever disruptive processes become dominant, these would almost

certainly affected other type of fabric and therefore we would not be concerned any longer with the

primary structures of igneous rocks.

SUMMARY

Three different models, inclUding that developed in this dissertation, have been proposed to

interpretAMS measurements on igneous rocks. In general, geological evidence has favored those in
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which kmax is parallel to the local flow direction, although in some cases, specially in lava flows and

intrusives, departures from this general rule are encountered. These departures can be explained in

terms of some post-emplacement disruptive effects, the nature of which depends on the model

adopted 10 explain NItS measurements in the first place. In any case, it is extremely important to make

an interpretation that incorporates all the available information provided from the AMS measurements

O.e. including both directions and relative magnitudes of the principal susceptibilities of each specimen,

regional patterns etc.) aswell as any other source ofgeological evidence. An extensive and systematic

sampling strategy would greatly contribute to the successful interpretation of results.

Unfortunately, many studies made in the past have disregarded the importance of one or more of

the above mentioned requirements and therefore the potential ofAMS methods has still not been fully

realized. Hopefully, this situation will change in the near future, this dissertation being one of the fi~

steps in such direction.
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APPENDIX I: SINGLE GIlAIN VS. DISTRIBUTION ANISOTROPY. A SIMPLE

3D MODEL

INTRODUCTION

Stephenson (1994) presented two simple models showing that non-uniform distributions of

otherwise magnetically isotropic particles can give rise to large degrees of anisotropy of magnetic

susceptibility (AMS) due to magnetic interactions between neighboring particles. It is important,

however, to estimate the relative contribution of the individual-particle anisotropies to the resulting AMS,

because rocks in general will contain par1icles that are not completely isotropic. In this paper, the same

basic approach used by Stephenson (1994) is utilized to study the effects of individ\Jal-particle

anisotropies in the measured AMS of a three dimensional array of ellipsoidal particles. Following the

presentation of a general expression, some specific examples are discussed and the effects of a

remanent magnetiZation are briefly examined. The examples presented are used to draw inferences

for a rock specimen in which magnetic interaction can be presumed to be important.

MAGNETIC INTERACTION: 3D MODEL

Individual-particle anisotropy can arise from different sources, but it is convenient to represent it

as ~ it were related only to the shape of the individual grains. Shapes other than ellipsoids will in

general require numerical methods to estimate their magnetization, and the field at a point outside the

particle resulting from this magnetization will also be a little troublesome to calculate. If ellipsoids of

revolution are used instead, not only are the calculations greatly simplified but they are amenable to

analytical treatment Further. the field outside a uniformly magnetized ellipsoid can be approximated

by a dipole at the center of the ellipsoid provided that its ratio of largest to shortest semi-axis is close

to unity (e.g., Sprowl, 1990).

A three dimensional distribution of particles can be approximated by an arrangement in which six

nearest neighbors act upon a central reference partic18 (Fig. A1.1). Clearly, the principal axes of
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Xi

FIGURE 1\1.1. Diagram showing the relative positions of four nearest neighbors of a reference pari:icle
located in the xi - xj plane. Two other particles are symmetrically disposed above and below the
reference particle along the xk diredion. The circles indicate the contour in the xi • Xi plane of particles
having their axes parallel to xk (whether oblate or prolate). Dashed ellipses indicate either the
projection of prolate particles with axis parallel to Xi or oblate particles with axis parallel to xi. Solid
ellipses represent the projection ofeither prolate particles with axis parallel to xi or oblate particles with
axis parallel to xj. The corresponding principal susceptibilities are Indicated only for the solid line
ellipses.
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susceplibtlity of the particles (Xi, XJ) coincide with the axes ofsymmetry of the array of particles (xi, Xi

and xk) as shown in Figure A1.1.

By assuming that all the particles are identical and have the same orientation the effects of their

interaction can be estimated. The enhancing field, h, experienced by the central particle due to the

induced magnetization of the six nearest neighbors in an external field applied along any of the three

axes of reference will be given by:

h =t

m, (2 1 I)-- ------
2~ ,3 ,3 7 3

t 1 k

... (A1.1)

where ri, rj , rk are the distances to the adjacent particles along the corresponding axis of symmetry

(ct. Frg.A1.1), mi =vMi is the component of the dipolar moment induced by the field in each particle

ofvolume v along the i direction, and Mi is the component of the induced magnetization, also along the

i direction. The bulk susceptibility along any afthe xi directions is, following Stephenson (1994),

M,
X, =

H

X (1+...!...(~ __1__I)x)
I-app 2 3 3 3 '

~ 't '1 r"

where Xi-app is the apparent susceptibility along the i direction.

From eq. (A1.2), the general expression
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1

... (A1.3)

is obtained. The approximation of the apparent susceptibility as the inverse of the

demagnetization factor. Ni. in eq. (A1.3) is valid for any material possessing a high value of

its intrinsic susceptibility (e.g., Stephenson, 1994). Equation (A1.3) can be used to study the

arrangement of particles along lines and planes noting that

a) A line of particles can be formed by letting two of the rns tend to infinity. The line can

always be taken as parallel to xi, in which case r2 and "3 ... Ol).

b) A plane of particles can be formed by letting one of the rns tend to infinity. The plane

can always be taken as the xi - x2 plane and therefore, "3 ... Ol).

Values for the demagnetizing factors can be obtained from the tables given by Stoner

(1945). Following his nomenclature, if the length of the polar axis of each ellipsoid is a and

the equatorial axis b, the ratio alb > 1 indicates a prolate shape while alb < 1 represents an

oblate ellipsoid. In the following sections, the range 0.4 < alb < 2.5 was selected because,

as mentioned previously, the smaller the departure from the spherical shape, the more

accurate the approximation of the model. Using a ratio =1, and taking into account the above

considerations, the expressions given by Stephenson (1994) for a line and a plane of

spheres can be easily obtained from eq. (A1.3).

It should be noted that although the magnetic fabric can be quantified in various ways,

the model does not justify the use of anyone parameter. However, the qualitative aspects
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displayed by most of the so called shape parameters tum out to be very illustrative of how

magnetic interaction may affect the measured AMS of rocks. In this regard, the terms

Iineated and foliated fabrics used in subsequent sections make reference to the

corresponding general regions in the field of the susceptibility tensors (Canon-Tapia, 1994)

rather than to any specific parameter.

A case of practical interest is the comparison of the calculated susceptibility along the three

directions Xl' ~ and Xs as a function of inter-particle separation (Figures A1.2, A1.4 and Ai.S). The

separation between particles in these figures is given as multiples of their equatorial semi-axis

(hereafter called b-units) to allow direct comparisons among different shapes. Clearly. particles in

contact will be separated by adistance of2 b-units.

MAGNETIC INTERACTION: LINEATION

let us first examine the case ofellipsoids havmg their axis of revolution parallel to x2 while defining

a line along xi. P>s mentioned earlier. in this case r2 and "3 ... co. Thus. from equation (A1.3) we

obtain

1
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Figure A1.2 shows the ratios of these susceptibilities as function of the inter-particle separation for

particles with various BIf) valueS and Figure A1.3 illustrates the sequence followed by the orientation

of the principal susceptibilities of the set of particles. From these results, it is apparent that magnetic

interactions become important at separations of less than 4 b-units, and dominant at separations less

than 2.5 b-units irrespective of the shape of individual particles. Whenever magnetic interaction is

dominantthe resulting susceptibility anisotropy will be that of a Iinemed fabric along Xl for both prolate

and oblate particles, although it should be recalled that the long axis of each prolate particle is

perpendicular to the direction of the lineation. If magnetic interaction is negligible (r1 > 5 b-units), the

resulting magnetic fabric corresponds to that associated with the shape of individual particles (i.e.,

prolate particles yield a Iineated fabric parallel to ~ while oblate particles yield a foliated fabric with

minimum susceptibility along xJ. In the case of prolate particles, a transitional zone in which the

magnetic fabric of the array is foliated with maximum susceptibility along Xa is also defined.

MAGNETIC INTERACTION: FOLIATION

A second example of the effects of magnetic interaction in the resulting magnetic fabrics is

obtained by distributing the particles over the X, - ~ plane, orienting their axes of symmetry parallel to

~ 6.e., nonnal to the plane of distribution). According to eq. (A1.3), it is now necessary to specify the

separation between particles along 'two directions to get a value of the measured susceptibility. To

simplify the discussion, a separation of2.5 b-units along Xl (i.e., r1 =2.5) was used in the construction

of F'lgures A1.4 and A1.5.

In this case, magnetic interaction along ~ is dominant for values of r2 < 2.5, as suggested by the

fact thatatthis paint 'X2 becomes larger than both 'Xl and 13 irrespective of the shape of the particles

(F'1g. A1.4). The resulting magnetic fabric of the array, however, is Iineatsd in a direction parallel to ~

only ifthe particles are prolate or weakly oblate (alb> 0.9 ); particles with a smaller aAJ ratio will yield

a torl8ted magnetic fabric with minimum susceptibility parallel to ~ even ifthey are in contact along ~

O.e., 12=2). For large values of f2 the resulling magnetic: fabric reflects the stronger interactions along

Xl' as in the previous example, although the ratios of the susceptibilities (1="19. A1.4) indicate that
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FIGURE A1.2. Plots of the ratios of the three principal susceptibilities for a linear array of particles as
afunction ofthe separation of particles along the x1 direction. Figures over the lines indicate the value
of the polar to equatorial semi--axes (>0 - prolate particles, <0 - oblate particles).

172



X2

o
a)

b)

FIGURE A1.3. SChematic evolution ofthe magnetic fabric of the linear array of particles as a function
ofthe interparticle separation along x1. a) Oblate particles. b) Prolate particles. Squares - maximum
susceptibility, Triangles - intermediate susceptibility, Circles - Minimum susceptibility.
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magnetic interaction along X:z takes place even at r2 values around 5 b-units. For intermediate values

of r20 the magnetic fabric ofthe array can take several different orientations as shown in Fig. M.S. The

value of r2 at which a transition from one orientation to another occurs depends on the exact value of

the alb ratio.

MAGNETIC INTERACTION: 3D DISTlUBUTlON

A 30 arrangement of particles in which all of them have their axes parallel to x, and constant

separations along x.. and X:2 equal to 3 and 2.5 b-units, respectively was used to construct Figures A1.6

and A1.7. For particles distributed in this way, the effects of the magnetic interaction may take many

different forms depending on the individual particle shape and separation along Xs. Perhaps the most

important points to mention are that all particles yield a resulting maximum susceptibility along Xs and

minimum susceptibility along x, below a critical value of r3 (r3 < 2.5 baunits for oblate particles and r3

< 2.1 b-unils for prolate particles). Also, the evolution of the resulting magnetic fabric with decreasing

r3 is more complex than in the previous examples depending strongly on the axial ratio involved (rig.

A1.7).

DISCUSSION

The most important feature of all the examples examined in previous sections is that there is no

unique correspondence between the individual-grain shape and the resulting AMS if magnetic

interaction is taken into account. Situations in which prolate grains all have their longest axes along one

direction while the measured maximum susceptibility is perpendicular to that direction were presented

in all ofitleprevious examples. The most extreme case was encountered in the 3D distribution when

longest grain dimensions could correspond to minimum measured susceptibility and shortest grain

elongation was parallel to maximum susceptibility. A situation of this type has been often referred to

as "inverse fabric", and has been usually ascribed to the predominance ofsingle-domain magnetite

(Rochette, 1988). In the mode! presented here, there was no assumption made about the domain state

ofthe individual particles, which suggests that the non-correspondence of an obselVed mineral fabric
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FIGURE A1.5. Schematic evolution ofthe magnetic fabric of the planar array of particles as a function
of the interparticle separation along ~. a) Oblate particles. b) Prolate particles. Note that certain
configurations can only be attained for certain values of the polar/equatorial axial ratio (alb) of the
particles as indicated. a) Oblate particles. b) Prolate particles. Symbols as in Figure A1.3.
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a)

FIGURE A1.7. SChematic evolution of the magnetic fabric of the 3D array of particles as a function of
the interparticle separation along ~. a) Oblate particles. b) Prolate particles. Symbols and numbers
as in Figure .0.1.5.
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with that inferred from the measurement of AMS can, at least in principle, be most simply explained

in terms ofinII8rading ferromagnetic particles, without the need for making reference to their magnetic

domain state.

Itwas also shown that the resulting magnetic fabric is a complex function of the shape of individual

particles, their orienlalion and distribution. The complexity of this function will certainly prevent us from

firmly establishing a one to one correlation between the observed mineral fabric (as for example in thin

sections) and the measured magnetic fabric in at least those cases in which magnetic interaction is

likely to occur. According to Hargraves at at (1991) and Sprowt (1990), the usual content of

ferromagnetic grains in most igneous rocks is around 1 vol %, enough to grant magnetic interactions.

Therefore, not only the measured AMS in these rocks should be interpreted in terms of grain

distributions and not in terms of grain orientations, but also the notion that there is a unique relation

between, say, flow direction and principal susceptibilities should be abandoned. Thus, a new model

linking the fluid behavior of magma, lava or pyroclastic flows with the measured AMS becomes

necessary. The general dynamic aspects ofsuch a model are discussed in Chapters 4 and 5.

Another aspect that deserves attention is the effect of the remanence on the measured AMS. In

the development of the model it was made clear that the enhancing field is the result of the

magnetization of the particles, and it was assumed that such magnetization was entirely due to the

action of the externally applied magnetic field. Th~ is valid if the ratio of the induced to remanent

magnetization is much larger than one. Ifthis ratio is near or smaller than one, however, the enhancing

field experienced by the central particle will be due to the remanent magnetization of its nearest

neighbors. In other words, even in the absence of an external field to the array, the central particle in

figure 1 may have an induced magnetization due to the remanences of the other particles. The

inclusion ofa remanence will in general complicate the situation to the extent that any analytical study

\'IIOuld be most impractical, although its effecls can be illustrated by the set of five particles shown in

Figure A1.8.

Let us assume that all the particles have identical properties, and that for simplicity, they are

magnetically isotropic. In Figure A1.88, the arrows in the outer particles represent their remanent
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magnetization while the small arrow in the central particle represents the induced magnetization of this

particle due to the effect of the remanences of the other four (the remanence of the central particle

is omitted only for clarity in the figure). Ifa weak enough magnetic field is now applied to the array in

a direction perpendicular to the remanence of the particles so that a small induced magnetization is

produced in the particles as shown in figure A1.8b, the total induced magnetization of the central

particle will not be parallel to the applied field, giving the impression that this particle is not isotropic.

The smaller the ratio of the induced (due exclusively to the external field) to the remanent

magnetization of the particles, the stronger the apparent deviations from the isotropic case. It is

important to remark that it is not suggested that the remanence of a given par!:icle can influence the

susceptibility of this same particle, but rather that the remanence of one particle can influence the

susceptibility of other neighboring particles due to their magnetic interaction.

A line ofevidence that seems to support the above considerations is the process of re-orientation

of the measured principal directions of susceptibility described by Park at at (1988) as well as the

"enhancing" effecton the magnetic fabric of specimens subjected to demagnetization by application

ofaltemating magnetic fields mentioned by Tarling and Hrouda (1993). The "cleaning" process results,

generally, in the partial reduction of the strength of the remanence of any given particle, and therefore

is reasonable to suggest that the changes in magnetic fabric with magnetic demagnetization are a

consequence of a modification on the way in which magnetic interaction is taking place within a

particular specimen. It is notpossible, however, to be sure whether the magnetic cleaning completely

eliminates the effects of the interaction therefore revealing the magnetic fabric associated with grain

orientations (as for example assumed by Park et aI., 1988). At most, if either a stable orientation of the

magnetic fabric is reached, or if the magnetic fabric was not affected at during the magnetic cleaning,

it would only be possible to assure that the remanen~e was not important in the definition of the

measured AMS. To conclude based in this evidence alone that magnetic interaction between grains

is not important may be misleading.
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FIGURE A1.8. System of five identical isotropic particles. a) The remanence of the outer particles
(large arrows) produce an induced magnetization in the central particle (small arrow). b) An external
magnetic field applied in the plane of the figure perpendicular to the remanence of the particles In a)
produces an induced magnetization in all the particles as indicated. The net induced magnetization in
the central particle therefore has two components and is not parallel to the external field, as it would
be if the remanences of the surrounding particles were negligible.
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CONCLUSIONS

0espitIt all the approximations necessary to arrive to the proposed model, it has been shown that

whenever magnetic interaction between neighbor parlicles is present the measured AMS is more likely

to be defined by this interaction rather than by singl&13rain shape anisotropy. In these cases, the

inferred magnetic fabric may have a completely different orientation relative to any directly observable

mineral fabric, and the source of AMS should be sought for in processes capable of producing (or

changing) grain distributions rather than grain orientations. Clearty, if grain orientations are consistent

with the textural anisotropy, the measured AMS w;1I be more clearty definedo Magnetic interaction due

to a strong remanent magnetization of individual particles can also influence to some extent the

measured magnetic fabric. Changes in the measured magnetic fabric during magnetic cleaning will

in general reveal whether this type of magnetic interaction is likely to be important in a given specimen,

although stabilily ofthe measured magnetic fabric should not be interpreted as ruling out the possibility

of magnetic interactions related to induced magnetization.
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APPENDIX 2: CODE OF ORIGINAL MATIAB FUNCTIONS

The MATLAB code was used to analyze most of the data in this work. and to generate some of the

figures, because of its relative simplicity of operation, its flexibilily (II: allows the inclusion of case-

specific requirements very easily), and the good quality of the figures generated requiring a minimal

of post-editing work. A total ofnine original MAT1.AB functions are listed in this appendix, all of

which were used at several stages during the completion of the present study. Adjustments were

necessary to produce some of the figures in their final version depending on the specific

circumstances, but these adjustments do not interfere with the general nature of the nine functions

listed below. An example is the sutlstitution of the "plot" command by the "fiU" command in order to

generate a figure with solid symbols. The list of specific commands used to generate a particular

figure is not included due to their very restricted interest, but rather the programs included are of a

general character and can be used in other contexts than that of AMS. Although all efforts were

made to test the correct function of the programs below in a general context. it Is not uncommon in

software development to overlook very specific situations in which the code may not operate

correctly. The identification of these "bugs" is only possible by the continued use of the software on

very different situations. In this sense, it may be important to note that the programs below are an

XX.1 generation.

function reaprj1 (datadec,dalainc,opdec,opinc,ldec,linc,Instyle);
%
% REAPRJ1(datadec,datainc,opdec,opinc,ldec,linc,lnstyle)
% DRAWS EQUAL AREA PROJECTIONS IN A PLANE WITH ANY ORIENTATION.
% ALL DATA ARE CONVERTED TO UE IN ONE HEMISPHERE.
% THE ORIGINAL AXES OF REFERENCE ARE (screen coordinates):
% x=N, y=E and ollt=+Z(down), BUT THE DEFAULT AXES ARE
% x=E, y=N AND out--z(up).
% (hence the default projection is in the upper hemisphere, a lower hemispher projection is
% obtained by setting he =1).
0A, OPDEC AND OPINC ARE THE COORDINATES OF THE OBSERVATION POINT
% (NORMAL TO THE SCREEN, OR ·OUT"), WHEREAS
% LDEC AND UNC ARE THE COORDINATES OF A POINT NORMAL TO OP
% (A POINT ON THE SCREEN) ALONG THE ""i' AXIS.

if nargin -= 7
if nargin -= 6
if nargin -= 3
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% rotation matrix

if nargin -= 2
error('Wrong number of input arguments')
end
end
end
end

if nargin == 6
Instyle ='y*';
elseif nargin = 3
Instyle = opdee;
opdee= 0;
opine =-90;
Idee =90;
line =0;
elseif nargin == 2
Instyle ='y*';
opdee= 0;
opine =-90;
Idee =90;
line = 0;
end
p=180/pi;

sz:=sph2car([opdee,opinc));
sz=:sz(:);
sx=sph2car({1dec,linc»;
sx=sx(:);
sy=[sz(2)*sx(3)-sz(3)*sx(2};sz(3)*sx(1)-sz(1)*sx(3);sz(1)*sx(2)-sz(2)*sx(1)];
X=sph2car([datadec,datainc));

xz =S'K .. sz; % Check orthogonality of sz and sx
if abs(xz) >= 0.017 % allows up to one degree non-orthogonalily
error('The pair observation point-east coordinate is not perpendicular')
end •

a11=[1, 0, OJ * SX;

a12=[O, 1,0] * sx;
a13=[O, 0,1] * sx;
821=[1,0, OJ* sy;
822=[0, 1, 0] * sy;
823=[0, 0, 1}* sy;
a31={1, 0, OJ* sz;
a32;:[O, 1,0) * sz;
a33=[O, 0, 1} '* sz;

a = [a11, a12, s13; a21, 822, a23; a31, a32, a33];

XP=a'*X';

xp=XP(1,:);
yp=XP(2,:);
zp=XP(3,:);

% actual rotation
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dec=atan2(yp~);

inc=asin(zp);

he=O; %This should be changed to 1 for lower hemisphere projections

for i=1 :Iength(xp),
ifhe==O
if inc(1,O < 0,
dec(1,O=dec(1,O+pi;
inc(1 ,O=-inc(1 ,0;
end
elseif he ==1
if inc(1,O > 0,
dec(1,O=dec(1,i)+pi;
inc(1 ,O=-inc(1 ,i);
end
end

end

rho = sqrt(2)*sqrt(1-abs(sinQnc»); % 'Radius' of projected points.

xx = rho .* cos(dec); % Coordinates of projection.
YV = rho .* sin(dec);

eaprgrid % generate grid and

if strcmp(lnstyle,'max') % make the plot
[xx, yy] =squares(xx,yy);
plot(xx,yv,'r-1
elseif strcmp(lnstyle,'int')
[xx, yy] =triangle(xx,yy);
plot(xx,YV,'y-1

else
plot(xx,yy,lnstyfe);
end

tex=a*eye(3); % generate labels
texdec=atan2(tex(2,:),tex(1,:»;
texinc=asin(tex(3,:»;
for i=1 :Iength(texdec)
if texdec(1,i) < 0
texdec(1,i) =2*pi + texdec(1,i);
end
end
if (texdec(1,1) = piI2) &(abs(texinc(1,1» < 1e-5)
text(-.05,1.6,'N')
if «texdec(1,2) < 1e-5} I (abs(tsmec(1,2) - 2*p;) < 1e-5» &(abs(texine(1,2» < 1e-5)
text(1.5,O,'E1
elseW «texdec(1,3) < 1e-5} I (abs(texdec(1,3) - 2*pt) <1e-5» & (abs(texinc(1,3» < 1e-5)
text(1.5,O,'Oown'}
elseW (texdec(1,2) = pt) & (abs(texinc(1,2» < 1e-5)
text(1.5,O,OW)
elseW (texdec(1,3) == pi) &(abs(texinc(1,3» < 1e-5)
text(1.5,O,'Up')
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else
an=round{10*p*acos([O 1 O]*tex(2,:)'»/10;
if tex(1,3) > 0
an=-an;
end
text(1.5,O,num2str(an»;text{1.1,O,' from E')

end
elseif (texdec(1,1) == 3*piJ2) &(abs(texinc(1.1» < 1e-5)
text(-.05,1.e,'S')
if «texdec(1,2) < 1e-5) I (abs(texdec{1.2) - 2*pt) < 1e-5» &(abs{texinc{1,2» < 1e-5)
text{1.5,O,'E')
elseif (texdec(1.3) == Pi) & (abs(texinc(1,3» < 1e-5)
text(1.5,O,'Up')
elseif (texdec(1,2) == pt) & (abs(teJdnc(1.2» < 1e-5)
text(1.5,O,'W)
elseif ((texinc(1,3) < 1e-5) I (abs(texdec(1,3) - 2*pe) < 1e-5» &(abs(texinc(1,3» < 1e-5)
text(1.5,O.'Oown')
else
an=round(10*p*acos([O 1 O]*tex(2,:)'»/10;
if tex(1,3) > 0
an=-an;
end
text(1.5,O,num2str(1SQ-an»;text(1.1.0,'} from E')
end
elseif (texdec(1,2) == piI2) & (abs(teldnc(1,2» < 1e-5)
text(-.05.1.e,'E')
if«texdec(1.1) < 1e-5) I (abs(texdec(1,1) - 2*pe) < 1e-5» &(abs(teldnc(1.1» < 1e-5)
text(1.5,O,'N')
elseif (texdec(1,3) == pt) &(abs(texinc(1,3» < 1e-5)
text(1.5,O.·Up')
elseif (texdec(1,1) == pI) &(abs(texinc(1,1» < 1e-5)
text(1.5,O,'S')
elseif «texdec(1,3) < 1e-5) I (abs(texdec(1,3) - 2*pt) < 1e-5» & (abs(teJdnc(1,3» < 1e-5)
text(1.5,O.'Oown')
else
8f1=round(10*p*acos([1 0 0]*tex(1,:)'»/1 0;
iftex(1.3) > 0
an=-an;

end
text(1.5,O,num2str(an»;text(1.9,O.\ from N')
end
elseif (texdec(1,2) == 3*piI2) & (abs(teldnc(1,2» < 1e-5)
text(-.05.1.6.W)
if «texdec(1,1) < 1e-5) I (abs(texdec(1,1) - 2*pt1 < 1e-5» &(abs(texinc(1,1» < 1e-5)
text(1.5.0,'N'>
elseif «texdec(1,3) < 1e-5) I (abs(texdec(1,3) - 2*pt) < 1e-5» & (abs(texinc(1,3» < 1e-5)
text(1.5,O,'Oown')
elseif (texdec(1.1) == Pi) &(abs(texinc(1.1» < 1e-5)
text(1.5,O,'S')
elseif (texdec(1,3) == pt) &(abs(texinc(1,3» < 1e-5)
text(1.5.0,'Up')
else
an=round(10"'p*acos([1 0 O]*tex(1,:)'»110;
iftex(1,3) > 0
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an=-an;
end
text(1.5,O,num2str(18Q-an»;text(1.7,O,' from N'
end
elseif (texdec(1 ,3) == piJ2) & (abs(texinc(1,3» < 18-5)
text(-.05,1.6,'Down')
if (texdec(1,2) = pI) &(abs(texinc(1,2» < 18-5)
text(1.5,O,W)
elseif (texdec(1 ,1) == pi) &(abs(texinc(1,1» < 18-5)
text(1.5,O,'S')
elseif «texdec(1,2) <1e-5) I (abs(texdec(1,2) - 2*pt) < 18-5» &(abs(texinc(1,2» < 18-5)
text(1.5,O,'E')
elseif «texdec(1,1) < 18-5) I (abs(texdec(1,1) - 2*P1) < 1e-5» & (abs(texinc(1,1» < 1e-5)
text(1.5,O,'N')
else
an=round(10*p*acos([1 °0]*tex(1,:)'»/10;
if tex(1 ,3) > °
an=-an;
end
text(1.5,O,num2str(an»;text(1.7,0,': from N')
end
elseif (texdee(1 ,3) = 3*piJ2) &(abs(texinc(1 ,3» < 18-5)
text(-.05,1.75,'Up');
if (texdec(i,2) == pi) &(abs(texinc(i,2» < 18-5)
text(i.5,O,W)
elseif (texdec(1,i) = pI) &(abs(texinc(1,1» < 16-5)
text(1.5,O,'S')
elseif «texdec(1,2) < 1e-5) I (abs(texdec(1,2) - 2*P1) < 16-5» & (abs(texinc(1,2» < 18-5)
hi=text(1.5,O,'E'); set(h1 (i),'fontsize',10)
elseif «texdec(1,1) < 1e-5) I (abs(2*pi -texdec(1,1» < 18-5» & (abs(texinc(1,1» < 1e-5)
text(1.5,O,'N')
else

an=round(10*p*acos([1 °0]*tex(1,:»)110;
if tex(1,3) < 0
an=-an;
end
text(1.5,.1 O,num2str(an»;text(2.5,.10,\');
end
else
text(-.15,1.6,'dE = ');text(.15,1.6,num2str(p*texdec(1,2»)
text(-.15,i.5,'iE = ');text(.15,1.5,num2str(p*texinc(1,2)))
text(1.5,.1 ,'dN = ');text(1.8,.1,num2str(p*texdec(1,1»)
text(i.5,-.1,'iN = ');text(1.8,-.1 ,num2str(p*texinc(1 ,1)))
end
axis('equal'); axis('off')
hold off

function Cn=deapw(dec, inc)
%DEAPW Density - equal area projections of points on lower hemisphere
% using Watson-like kernel (FISher et at, 1993).
% It uses weigw to assign a weight to each point in the sphere
% Cn = DEAPW(DEC,INC)
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% Returns the value of the smoothing parameter finally used in weigw

% Creates grid of points for later plotting, and
% pick up only those inside the area of the projection.

r = sqrt(2);
9 = Iinspace(-r,r,40);
[x, y] = meshgrid(g,g);
[m, n) =size(x);
z =sqrt(rA2 - x .A2 - Y."2);
x=x(:);
y = y(:);
z=z(:);
j =0;
for i = 1:Iength(z)
ifimag(z(i,:» = 0
j=j+1;
xxO,:) =x(i,:);
wO,:) = y(i,:);
zzO,:) =z(i,:);
end
end
clearg

% Transform points in the projection to points in the unitary sphere

deep =90 - atan2(yy,xx) * 1801pi;
incp = asin(1 - (xx."2 + Y'f.A2)12) * 180/pi;

% Calls weigw to calculate the density of each point on the projection

p = [dec, inc];
P = [deep, incp);
sf=inputCEnt8r the desired smoothing parameter Cn (0 if unknown) ~;

ifsf= 0
[t1, t2, 13, d] =weigw(p,P):
else
[t1, t2, 13, d] =weigw(p,P,sf);
end

% Associate the density with the correponding point in the projection

j=O;
for i =1:Iength(z)
if imag(z(i,:» = 0
j=j+1;
z(i,:) =dO,:);
else
zO,:) =0;
end
end

mincon=(max(z)-min(z»/4;
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con=linspace(mincon,max(z),11};
far i=11 :-2:1
can(:,i)=D;
end

Cx=num2str(t3);
ax=reshape(x,m,n);
ay=reshape(y,m,n);
ad=reshape(z,m,n);
figure(2)
cantour(ax,aY,ad,can);
text(1.1,1,'Cn =');text(1.3,.85,Cx)
text(-.05,1.6,'N');text(1.5,O,'E')
axis('square');axis('off')
hold on
reaproj1 (dec,inc,'w*');

function [A, a, C, Wn]=weigw(p,P,CN);
% Weight given to point p when estimating the density at P
% for equal area projection contour plots using WA1son-like kernel.
% Wn =weigw(p,P,CN)
% p can be either a mx3 or a mx2 matrix containing the coordinates
% of the points in the array from which the density is to be calculated.
% P can also be n x3 or n x 2, and it contains the points on the sphere
% (or hemisphere) in which the density is to be estimated.
% In both p and P:
% If m x 3 it is assumed that coordinates are x, y, z
% If m x2 it is assumed that coordinates are dec, inc (r=1).
% CN is a smoothing factor. If not provided, a suitable value is
% automatically calculated.

% If no region is given (P=ID, the lower hemisphere of a sphere is used

ifnargin=3
Cn=CN;
else
Cn=smoothw(p,P);
end

ifnargin = 1
xi =linspace(-1 ,1 ,40);
[x, yI =meshgrid(x1,x1);
z = sqrt(1 - x."2 - y.A2);
[a, b}=size(z);
x=x(:);
y=y(:);
z=z(:);
j=O;
for i=1 :Iength(z)
if imag(z(i,:» == 0
j=j+1;
XlC(j,:)=x(i,:);
yy(j,:)=y(i,:);
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ZZ(j,:)=-zQ,:);
end
end
P1= [xx yy zz);
end

% Transform coordinates of the region to Cartesian, if necessary

[g,h]=size(P);
ifh==2
Pi = sph2car(P);

else
Pi =P;

end

% Transform coordinates of the collection of points to Cartesian, if needed

[m, n]=size(p);
ifn == 2
pi = sph2car(p);
else
pi =p;

end

% Calculate the weight of each point in the collection (p)
% for each point in the area of interest (P)

u =0:.01:1;
u1 = exp(Cn* u.A2);
U = diff(u);
U1 = (u1(1,1:length(u1)-1) + u1(1,2:length(u1)))I2;
area= sum(U .* U1);
w1 = 1/(4*pi*area);
w2 =(pi " P1').A2;
w3 = sum(w1 * exp(Cn " w2»;
w3=w3(:);

ifnargin = 1
wn = zeros(size(z»;
j=O;
for i=1 :Iength(z)
if imag(zQ,:» == 0
j=j+1;
wn(j,:)=w3(j,:);
z(i,:)=-z(i,:);
else
z(i,:)=O;
end
end
if nargout == 0
Wn = reshape(wn,a,b);
x= reshape(x,a,b);
y =reshape(y,a,b);
Z =reshape(z,a,b);
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surf(x,y,z,Wn)
colormap(jet)
elseif nargout == 4
A=x;
B=y;
C=z;
Wn=Wn;
end

elseif nargin == 2
A =0;
B =0;
C =Cn;
Wn=w3;
elseif nargin == 3
A =0;
B =0;
C =On;
Wn=w3;
end
end

function Cn =smoothw(p,P)
% Selection of a suitable Smoothing factor, Cn
% for the calculation of density contour lines
% in the exploratory analysis of 30 directional data

% Transform coordinates of the region to Cartesian, if necessary

[g,h]=size(p);
ifh==2
P1 = sph2car(p);
else
P1 =P;
end

% Transform coordinates ofthe collection of points to Cartesian, if needed

[m, n)=size(p);
ifn=2
p1 =sph2car(p);
else
pi = p;

end

eN"= 1:.5:50;
d1 = zeros(m,lengtl1(CN»;
fori= 1:m
ifi== 1
p2 = pi (2:m,:);
P2= p10,:);
for j =1:lenglh(CN)
cn(1,1) = CN(:j);
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[t1. 12. t3, d2]=weigw(p2.P2.cn);
d1 (iJ)=d2; .
end

elseifi = m
p2 =p1(1:m-1,:);
P2 =p1 (i,:);
for j = 1:length(CN)
cn(1,1) = CN(:j);
[t1, 12, t3, d2]=weigw(p2,P2,cn);
d1(ij)=d2;
end
else
p2 = [p1 (1 :i-1.:); p1 (i+1 :m,:)J;
P2 =p1 (i,:);
for j = 1:length(CN)
cn(1,1) = CN(:J);
[t1, 12, t3.d2]=weigw(p2.P2,cn);
d1(iJ)=d2;
end
end
end
L = sum(log(d1»;
Cn =CN(1,find(L == max(L)));

ifCn= 1
figure(1)
plot(CN,L1
xlabel('Smoothing factor. Cn1
y1abel('Pseudo log-likelihood. L(Cn)1
set(gca,'xtick',1 :1 :50)
set(gca,'xgrid'.'on')
set(gca,'xticklabels',ID
h=get(gca,'ylim1;
x=0;
fori=1:10
X=X+5;
text{x.h{1 ,2)+1 ,int2str{x»
end
else
Cn =Cn;
end

function a=sph2car(b)
0", Conversion from Spherical (geological) coordinates to Cartesian.
% A =sph2car(B)
% B can be either a n x 3 matrix. containing dec. inc and r
% or a nx 2 matrix, where r is assumed =1.
% A is a n x 3 matrix containing n· x,y;z. triple1s.
% Note that by convention:
% Declination (0:360; O=N, 90=!)
% Inclination (-90:90; += plunge down)
% and
% x=North; Y= East; z =Down.
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[n, m]=size(b);
ifm>=3
errorCSize of B needs to be either n x 3 or n x 2')
elseifm=3
r = b(:,3);
elseifm=2
r = ones(n,1);
end

p = 180/pi;

x(:,1) = r(:,1) .* cos(b(:,1)/p) .* cos(b(:,2)/p);
y(:,1) = r(:,1) .* sin(b(:,1)/p).* cos(b(:,2)/p);
z(:,1) = r(:,1) .* sin(b(:,2)/p);

a =[xyz);

function eaprgrid
% Generates the circle and tick marks used in all equal area projections.

r = sqrt(2); % equatorial circle and reference points
x = r .. sin(0:piI100:2*pt);
y = r" cos(0:pil100:2*pt);
xtic=[(r-.04)*sin(0:piI18:2"pI); r"sin(0:piI18:2*pt)];
ytic=[(r-.04)*cos(O:piI18:2*pt); r*cos(0:piI18:2*1)I)];
tic = r" sqrt(1-sin(O:piI9:pil2»;
tic = [-tic tic];
z =zeros(siZe(tic»;

plot(x,y,'w-'.z,tic,'w+',tic,z,'w+' % create plot-grid
hold on
for i = 1:max(size(xtic»
plot(xtic(:,0,ytic(:,i),'w-'

end

function [sx, sy)=squares(xx,yy);
% create 'square' symbols to plot in equal area projections

sf=2.5; % scale factor

sx =[xx-sf"'(.035) xx+sf*(.035) xx+s1'*(.035) xx-sf"'(.035) xx-sf"(.035)]';
sy =[yy-sf"{.025) yy-sf"(.025) yy+sf"(.025) yy+s1'*(.025) yy-sf"(.025)}';

function [be, tyJ=triangle(xx, yy)
% create 'triangle' symbols to be plotted in equal area projections

5f=2.5; % scale factor

tx =[xx-sf*(.025) xx+sf'"(.025) xx xx-sf"(.025»)';
tv =[yy-sf"(.045) yy-sf"(.045) yy+sf"(.04S) yy-sf*(.045»)';
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function interactive
% Program used to calculate the ratio of two principal susceptibilities
% with dislance along a fixed direction, as in the Appendix 1.
% It also calculates the magnetic fabric using the B-parameter.
% Input requires the ratio of the axes of the particle,
% the polar demagnetizing factor (easy to get from Stoner, 1945),
% and to answer a series of questions about the specific array.
% The sections reported in the appendix have fixed limils so that the multiple
% plots there described could be produced.
% The commands used to plot the figures have been updated to use MATLAB 4.2
% therefore caution is necessary if using an earlier version.

a =inputfEnter the ratio polar I equatorial axes of particle, ');
D_a =input('and the "polar" demagnetizing factor ');
geom =input('Oo you want a line, a plane or a 3D array (1-3)1 ');

Yol =4 .. pi .. a I 3;

D_b =0.5 .. (1 - O_a);
r =2:.1:5;
r_o =ones(size(r»;

ifgeom= 1,

% equatorial demag. factor
% interparticle distance as "aligned" axis multiples.

geom_a =input('Are the particle-axis parallel to xi, x2 or x3 (1-3)1 ');

if geom_a ="1,
susc-p =r_o J (r_o .. D_a - (r_o .. Yol J (pi .. r.A3)));
susc_n =r_o j (r_o .. D_b + (r_o .. Yol .I (2* pi .. r.A3)));
susc_, =susc-p J susc_n;
figure(1)
plot(r,susc_r,'-')
x1abel('lnterparticle distance (polar-axis units)')
y1abel('c 1 I c 2')
set(gca,'YIabeIFontname','symbol')
texi(0.2,O,'X11 X3 plot is identical to this because X2 =X3')

elseif geom_8 = 2,
susc_1 = r_o J (r_o .. D_b - (r_o .. Yol J (pi .. r.A3)));
susc_2 =r_o J (r_o * D_a + (r_o" Yol J (2* pi" r.A3}));
susc_3 = r_o J (r_o * D_b + (r_o .. Yol J (2" pi * r.A3)));

for i=1 :length(susc_1),
B_1 =sort([susc_1 (1,i) susc_2(1,i) susc_3(1,i»);
B(1,i) = {B_1 (1,1) - 2*B_1 (1 ,2»/B_1(1,3) + 1;
end

elseifgeom_8 = 3,
susc_1 = r_o .I (r_o * D_b - (r_o * Yol J (pi .. r.A3)));
susc_2 = r_o J (r_o * D_b + (r_o * vol J (2* pi * r.A3»);
susc_3:: r_o J (r_o" D_a + (r_o" Yol J (2* pi" r.A3)));
for i=1 :length(susc_1),
B_1 :: sort([susc_1 (1,i) susc_2(1,i) susc_3(1,i»);
B(1,i) =<B_1 (1 ,1) - 2*B_1(1 ,2»JB_1(1 ,3) + 1;

194



end

else,
break
end

figure(1)
plot(r,susc_1./susc_2,'b-')
axis([2 5 0 5])
set(gca,'Box','off')
x1abel('lnterparticie distance')
ylabel('c 1 / c 2')
set(get(gca,'yIabel'),'fontname','symbol')
hold on

figure(2)
plot(r,susc_1 Jsusc_3,'b-')
axis(l2 5 1 5])
set(gca,'Box','off')
x1abel('lnterparticle distance')
ylabel('c 1 / c 3')
set(get(gca,'ylabel'),'fontname','symbol')
hold on

figure(3)
plot(r,susc_2Jsusc_3,'b-')
axis([2 5 0.3 3])
set(gca,'Box','off')
xlabel('lnterparticle distance')
y1abel('c 2/ c 3')
set(get(gca,'yIabel'),'fontname','symbol')
hold on

figure(4)
plot(r,I3,'b-')
axis([2 5 ~.8 .8])
set(gca,'Box','oft')
x1abel('lnterparticle distance')
y1abel('B parameter')
hold on

end

elseif geom = 2,
geoM_8 =input('l$ the parl:icle-axis parallsl or normal to ths plans (1-2)? ');
ifgeom_a = 1,
geom_b =input('ls the particle-axis parallel to xi or x2 (1-2)? ');
if geom_b == 1,
r_1 =input('Enter part.-separation along xi as multiple of polar axis ')
susc_1 =r_o J (r_o ... O_a - (Yol/(2*pt) ... «21r_1A3)*r_o - f_O J f.A3»;
susc_2 =r_o J (r_o * O_b - (Yol/(2*pt)'" (rr_o J r.A3· (1/F_11\3)*'_0»;
susc_3 =r_o J (f_O ... O_b -+ (Yoll(2*Pl) * ('_0 J r.A3 -+ (1/,_1 A3)*,_0»;
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fOf i=1 :length(susc_1),
B_1 =sort([susc_i (1,i) susc_2(1,i) susc_3(1,i)D;
B(1,i) =(8.•.1(1,1) - 2*B_1(1,2»18_1(1,3) + 1;
end

elseifgeom_b = 2
f_1 =inputCEnlef part.~istance along xi as multiple of equat.-axis ')
susc_1 = Co j (f_O" O_b - (voll(2*PI) .. «(2If_1 A3)*r_o - f_O j r.A3»;
susc_2 = r_o j {r_o" O_a - (voll(2*pa) * (2*f_O j r.J\3 - (i/f_1 A3)*r_o»;
susc_3 = r_o j (r_o * O_b + (voll(2*pa) * (f_O j r.A3 + (1/r_i A3)*r_o»;
for i=1 :length(susc_1),
B_1 =sort([susc_1 (1,i) susc_2(1,i) susc_3(1,i)D;
B(1,i) = (8_1(1,1) - 2*B_1(1,2»18_1 (1 ,3) + 1;

end .

else,
break
end

elseif geom_a == 2,
r_1 =inputCEnt8r part-distance aleng xi as multiple of equat-axis ');
susc_1 =r_o j (r_o * O_b - (voll(2*pa) * «21r_1A3)*r_o - r_o j r....3»;
susc_2 =r_o j (r_o * O_b - (volI(2*pi) * (2*r_o J r.A3 - (1/r_1 A3)*r_o»;
susc_3 =r_o J (r_o * O_a + (volI(2*pI)" (r_o J r.A3 + (1/r_1 A3)*r_o»;
for i=1 :length(susc_1),
B_1 =sort([susc_1 (1,i) susc_2(1,i) susc_3(1,i)D;
B(1,i) =(8_1(1,1) -2*B_1(1,2»/B_1(1,3) + 1;

end

else,
break
end

figure(1);
p1ot(r,susc_1 Jsusc_2,'I>');
axis([2 5 0 2.5D
set(gca,'Box','oft')
x1abelClnlerparticle distance along x2')
y1abeI('X1/ X2')
hold on

figure(2);
plot(r,susc_1 JsuscL3,'I>');
axis(l2 5 1 4D
$81;(gca,'Box','off')
xlabelClmerpariicle distance al01'l9 x2')
ylabelCX1 / X3')
hold on

figure(3);
plot(r,susc_2Jsusc_3,'I>');
axis((2 5 0 4D
set(gca,'Box','oft')
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xlabel('lnterparticle distanee along x2')
y1abel('X2/X3)
hold on

figure(4);
plot(r,B,'b-');
axis([2 5 -.8 .8))
set(gca,'Box','off')
x1abel('lnterparticle distance along x2')
y1abel('B parameter')
hold on

elseif geam == 3,
geom_a = input('1s the particle axis parallel to xi, x2 or x3 (1-3)? ');
if geom_a = 1,
,_1 = input('Enter part.-distance along xi as multiple of polar-axis ');
r_2 = input('Enter part.4stance along x2 as multiple ofequat.-axis ');
susc_1 =r_o 1(r_o * O_a - (voll(2*pt)" «21r_1"3)"r_o - (1/r_2"3)*r_o - r_o J r/'3»;
susc_2 ='_0 1(r_o * O_b - (vol/(2"PI)" «21r_2"3)*r_o - (1/r_1"3)*r_o - r_o J r."3»;
susc_3 =f_O 1(r_o * O_b - (vol/(2*pl) * (2*f_O 1 r."3 - (1/f_1"3)*r_o - (1/r_2"3)*f_O»;

fOf i=1 :length(susc_1),
B_1 =sortasusc_1 (1,~ susc_2(1,i) susc_3(1,i)D;
B(1,O =(8_1(1,1) - 2*B_1 (1.2»18_1(1 ,3) + 1;
end

elseif geom_a == 2,
f_1 = input('Entef plrt.~istance Iiong xi as multiple of equat.-axis ');
r_2 = input('Enter part.~istance along x2 as multiple of poIar-axis ');
susc_1 =r_o J(r_o" O_b - (voll(2*PI) * «(2Ir_1 113)*r_o - (1/r_2113)*r_o - r_o J r.1I3»;
susc_2 =r_o 1(r_o * D_a - (vol/(2"PI)" «21r_2"3)*r_o - (1/'_1 113)*r_o - f_O J ,.113»;
susc_3 =f_O 1(r_o * O_b - (vol/(2*PI) * (2*r_o 1 r."3 - (1/r_1"3)*r_o - (1/f_2113)*r_o»;

for i=1 :length(susc_1),
B_1 =sort([susc_1 (1,i) susc_2(1,i) susc_3(1 ,i)D;
B(1,O =(B_1 (1 ,1) - 2*B_1(1,2»/EL1(1,3) + 1;
end

elseif geom_a = 3,
r_1 =input('Enter parl-distanee along xi as multiple of equat.-axis ');
r_2 = input('Entef parl-distanee along x2 as multiple of equal-axis ');
susc_1 =r_o J(f_O * D_b - (vol!(2*PI) * «21'_1 113)*f_O - (1/r_2113)*'_0 - '_0 J r.1I3»;
SUSCL2 ='_01('_0 * D_b - (vol/(2*pi» * «21'_2113)*'_° - (1/r_11>.3)*r_o - r_o 1 r.1I3»;
susc_3 ='_0 J(r_o * 0_1 - (vol/(2*p) * (2*r_o 1 r."3 - (1/r_1"3)*,_0 - (1/'_2"3)*r_o»;

for i=1 :length(susc_1),
B_1 =sort([susc_1 (1 ,i) susc_2(1 ,i) susc_3(1,i)D;
B(1,i) =(B_1 (1,1) - 2*13_1 (1 ,2»/B_1(1,3) + 1;
end

else,
break
end
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figure(1)
plot(r,susc_1 Jsusc_2,'b-')
axis(l.2 5 .2 2.4D
set(gca,'Sox','off')
xlabel('lnterparticle distance along x3')
ylabel('X1 / X2')
hold on

tigure(2)
plot(r,susc_1 Jsusc_3,'b-')
axis(12 5 .2 4D
set(gca,'Box','oft")
xlabel('lnterparticle distance along 13')
y1abel('X1/ X3')
hold on

figure(3)
plot(r,susc_2.isusc_3,'b-')
axis([2 5 .2 2])
set(gca,'Box','off')
x1abel('lnterparticle distance along 13')
y1abel('X2/ X3')
hold on

tigure(4)
plot(r,B,'b-')
axis<12 5 -.8 .8D
set(gca,'Box','off')
xlabel('lnterparticle distance along 13')
y1abel('B parameter')
hold on

else
break
end
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APPENDIX 3: TABLES

TABLE A3.1 Directions (0 - declination, 1- incHnation) of the principal susceptibilities and position
(depth from the top in em, last column) of all specimens of XiIIe pahoehoe lava used in Chapter 3.
In unit xi01, data are given for the unretated (XI01) and tilted corrected (XR01) cases,

Spec. # K.nax 0m&x 1- Kmt Oint lint Kmln °mln Imln SP
x 1()"3 x 1(t3 x 1()"3

XI01.01 4.895 133 53 4.882 12 22 4.815 269 29 9

Xl01.02 4.155 101 1 4.111 195 81 4.040 11 9 58

XI01.03 8.105 2n 24 8.005 118 64 7.785 10 8 118

XlO1.04 14.170 271 11 14.660 117 n 14.330 2 5 200

XI01.05 10.910 270 3 10.810 17 81 10.330 179 9 300

Xl01.06 6.101 266 36 6.062 73 53 5.876 172 7 400

Xl01.07 7.324 342 79 7.145 90 4 6.836 180 11 500

X101.08 4.150 265 22 4.076 142 53 4.055 8 28 540

900

XlR1.01 4.895 43 22 4.882 194 65 4.815 309 11

XIR1.02 4.155 99 1 4.111 9 12 4.040 195 78

XlR1.03 8.105 304 4 8.005 35. 11 7.785 190 79

XIR1.04 14.nO 291 9 14.660 23 7 14.330 145 79

XlR1.05 10.910 279 10 10.810 11 13 10.330 149 73

XIR1.06 6.101 303 32 6.062 44 18 5.876 159 53

XIR1.07 7.324 4 30 7.145 271 5 6.836 170 60

X1R1.08 4.150 288 25 4.076 62 55 4.055 188 22

XT22.1A 4.161 115 18 4.149 23 6 4.017 275 71 490

XT22.1B 3.625 109 17 3.618 18 2 3.509 281 73 493

XT22.2A 2.594 245 18 2.583 151 12 2.534 27 68 530

XT22.2B 2.631 202 15 2.625 294 5 2.574 41 74 533

XT22.4 2.263 238 20 2.252 147 2 2.214 50 70 542

XT22.3: 2.113 151 9 2.109 243 14 2.075 29 73 550

XT22.5 8.420 228 17 8.347 137 2 8.238 41 73 560

XT22.6A' 11.380 239 5 17.170 147 20 16.980 342 69 572

XT22.6B 14.350 233 12 14.260 143 1 14.050 50 78 575

XT22.7 9.903 236 10 9.844 326 0 9.684 58 80 584

XT22.8A 11.560 189 24 11.500 96 7 11.440 351 65 595
XT22.8B 10.530 163 2 10.420 73 2 10.360 309 87 598

600

199



TABLE A3.1 (CONTINUED) Directions of principal susceptibilities and position ofspecimens used
in Chapter 3.

Spec." Kmax Dmu lmax Kmt Oint lint Kmln Dmln Imln SP
x 1(t3 x 1(t3 x 1(t3

Xl06.01A 1.388 263 18 1.383 5 33 1.381 148 51 0

Xl06.018 1.014 189 74 1.013 279 0 1.012 9 16 5

XI06.02 5.482 183 20 5.472 84 23 5.437 310 59 32

Xl06.03 4.n2 150 35 4.759 55 6 4.719 317 54 50

XI06.04 5.798 140 24 5.766 47 6 5.704 304 65 62
XlOS.OS 4.9n 124 17 4.959 27 21 4.916 249 63 79

XIOB.06 5.504 278 14 5.498 10 8 5.390 130 74 97

Xl06.07 5.151 297 27 5.131 38 22 5.065 162 54 114

XlOB.08 4.188 273 18 4.175 16 36 4.127 161 48 127

Xl06.09 4.086 183 20 4.081 62 55 4.043 284 28 141

XI06.10 2.515 132 58 2.507 339 29 2.4n 242 12 152 .

160

XT09.1A 4.563 226 2 4.556 135 15 4.540 322 75 30

XT09.18 4.306 135 21 4.300 227 5 4.284 329 68 33

XT09.2A 5.130 225 13 5.099 324 35 4.999 117 52 57

XT09.28 4.878 206 12 4.874 300 17 4.800 83 69 60
XT09.3A 3.494 30 22 3.447 122 6 3.361 226 67 155

XT09.3B 4.067 32 22 4.037 125 7 3.916 231 67 158

XT09.3C 3.527 40 22 3.489 310 1 3.406 216 68 161

XT09.4A 3.550 49 31 3.538 143 6 3.481 242 58 200

XT09.5A 2.952 113 9 2.942 206 18 2.866 358 69 300

XT09.58 2.910 280 2 2.890 189 25 2.813 14 65 303

XT09.6A 8.002 156 23 7.976 264 36 7.962 40 45 309

XT09.7A 10.640 257 5 10.630 164 32 10.590 355 57 310

XT09.8A 2.841 269 11 2.815 359 4 2.666 108 78 350

XT09.8S 2.911 294 18 2.819 202 6 2.735 94 71 353

XT09.SA 4.316 302 4 4.255 210 22 4.023 43 68 400

XT09.1DA 4.223 338 10 4.142 244 . 22 4.028 91 65 422

XT09.11A 4.856 196 3 4.804 295 11 4.781 105 19 450

XT09.11S 11.150 239 9 11.110 333 21 11.060 133 61 453

XT09.13A 5.031 237 15 4.984 349 54 4.960 137 32 455

XT09.12A 6.259 218 6 6.181 24 84 6.154 128 1 451

XT09.12B 3.962 233 4 3.914 8 85 3.887 143 4 460

470
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TABLE A3.1 (CONTINUED) Directions of principal susceptibilities and position of specimens used
in Chapter 3.

Spec. # Kmax Dmax lmax Kmt Dint lint K",in Dmln Imin SP
x 1(t3 x 1()"3 x 1()"3

X102.01 5.853 53 31 5.812 198 54 5.654 313 17 10

X102.02 6.260 52 15 6.218 316 20 6.001 176 65 30

X102.03 8.587 242 41 8.512 88 46 8.329 344 13 45

XI02.04 9.395 245 17 9.309 52 73 9.215 154 4 55

X102.05 10.030 266 47 9.952 85 43 9.839 176 0 65

XI02.06 10.500 200 73 10.440 63 13 10.310 331 11 75

X102.07 8.067 352 65 8.037 252 5 7.908 160 25 85

XI02.08 12.310 211 74 12210 63 14 11.980 331 8 105

X102.09 10.670 243 52 10.620 59 38 10.450 150 2 120

X102.10 8.963 181 64 8.953 307 16 8.850 43 20 145

XI02.11 8.345 347 7 8.326 247 53 8.148 82 36 160

X102.12 7.945 341 12 7.929 237 47 7.741 81 40 175

X102.13 7.614 347 4 7.583 253 43 7.390 81 46 190

XI02.14 5.959 337 14 5.941 244 10 5.815· 118 73 210

X102.15 5.216 14 7 5.207 282 16 5.117 128 73 245

X102.16 5.213 17 9 5.208 285 12 5.100 143 75 255

X102.17 5.345 238 8 5.335 330 20 5.238 127 69 300

X102.18 5.567 224 1 5.553 315 21 5.449 131 69 325

XI02.22 18.010 41 23 17.880 218 67 17.660 311 1 345

Xl02.23 17.110 46 10 16.970 315 7 16.790 189 78 346

XI02.19 5.107 254 16 5.101 348 15 5.020 120 67 355-
XI0220 5.304 332 29 5.284 227 24 5.225 105 51 370

X102.21 5.035 28 25 5.023 296 4 4.984 198 65 390

XI0224 6.572 in 45 6.538 18 43 6.417 278 11 420

XI02.34 5.475 197 29 5.458 102 10 5.327 355 . 59 665

X102.35 5.655 190 7 5.639 96 7 5.514 355 60 685

Xl02.36 6.906 201 30 6.861 105 11 6.705 357 58 700

X102.37 6.691 205 30 6.646 109 10 6.487 2 58 725

X!02.38 6.904 201 29 6.860 105 10 6.708 358 59 750

X102.39 7.156 209 29 7.109 114 8 6.926 10 59 765

Xl02.40 7.257 208 13 7.215 115 13 7.052 341 72 790

X102.41 9.221 0 0 9.172 90 29 8.945 270 61 810
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TABLE A3.20irections (0 - declination, 1- inclination) of the principal susceptibilities, weigth (g) and position (height above base of unit in
em, last column) of all specimens of hawaiian S-type pahoehoe lava used in Chapter 5.

SPECIMEN Kmu Omu lmax Kmt Oint lint Kmln °mln Imln Weight SP
x 10"3 X 10-3 x 10-3

POO2.01A 12.030 163 48 11.980 1 41 11.970 263 9 14.08 70
P002.01B 12.290 128 68 12.220 237 7 12.210 330 20 14.87 69
P002.02A 13.110 , 339 7 13.100 248 7 13.050 117 80 17.07 63

P002.02B 11.090 297 38 11.090 169 38 11.060 53 29 16.19 62

P002.03A 12.230 150 34 12.210 26 40 12.190 265 32 16.50 59
P002.03B 13.410 174 55 13.390 324 31 13.370 63 15 16.99 58
P002.04 13.160 180 41 13.130 319 41 13.130 70 22 16.52 49
POO2.05A 12.710 326 49 12.700 208 23 12.660 103 32 17.73 44

P002.05B 12.970 344 56 12.960 196 30 12.920 97 15 18.25 43
N POO2.06A 9.561 212 75 9.532 33 15 9.512 303 0 13.06 38
0
N P002.06B 12.060 63 89 12.060 175 0 12.030 265 1 17.40 37

P002.06C 14.160 23 25 14.150 127 28 14.110 258 51 19.99 32

P002.07A 11.200 162 30 11.170 54 28 11.140 290 47 16.20 31

P002.07B 12.410 118 54 12.400 26 1 12.360 296 36 18.26 30

.P002.08 11.150 336 6 11.140 71 41 11.130 240 48 18.05 27

P002.09 11.250 345 79 11.210 ' 231 4 11.200 140 10 18.00 16

P002.10A 9.492 47 57 9.466 180 24 9.445 279 '21 14.40 15
POO2.10B 10.920 42 42 10.900 193 44 10.870 298 15 17.04 14

P002.10C 11.100 51 44 11.060 213 45 11.040 312 9 17.87 13

P002.11A 9.979 64 13 9.858 317 51 9.850 163 36 17.38 7

P002.11B 10.280 61 24 10.210 316 30 10.200 182 50 18.04 6
P002.12 9.479 356 6 9.477 87 15 9.230 244 74 18.73 3
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TABLE A3.2 (CONTINUED) Directions of the principal susceptibilities, weigth (g) and position of S-type pahoehoe (Chapter 5).

SPECIMEN !<max Dmax ImllX Kmt Oint lint Kmln Dmln Imln Weight SP
x 1o-a X 10-3 X 10-3

HP07.01A 11.240 264 73 11.190 132 11 11.050 40 12 17.40 83

HP07.01B 11.180 259 81 11.110 137 5 11.580 47 7 16.11 81

HP07.01C 13.250 245 79 13.190 132 4 13.040 41 10 16.03 79

HP07.01D 14.310 276 82 14.260 133 6 14.140 43 5 16.93 77

HP07.02A 13.490 145 74 13.390 256 6 13.170 348 15 22.52 75

HP07.02B 11.100 95 12 11.680 201 53 11.630 357 34 22.60 73
HP07.03A 10.150 270 9 10.130 172 40 10.080 11 48 21.67 69

HP07.03B 10.400 163 34 10.390 274 28 10.340 34 43 22.74 67

HP07.03C 8.224 267 25 8.198 58 62 8.181 171 12 23.52 65
HP07.04A 8.729 259 50 8.715 98 39 8.677 0 9 23.22 64

N HP07.04B 6.981 78 46 6.912 270 44 6.845 174 6 20.96 620
(,»>

HP07.05A 9.232 74 21 9.096 235 68 8.969 341 6 19.49 60

HP07.05B 7.938 81 30 7.868 251 60 7.798 348 4 20.26 58

HP07.05C 6.807 81 9 6.762 288 80 8.668 172 4 19.83 56

HP07.06A 6.619 19 6 6.535 220 83 6.433 349 5 11.08 55

HP07.06B 6.948 251 31 6.891 83 59 6.765 344 5 19.53 54
HP07.06C 6.739 263 57 6.673 78 33 6.568 169 2 19.39 53
HP07.07A 6.048 77 58 5.996 255 32 5.914 345 1 22.17 47

HP07.07B 3.275 329 75 3.269 63 1 3.251 154 15 23.84 45

HP07.08A 2.293 359 5 2.282 201 85 2.277 90 2 22.11 38
HP07.08B 1.952 171 6 1.950 302 81 1.942 80 7 22.81 36

HP07.08C 2.470 157 2 2.464 62 71 2.454 248 19 19.65 34

HP07.09A 7.161 179 7 7.149 303 77 7.124 88 10 21.61 31

HP07.09B 5.201 4 11 5.194 116 62 5.171 268 25 20.33 29



TABLE A3.2 (CONTINUED) Directions of the principal susceptibilities, weigth (g) and position of S-type pahoehoe (Chapter 5).

SPECIMEN KmlX DmlX ImlX I<vrt Dint lint Kmln Dmln Imln Weight SP
x 1(t3 X10-3 x 10-3

HP07.09C 4.481 35 3 4.471 128 45 4.448 301 44 21.51 27
HP07.10A 2.152 76 17 2.134 250 73 2.130 346 2 19.04 18
HP07.10B 1.818 269 11 1.814 7 36 1.807 164 52 20.48 16

HP07.10C 1.427 357 36 1.423 262 6 1.413 164 53 20.28 14

HP07.10D 2.008 0 22 2.003 268 5 1.991 165 67 19.39 12

HP07.11A 3.771 356 54 3.756 100 10 3.750 196 34 19.47 5

HP07.11B 3.885 38 63 3.878 277 15 3.847 181 22 19.66 4

HP07.11C 4.016 330 64 3.979 90 14 3.966 186 21 19.68 2

86

N P003.01A 13.760 279 50 13.740 186 2 13.720 95 40 14.69 56g .. ,
POD3.C1B 12.980 317 11 12.960 226 7 12.930 105 77 14.38 55
P003.02 14.320 243 9 14.300 152 10 14.220 13 77 19.52 46
POD3.03 12.290 222 18 12.240 129 8 12.130 15 70 18.34 36

POO3.04A 16.870 220 22 16.650 128 5 16.460 27 68 20.79 30

P003.04B 24.320 218 25 23.400 126 6 22.600 24 65 21.85 29

P003.0SA 19.600 38 13 19.500 255 74 19.400 130 10 21.62 18

P003.0SS 15.350 42 23 15.300 223 67 15.270 132 0 21.04 17

POO3.06A 23.100 54 6 22.900 144 2 22.700 250 84 23.43 10

POO3.06B 18.390 42 16 18.260 310 9 18.190 191 72 22.63 9
POD3.07 8.460 176 8 8.456 84 17 8.439 292 71 20.07 5

P003.08A 9.352 67 36 9.297 318 24 9.227 202 45 18.25 1

P003.08B 11.350 88 4 11.330 356 18 11.280 190 71 22.18 0
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TABLE A3.2 (CONTINUED) Directions ofthe principal susceptibilities, weigth (9) and position of S-type pahoehoe (Chapter 5).

SPECIMEN KmIlC DmllX ImlX Kmt Dint lint Kmln Dmln Imln Weight SP
x 10-3 X 1Q"3 X 10-3

PU01.01 12.060 38 16 12.030 136 23 11.960 276 61 12.72 89
PU01.02 12.610 160 7 12.550 67 25 12.460 265 64 17.70 84
PU01.03 12.750 249 16 12.730 34 70 12.500 156 11 18.14 66
PU01.04A 17.930 271 28 17.820 104 61 17.640 4 5 24.64 57
PU01.04B 19.160 194 85 19.110 293 1 18.970 23 4 20.44 55
PU01.05 13.670 89 .58 13.580 235 27 13.490 333 15 25.19 51
PU01.06 13.470 260 9 13.340 164 34 13.270 3 55 24.34 46
PU01.07 19.200 125 61 19.150 248 17 19.120 346 23 23.05 37
PU01.08 14.250 90 7 14.030 357 23 13.920 196 66 22.45 27
PU01.09 15.070 88 4 14.760 356 19 14.610 189 70 22.31 17

~ PU01.10 14.190 97 3 14.030 4 40 13.920 190 50 20.01 7
(II

105

Puoe.01A 22.870 351 37 22.800 81 0 22.660 171 53 12.10 34
PUOO.01S 14.750 312 39 14.730 57 17 14.640 165 46 10.85 32
PUOO.01e 12.910 5 49 12.880 275 e 12.840 184 41 10.40 30
PUOO.02 8.301 357 49 8.288 264 2 8.269 172 41 8.04 18
PUOO.OS 10.650 161 6 10.640 70 11 10.590 282 78 11.40 9
PUOO.04 18.230 181 2 18.180 90 15 18.040 277 75 14.33 2
PUOO.05 20.920 3 2 20.730 93 9 20.510 258 81 13.46 1
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TABLE A3.2 (CONTINUED) Directions of the principal susceptibilities. weigth (g) and position of S-type pahoehoe (Chapter 5).

SPECIMEN Kmu Dmax Imax K.m Dint lint Kmln Dmln Imln Weight SP
x 10-3 X 10-3 X 10.3

HP02.01A 10.530 178 7 10.520 87 13 10.490 295 76 13.37 86
HP02.01B 12.470 155 6 12.460 65 2 12.420 319 84 14.53 84

HP02.02 10.140 224 0 10.140 134 3 10.110 314 87 19.36 71

HP02.03 7.194 53 11 7.191 320 15 7.170 177 71 18.25 62

HP02.04 7.296 33 18 7.286 301 6 7.264 194 71 20.66 51

HP02.05A 5.140 29 13 5.135 299 2 5.122 202 77 17.31 40

HP02.05B 4.969 14 3 4.964 284 2 4.953 156 86 16.49 38
HP02.05C 6.363 278 9 6.359 186 12 6.346 46 75 20.18 36

HP02.06 5.648 219 18 5.644 309 1 5.640 42 72 18.15 25

HP02.07 5.891 241 15 5.888 151 0 5.875 57 75 19.61 16
N HP02.08 11.610 264 44 11.610 147 25 11.580 37 36 20.56 80
0»

87

HP06.01A 10.430 230 7 10.420 321 5 10.410 87 81 15.73 90

HP06.01B 11.180 7 62 11.160 241 18 11.140 144 21 17.20 88

HP06.01C 13.210 269 42 13.200 8 11 13.090 109 46 17.56 86
HP06.02A 8.290 22 0 8.283 292 29 8.260 112 61 14.05 77

HP06.02B 8.877 221 4 8.870 313 23 8.847 122 67 15.70 75

HP06.02C 10.360 218 3 10.360 310 30 10.330 123 59 19.03 73

HP06.03A 8.180 339 21 8.177 241 21 8.165 110 60 15.08 63

HP06.03B 9.969 339 21 9.962 241 21 9.955 110 60 18.49 61

HP06.03C 9.029 350 74 9.023 194 15 . 9.019 102 6 16.30 59

HP06.03D 8.160 166 59 8.156 332 30 8.149 65 6 14.52 57

HP06.03E 8.390 147 41 8.379 334 49 8.371 240 4 14.43 55



TABLE A3.2 (CONTINUED) Directions of the principal susceptibilities, weigth (g) and position of S~type pahoehoe (Chapter 5).

SPECIMEN K.n.. Om.. 1m.. !<tnt Dint lint K.nln D mln Imln Weight SP
x 1(t3 x 1(t3 x 1(t3

HP06.04A 8.656 322 17 8.646 144 73 8.627 52 1 14.97 48

HP06.04B 8.338 140 11 8.332 293 77 8.313 49 6 14.26 46

HP06.04C 7.122 321 10 7.113 212 60 7.101 56 28 13.31 44

HP06.04D 7.643 316 5 7.634 221 49 7.619 51 40 14.45 42

HP06.04E 8.461 306 17 8.447 204 35 8.433 58 50 14.28 40

HP06.05A 7.588 332 20 7.582 207 58 7.564 71 24 15.61 31

HP06.05B 7.841 331 6 7.835 218 76 7.819 62 13 15.20 29

HP06.06A 6.963 313 63 6.945 134 27 6.921 44 0 16.91 26

HP06.06B 7.608 311 71 7.578 141 19 7.552 50 3 17.67 24

HP06.06C 7.339 311 71 7.310 138 19 7.286 47 2 17.19 22
I\) HP06.06D 7.482 319 60 7.447 135 30 7.432 226 2 17.36 200...,

5.146 304 69 5.110 144 20 5.086 52 7 19.15 16HP06.07A
HP06.07B 5.036 322 71 4.998 141 19 4.963 231 0 17.61 14

HP06.07C 5.388 322 74 5.354 135 16 5.311 226 2 19.15 12

HP06.08A 4.403 156 16 4.401 38 59 4.392 254 26 12.57 7

HP06.08B 5.808 142 18 5.803 26 53 5.795 244 31 21.87 6

HP06.08C 6.046 39 64 6.043 131 1 6.037 221 26 21.25 5

HP06.09A 5.182 55 24 5.160 152 14 5.135 269 62 19.12 4

HP06.09B 5.174 54 21 5.158 148 10 5.124 263 66 19.50 3
HP06.09C 4.647 42 17 4.637 136 12 4.600 260 69 19.14 2

90



TABLE A3.2 (CONTINUED) Directions of the principal susceptibilities, weigth (g) and position of S-type pahoehoe (Chapter 5).

SPECIMEN !<max Dmax Imax Kmt Dint lint K.nln Dmln Imln Weight SP
x 10.3 X 10-3 X 10-3

POO1.01A 11.260 36 19 11.250 288 41 11.240 145 43 15.04 80

POO1.01B 12.670 39 19 12.650 272 60 12.650 137 22 17.40 79

POO1.02A 9.690 37 37 9.6S8 151 29 9.676 268 40 14.17 76
POO1.02B 10.060 37 37 10.060 151 29 10.050 268 40 14.76 75

POO1.03A 7.758 33 66 7.754 191 22 7.748 284 8 11.14 70

POO1.03B 10.080 14 0 10.080 104 37 10.080 284 53 14.34 69

POO1.03C 9.114 49 59 9.101 152 8 9.099 247 30 13.17 68

POO1.04 9.953 245 85 9.923 65 5 9.917 155 0 14.78 65
POO1.05A 9.574 335 80 9.4E15 243 0 9.480 153 10 14.35 54

POO1.05B 9.867 297 79 9.791 195 2 9.778 105 10 15.92 53
N POO1.06A 8.605 269 81 8.544 72 9 8.534 162 3 14.03 470
C»

293 72 9.569 56 10 9.555POO1.06B 9.621 148 15 16.61 46

POO1.07A 8.571 275 70 8.537 169 5 8.529 77 19 16.67 38

POO1.07B 9.575 258 56 9.552 58 32 9.546 154 9 18.49 37

POO1.08A 9.471 89 49 9.454 221 30 9.441 326 25 18.09 34

POO1.08B 9.540 82 51 9.518 219 30 9.493 322 22 18.84 33

POO1.09 9.751 105 73 9.716 233 11 9.702 325 13 17.50 29

POO1.10A 8.975 353 15 8.960 90 25 8.958 234 60 15.37 24

POO1.10B 9.868 19 32 9.853 237 51 9.844 122 19 16.95 23
POO1.11A 8.906 32 38 8.899 208 52 8.871 300 2 16.09 20

POO1.11B 9.541 214 11 9.526 347 74 9.503 121 11 17.04 . 19

POO1.12 10.260 204 14 10.240 305 38 10.220 97 49 19.18 14

POO1.13A 5.083 91 41 5.076 218 35 5.060 332 29 15.63 8

POO1.13B 6.891 180 10 6.884 283 51 6.853 82 37 17.58 7

84



TABLE A3.3Directions (D - declination, I- inclination) of the principal susceptibilities, weigth (g) and position (height above base of unit in
em, last column) of all specimens of hawaiian P-type pllhoehoe lava used in Chapter 5.

SPECIMEN Kmax Dmax Imax ~ Dint lint Kmln Dmln Imln Weight SP
x 10-3 l( 10-3 X 10.3

HP05.01A 4.570 311 32 4.554 65 32 4.538 188 41 18.73 70.0
HPOS.01B 4.684 337 33 4.650 225 30 4.637 104 42 16.22 68.0
HP05.01C 5.822 54 40 5.794 147 4 5.775 241 50 17.85 66.0
HP05.01D 5.584 182 37 5.555 63 32 5.525 306 36 21.45 64.0
HP05.01E 5.307 151 32 5.302 315 57 5.294 57 7 22.27 62.0
HP05.02A 7.975 155 12 7.950 271 64 7.919 59 23 19.58 61.0
HP05.02B 5.030 144 5 5.015 237 27 5.008 45 63 22.60 59.0
HP05.02C 4.541 140 8 4.538 245 59 4.531 45 29 20.83 57.0
HP05.03A 3.197 93 31 3.190 359 7 3.177 259 59 16.33 55.0

.~ HP05.03B 3.661 234 13 3.658 140 15 3.652 2 70 20.50 53.0
co HP05.04A 5.596 240 • 23 5.580 145 11 5.568 31 64 20.00 51.0

HP05.04B 4.354 246 7 4.352 155 12 4.338 4 76 18.56 49.0
HP05.05A 6.456 260 30 6.447 354 8 6.444 98 58 21.79 47.0
HP05.05B .4.561 196 33 4.556 80 34 4.554 318 38 20.49 45.0
HP05.05C 5.128 86 11 5.125 181 21 5.120 330 66 21.86 44.0
HP05.06A 5.745 46 73 5.741 172 10 5.728 264 14 20.28 43.0
HP05.06B 6.403 347 34 6.391 165 56 6.382 257 1 21.59 42.0
HP05.06C 6.507 335 32 6.497 166 57 6.489 68 5 22.90 41.0
HP05.07A 6.806 125 14 6.783 24 39 6.763 230 47 23.46 25.0
HP05.07B 6.852 184 23 6.622 87 16 6.783 325 61 22.05 23.0
HPOS.07C 7.606 175 8 7.586 267 13 7.551 53 74 24.87 21.0
HP05.08A 6.183 290 9 8.126 21 6 8.050 146 79 23.29 15.0
HP05.0BB 8.231 293 12 8.168 24 3 8.102 127 78 22.31 13.0
HP05.0aC 8.963 292 9 8.905 23 2 8.838 126 81 24.72 11.0



TABLE A3.3 (CONTINUED) Directions of the principal susceptibilities, weigth (g) and position of P-type pahoehoe (Chapter 5).

SPECIMEN Knox Dmax Imlll Kmt Dint lint Knln °mln Imln Weight SP
x 10.3 X 1ct3 X 10-3

HP05.09B 5.805 300 13 5.794 31 2 5.777 128 77 20.45 5.0

HP05.09C 6.716 98 3 6.695 7 25 6.686 196 65 22.08 4.5

HP05.10A 5.770 149 9 5.734 56 21 5.722 261 67 24.23 4.0

HP05.10B 5.255 162 9 5.223 69 18 5.194 279 70 25.03 2.0

72.0

HP04.01A 1.854 190 67 1.845 339 20 1.833 73 11 17.85 30.0

HP04.01B 1.272 142 53 1.269 332 36 1.267 238 5 22.79 27.5

HP04.01C 1.931 26 5 1.928 116 1 1.925 213 85 20.28 25.0

HP04.02A 1.196 145 25 1.192 313 65 1.187 53 5 14.81 30.0
N HP04.02B 1.807 206 67 1.793 15 23 1.790 107 4 21.97 27.5....
0

HP04.02C 1.712 344 2 1.709 89 84 1.709 254 6 21.75 25.0

HP04.02D 2.212 49 18 2.206 178 62 2.200 312 20 19.64 22.5

HP04.02E 2.864 98 55 2.858 277 35 2.855 8 1 19.08 20.0

HP04.03A 1.727 8 5 1.726 99 15 1.725 261 74 10.55 17.0

HP04.03B 1.987 279 6 1.982 189 '0 1.981 46 80 12.75 14.0

HP04.03C 2.262 117 4 2.259 209 29 2.252 20 60 13.92 11.0

HP04.030 3.214 321 39 3.208 223 10 3.201 120 49 21.32 8.0

HP04.03E 2.915 184 16 2.912 275 2 2.906 14 74 19.19 5.0

HP04.04A 2.589 260 12 2.586 79 78 2.582 170 0 10.13 17.0

HP04.04B 3.169 94 15 3.167 212 60 3.159 357 25 14.17 14.0

HP04.04C 3.132 181 34 3.128 85 9 3.125 342 54 14.01 11.0

HP04.04D 2.864 188 22 2.863 94 10 2.857 342 66 16.77 8.0

30.0



TABLE A3.3 (~ONTINUEO) Directions of 'he principal susceptibilities, weigth (g) and position of P-type pahoehoe (Chapter 5).

SPECIMEN K.n.x Dmax Imax I<tnt Oint lint Kmln Dmln Imln Weight SP
x 1(t3 X 10-3 x 10-3

WAOO.1A 13.920 358 1 13.850 88 7 13.610 258 83 19.04 305.0

WAOO.1B 15.750 185 2 15.610 95 10 15.440 285 80 19.71 303.0

WAOO.2A 11.660 212 4 11.590 302 0 11.490 33 86 19.00 295.0

WAOO.2B 11.060 218 4 11.000 308 7 10.940 96 82 21.74 294.0

WAOO.2C 11.100 215 5 11.050 305 3 10.970 71 84 19.53 293.0

WAOO.3A 21.640 219 18 21.280 311 6 21.090 57 71 20.72 292.0

WAOO.3B 14.170 207 14 14.090 116 5 14.010 8 75 22.02 290.0

WAOO.3C 11.660 203 12 11.580 113 2 11.530 12 78 21.83 288.0

WAOO.4A 17.050 241 16 16.900 335 14 16.720 105 69 24.58 281.0

WAOO.4B 12.530 215 11 12.440 307 10 12.340 79 75 22.31 279.0
N WAOO.4C 10.300 220 11 10.230 129 7 10.190 5 77 25.70 277.0..........

WACO.5B 18.080 . 200 17 17.910 291 2 17.860 27 73 27.41 262.0

WACO.5C 28.480 212 17 28.290 303 1 28.210 35 73 28.19 261.0

WAOO.6A 20.660 210 17 20.400 117 8 20.140 4 71 24.23 241.0

WAOO.6B 24.220 203 15 23.880 297 15 23.600 71 68 26.17 240.0

WAOO.6C 17.690 183 10 17.530 275 14 17.310 57 73 27.95 239.0

WAOO.7A 15.050 347 2 14.980 251 70 14.950 77 19 26.42 221.0

WAOO.7B 16.150 149 36 16.050 6 48 15.980 254 19 29.38 220.0

WAOO.8 12.910 211 19 12.640 118 9 12.460 4 69 28.34 184.0

WAOO.9 15.300 194 11 15.170 306 63 14.830 99 24 26.54 150.0

WAOO.i0A 12.400 196 5 12.290 65 83 12.060 286 6 28.33 123.0

WAOO.1DB 10.670 193 7 10.600 57 81 . 10.410 284 6 27.65 122.0

WAOO.11A 12.910 28 8 12.720 297 3 12.310 184 81 29.31 88.0

WAOO.11B 12.080 29 6 11.960 120 2 11.570 225 84 29.27 87.0

WAOO.12A 15.410 198 16 15.270 297 29 14.950 83 56 25.19 176.0



TABLE A3.3 (CONTINUED) Directions of the principal susceptibilities, weigth (g) and position of P-type pahoehoe (Chapter 5).

SPECIMEN Kmax Dmax Imax Kmt Dint lint Kmln Dmln Imln Weight SP
x 1(t3 x 1(t3 x 10.3

WAOO.12B 15.290 191 20 15.180 295 35 14.890 77 49 26.97 175.0
WAOO.13 16.440 356 6 16.330 232 80 15.890 87 9 26.16 158.0
WAOO.14 15.240 27 16 15.110 . 237 72 14.740 119 9 27.55 148.0
WAOO.15A 11.860 25 14 11.790 289 23 11.540 144 63 24.52 131.0
WAOO.15B 10.980 20 16 10.890 280 29 10.700 134 56 28.17 130.0
WAOO.16A 11.370 44 13 11.290 302 39 11.050 149 48 22.46 116.0
WAOO.16B 12.180 13 22 12.090 275 20 11.850 146 59 27.70 115.0
WAOO.17 11.800 36 5 11.690 304 25 11.350 136 64 29.09 73.0
WAOO.1S 12.380 29 7 12.260 295 31 12.100 131 58 28.02 53.0
WAOO.19A 8.971 168 41 8.907 56 24 8.815 304 40 20.59 33.0

I\) WAOO.19B 8.884 161 47 8.807 43 24 8.703 296 34 20.60 32.0-I\)
WAOO.19C 8.914 120 60 8.851 11 11 8.796 275 28 19.94 31.0
WAOO.20A 16.500 215 54 16.440 112 9 16.130 15 35 20.06 13.0
WAOO.20B 17.100 154 43 17.010 262 18 16.740 9 42 19.74 12.0
WAOO.20C 16.620 140 37 16.440 27 28 16.340 270 41 19.60 11.0

305.0

HP03.01 1.025 334 3 1.023 73 70 1.022 243 19 23.46 20.0
HP03.02 1.587 130 2 1.586 32 79 1.583 220 11 22.47 14.0
HP03.03 0.997 58 64 0.995 287 18 0.995 191 18 18.59 8.0
HP03.04 0.803· 184 66 0.802 7 24 0.801 277 1 24.83 10.0
HP03.05 0.800 72 31 0.800 303 47 0.798 180 27 19.97 4.0

20.0



TABLE A3.3 (CONTINUED) Directions of the principal susceptibilities, weigth (g) and position of P-type pahoehoe (Chapter 5).

SPECIMEN Kmax Dmax Imll)( Kmt Oint lint Kmtn Dmtn Imln Weight SP
X1()""3 X 10-3 X 10-3

HP01.01 10.540 180 13 10.530 271 2 10.500 11 77 19.06 111.0

HP01.02 9.523 87 14 9.514 180 10 9.478 304 72 21.12 97.0

HP01.03A 9.075 151 17 9.052 58 8 9.005 305 71 15.75 81.0

HP01.03B 8.571 134 5 8.560 44 3 8.518 282 84 20.68 80.5

HP01.04 7.849 128 14 7.843 218 0 7.806 309 76 21.17 68.0

HP01.05 8.697 173 19 8.686 266 10 8.627 22 68 22.56 52.0

HP01.06 8.800 299 10 8.781 32 13 8.753 173 73 25.15 39.0

HP01.07 8.683 283 8 8.660 16 17 8.643 168 71 23.95 33.0

HP01.08 8.169 304 25 8.142 208 12 8.097 95 62 24.58 23.0

HP01.09 8.616 293 30 8.579 201 4 8.554 104 60 23.36 17.0
ON

HP01.10A 8.457 295 26 8.427 32 14 8.384 148 60 15.41 11.0....
(,0)

HP01.10B 8.842 313 16 8.816 47 13 8.784 175 69 20.04 9.0

137.0



TABLE A3.4 Directions (0 R declination, I R inclination) of the principal susceptibilities, weigth (g) and position (height above base of unit in
em, last column) of all specimens of hawaiian a'a used in Chapter 5.

SPECIMEN Kmax Omu Imax K.nt Oint lint K.nln °mln Imln Weight SP
x 1Q"3 x 1(t3 . x 10-3

HA01.01A 25.720 239 21 25.500 147 3 25.180 49 69 22.23 124
HA01.01B 39.320 228 7 39.010 352 78 38.640 136 10 24.12 123

HA01.01C 26.190 224 29 25.910 339 37 25.780 106 39 19.74 122

HA01.02A 29.950 271 13 29.640 7 26 29.160 156 61 26.97 108

HA01.02B 34.650 269 37 34.180 62 50 33.950 169 14 25.16 106

HA01.03A 18.260 265 39 17.880 103 49 17.740 2 9 14.67 91

HA01.03B 32.290 264 30 31.600 112 56 31.360 2 13 25.29 90

HA01.04 34.200 267 15 33.550 118 72 33.230 359 9 24.41 80

HA01.0SA 34.050 274 33 33.420 47 47 33.210 166 25 24.01 65

. N HA01.05B 46.580 276 25 45.940 11 12 45.560 125 62 25.29 64
-".,.. HA01.05C 32.010 270 • 23 31.460 43 57 31.170 171 21 23.22 63

HA01.06A 29.590 288 12 29.110 92 77 28.870 197 3 21.75 58

HA01.06B 34.020 274 18 33.560 100 72 33.250 5 2 26.00 57

HA01.07A 38.640 82 2 38.030 175 55 37.890 350 35 27.15 48

HA01.07B 37.770 79 9 37.320 173 26 37.020 331 63 23.98 47
HA01.08A 42.850 255 16 42.450 158 24 41.750 15 60 26.81 33

HA01.08B 43.560 244 4 43.140 151 36 42.650 340 53 24.84 32

HA01.09A 38.240 245 7 37.880 335 5 37.210 103 81 27.53 22
HA01.09B 31.150 242 8 30.830 152 0 30.410 61 82 25.00 20

HA01.09C 32.120 245 9 31.770 338 20 31.180 133 68 25.16 18

HA01.10A 27.640 225 10 27.250 319 21 26.980 111 66 25.08 6

HA01.10B 31.060 220 0 30.600 130 12 30.370 312 78 27.40 4
130



TABLE A3.4 (CONTINUED) Directions ofthe principal susceptibilities, weigth (g) and position of a's (Chapter 5).

SPECIMEN Kmax Dmax Imlll Klnt Dint lint Kmln °mln Imln Weight SP
x 10-3 X1<t3 X10-3

HA02.01A 27.730 271 28 27.560 98 62 27.210 3 3 15.93 30
HA02.01B 39.570 258 18 39.200 64 72 39.000 167 4 23.23 29
HA02.01C 30.170 83 2 29.810 327 86 29.620 173 4 24.67 28
HA02.01D 24.360 68 3 23.900 338 3 23.830 205 86 25.29 27
HA02.02A 19.240 51 20 19.070 310 28 18.960 172 54 21.43 18
HA02.02B 18.990 48 31 18.750 302 25 18.560 180 48 20.86 17
HA02.02C 34.680 115 33 34.500 343 47 34.260 223 25 23.59 16
HA02.03A 24.060 67 41 23.740 324 14 23.330 219 46 18.82 17
HA02.03B 29.420 44 14 29.050 309 22 28.440 164 64 26.60 16
HA02.03C 34.920 246 1 34.550 337 20 33.840 153 70 23.32 15

I\) HA02.04A 28.970 237 8 28.660 330 20 28.080 125 68 24.73 8.....
CIt

HA02.04B 29.610 239 17 29.340 335 20 28.820 111 63 24.18 7
HA02.04C 27.450 252 10 27.030 343 6 26.400 105 79 25.77 6
HA02.05A 17.740 263 28 17.470 169 8 17.380 65 61 19.35 4
HA02.05B 20.730 261 37 20.580 156 18 20.260 46 47 22.72 3
HA02.05C 31.070 175 31 30.900 289 34 30.160 54 40 19.70 2

30

HA03.01A 7.126 161 60 7.122 300 23 7.097 38 17 12.70 25
HA03.01B 7.589 292 75 7.571 120 15 7.550 29 2 13.82 24
HA03.01C 8.167 286 25 8.149 158 53 8.141 28 25 14.47 23
HA03.01D 13.790 297 52 13.710 207 0 13.620 117 38 13.92 22
HA03.02A 4.238 139 59 4.235 262 18 4.223 0 24 9.73 20
HA03.02B 5.632 85 65 5.611 232 21 5.605 327 12 12.29 19
HA03.02C 5.977 64 53 5.957 192 25 5.943 295 26 12.52 18



TABLE A3.4 (CONTINUED) Directions ofthe principal susceptibilities, weigth (g) and position of a'a (Chapter 5).

SPECIMEN Kmax °mu 'max Kurt Dint 'Int Km1n °mln Imln Weight SP
x 10-3 X 10.3 X 10-3

HA03.02D 5.890 56 53 5.869 172 18 5.862 273 31 12.35 17

HA03.03A 5.177 117 3 5.150 285 87 5.144 27 1 8.10 13

HA03.03B 5.982 101 14 5.976 200 32 5.973 351 54 12.21 14

HA03.03C 6.716 50 65 6.685 172 14 6.675 267 20 12.47 13
HA03.030 12.530 84 52 12.490 341 10 12.450 244 36 16.66 12

HA03.04A 29.710 132 10 29.560 246 67 29.300 38 21 19.07 7

HA03.04B 36.490 248 52 36.210 150 6 36.020 56 37 17.80 6

HA03.04C 30.280 296 42 30.020 206 0 29.900 116 48 17.94 5

29

N HA04.01A 63.950 329 48 63.540 119 38 63.010 221 15 20.17 161..
m

60.700 113 86 59.370 11 1 59.020 281 23.35HA04.01B 4 160
HA04.01C 61.130 288 45 60.870 171 25 59.980 62 35 23.21 159

HA04.02A 36.410 234 41 36.200 349 25 36.140 101 38 19.28 147

HA04.02B 42.740 292 58 42.450 174 16 42.160 76 27 24.95 145

HA04.02C 42.080 278 67 41.910 164 10 41.470 70 20 24.35 143

HA04.02D 40.890 176 33 40.660 303 42 40.340 64 30 24.71 141
HA04.02E 42.800 251 60 42.540 349 4 42.120 81 30 26.85 139
HA04.03A 32.660 320 70 32.260 57 3 32.120 148 20 17.17 130
HA04.03B 36.580 22 30 36.420 239 55 36.140 123 18 25.35 129

HA04.04A 34.130 . 251 22 34.060 354 30 33.920 131 51 23.55 . 116

HA04.04B 39.490 213 5 39.140 310 55 38.970 120 34 27.65 115

HA04.04C 40.220 214 32 39.620 324 29 39.040 86 44 28.39 114

HA04.05A 55.530 73 1 55.480 163 5 54.920 332 85 19.11 105

HA04.05B 76.040 142 16 75.890 245 39 75.750 34 47 25.23 103



TABL.E A3.4 (CONTINUED) Directions ofthe principal susceptibilities, weigth (9) and position of a'a (Chapter 5).

SPECIMEN Kmax Dmax Imlll Kmt °lirt lint Kmln °mln Imln Weight SP
x 1()"3 x 1Q'"3 x 10-3

HA04.05C 64.220 257 30 64.190 132 45 63.920 6 30 23.85 101

HA04.050 57.670 230 45 57.120 137 3 56.780 44 45 25.11 99

HA04.05E 69.950 200 28 69.640 304 25 69.420 68 51 24.48 97

HA04.06A 28.470 201 32 27.870 310 28 27.610 72 45 18.81 100

HA04.06B 42.540 295 57 42.320 187 12 41.800 90 31 26.36 98

HA04.06C 51.820 298 52 51.210 187 15 50.800 87 34 27.38 97

HA04.07A 42.280 358 15 42.010 254 43 41.110 102 43 24.17 80

HA04.07B 56.950 323 40 56.440 214 21 55.320 104 43 28.44 79

HA04.07C 55.470 325 38 54.680 219 19 53.710 109 45 29.57 78

HA04.08A 49.840 . 39 41 49.330 226 49 48.790 132 4 28.84 68
N HA04.08B 51.070 44 14 56.840 221 76 56.280 313 1 27.97 67.........

HA04.08C 58.040 36 18 57.620 263 65 56.930 132 17 28.66 66

HA04.09 44.060 44 14 43.390 311 13 42.810 180 71 27.04 52

HA04.10A 48.770 168 21 48.550 69 22 47.060 296 59 26.09 44

HA04.10B 44.710 156 18 44.070 58 23 42.980 282 60 28.17 43

HA04.11A 32.540 132 13 31.880 41 5 31.370 292 76 18.76 41

HA04.11B 56.240 147 17 53.650 244 22 52.200 23 62 26.56 40

HA04.11C 49.360 145 4 48.220 236 10 47.500 34 80 28.83 39

HA04.12A 31.460 134 8 30.310 242 66 30.250 40 23 15.49 30

HA04.12B 42.460 132 6 41.470 224 11 41.040 16 77 28.00 29

HA04.12C 39.630 122 6 38.940 213 10 38.360 1 78 27.52 28

HA04.13A 43.020 295 6 41.560 202 26 40.970 37 63 15.78 24

HA04.13B 35.190 285 3 34.450 195 10 33.920 33 79 26.42 22

HA04.13C 42.060 288 4 40.930 198 9 40.430 39 80 29.81 20

HA04.13D 45.280 288 17 44.290 198 2 44.080 100 73 28.92 18



TABLE A3.4 (CONTINUED) Directions of the principal susceptibilities, weigth (g) and position of a'a (Chapter 5).

SPECIMEN Kmax Dmax Imax Kmt Oint lint Km1n °mln Imln Weight SP
x 10.3 X 10-3 X10.3

HA04.14A 45.250 354 7 44.370 264 1 43.970 164 83 28.32 10

HA04.14B 48.500 344 7 47.390 78 28 47.010 241 61 28.28 8
171

P004.01A 15.400 48 28 15.060 286 45 14.930 158 32 17.89 91

P004.01B 20.010 48 19 19.560 294 50 19.380 152 34 23.53 90

P004.01C 18.390 50 20 17.910 286 58 17.760 149 25 20.42 89

POO4.02A 24.320 344 5 24.040 253 13 23.540 93 76 21.38 80

POO4.02B 26.790 325 3 26.700 234 4 26.100 84 85 21.59 79

P004.03A 30.820 330 45 30.400 221 18 29.820 115 40 23.15 70
N POO4.03B 30.670 329 38 30.220 221 21 29.710 109 44 25.01 69....
O!'

25.780 324 6 25.350 233 12P004.04 24.950 82 76 24.43 62

P004.05A 20.310 321 28 19.920 226 8 19.480 123 61 19.50 54

P004.05B 28.260 317 25 27.620 224 7 26.830 120 64 25.64 53

P004.06 21.760 321 5 21.320 230 12 20.940 74 77 25.29 44

P004.07A 18.140 323 11 17.760 229 19 17.310 81 66 21.80 32

P004.07B 20.570 321 17 20.110 225 19 19.650 90 65 25.39 31

POO4.08 20.050 314 9 19.730 218 33 19.410 58 55 25.92 12

POO4.09A 18.470 162 9 18.220 253 7 17.930 22 79 20.98 9

P004.09B 33.060 129 18 32.940 31 23 32.470 254 60 26.87 8

P004.09C 33.470 146 2 33.290 236 14 32.120 47 16 26.69 7
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TABLE A3.4 (CONTINUED) Directions ofthe principal susceptibilities, weigth (g) and position of a'a (Chapter 5).

SPECIMEN Kmax Omax 'max Klnl Dint Ilnl Kmln °mln Imln Weight SP
x 10.3 X 10-3 X 10.3

PU02.01 12.340 248 15 12.310 344 19 12.220 123 66 18.00 47
PU02.02 14.300 295 40 14.260 190 17 14.190 83 45 21.14 43
PU02.03 13.820 139 4 13.790 32 75 13.710 230 14 20.53 37
PU02.04 15.130 279 6 15.100 187 14 14.980 29 75 21.70 36
PU02.05 15.580 234 9 15.540 109 75 15.470 325 12 23.00 25
PU02.06 14.470 265 11 14.420 175 4 14.400 62 79 21.72 18
PU02.07 13.700 92 31 13.680 182 1 13.630 274 59 20.36 14
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TABLE A3.5 Directions (0 - declination, 1- inclination) ofthe principal susceptibilities, weigth (g) and position (height above exposed base of
unit in em, last column) of all specirnens of hawaiian toothpaste lava used in Chapter 5.

SPECIMEN Kmax Omax 'max Kmt Dint lint Kmln °mln Imln Weight SP
x1(t3 X 10.3 x10-3

HTBO.1A 16.870 141 44 16.820 291 42 16.790 36 16 23.28 94

HTBO.1B 10.310 284 14 10.300 135 74 10.140 16 8 23.20 93

HTBO.2 9.266 119 18 9.188 263 68 9.028 25 12 25.89 73

HTBO.3 12.700 241 28 12.670 113 50 12.490 347 27 24.82 70

HTBO.4A 8.950 246 28 8.886 107 55 8.846 347 19 16.89 63

HTBO.4B 6.994 95 61 6.940 235 23 6.759 333 17 26.29 62

HTBO.5A 14.370 337 74 14.340 230 5 14.200 138 15 19.61 52

HTBO.5B 7.793 199 76 7.751 60 11 7.682 328 9 23.63 51

HTBO.6A 10.330 235 9 10.270 350 69 10.200 142 19 18.24 42

~
HTBO.6B 5.a77 262 75 5.855 77 15 5.721 168 1 27.06 41

0 HTBO.1A 12.520 54 17 12.380 304 48 12.160 157 37 16.54 25

HTBO.7B . 7.212 313 80 7.199 70 4 7.012 161 9 25.90 24

HTBO.8A 11.610 339 55 11.490 74 3 11.310 166 35 16.10 16

HTBO.8B 7.218 65 24 7.173 251 66 7.070 156 2 28.14 15

HTBO.9A 13.480 43 36 13.220 279 -38 12.990 160 32 20.63 5

HTBO.9B 7.914 76 12 7.849 227 76 7.703 344 6 27.80 4
100

HTFO.1A 20.910 116 38 20.610 0 30 20.480 244 38 25.01 108

HTFO.1B 20.420 129 22 20.200 22 36 19.980 244 45 24.07 106

HTFO.2A 31.480 109 84 31.040 343 3 30.650 253 5 17.67 91

HTFO.2B 21.940 176 73 21.510 350 17 21.280 81 2 27.67 89

HTFO.3A 23.060 328 56 22.910 155 34 22.660 63 3 28.28 82

HTFO.3B 24.540 302 63 24.210 161 22 23.970 64 15 28.77 80



TABLE A3.S (C.ONTINUED) Directions ofij'te principal susceptibilities, weigth (g) and position of toothpaste lava (Chapter 5).

SPECIMEN Kma. Om.. Imo !<tnt Dint lint Kmln °mln 'min Weight SP
)( 10-3 X 10-3 X 10-3

HTFO.4 22.390 294 49 22.100 183 17 21.840 eo 36 27.77 72

HTFO.5 23.460 272 78 23.120 152 6 22.670 61 10 28.92 66

HTFO.6A 21.070 285 76 20.650 150 10 20.550 58 9 13.61 58

HTFO.6B 24.170 282 74 23.750 171 6 23.530 79 15 29.44 56

HTFO.7 26.730 265 47 26.390 168 7 25.870 72 42 29.10 50

HTFO.8 24.110 272 28 23.580 178 8 23.350 74 60 28.87 40

HTFO.9 21.430 280 29 20.970 75 59 20.870 184 11 28.45 26

120

TPOO.01 6.190 100 32 6.155 200 15 6.083 312 54 23.58 110
N TPOO.02 6.282 132 26 6.245 235 26 6.232 4 52 23.05 105
N
-'"

TPOO.03 6.876 113 31 6.867 209 11 6.795 316 57 20.23 99

TPOO.04 5.033 198 25 5.032 91 32 4.979 318 48 24.69 96

TPOO.05 8.261 207 6 8.226 115 21 8.191 313 68 23.80 88

TPOO.06 8.726 305 1 8.697 35 10 8.572 209 80 27.41 81

TPOO.07 6.958 180 25 6.929 87 6 6.821 346 64 27.27 72

TPOO.OB 9.875 261 9 9.825 158 55 9.662 357 33 25.95 63

TPOO.09 9.009 157 58 8.997 45 13 8.950 307 28 26.94 56

TPOO.10 8.980 98 22 8.947 203 33 8.801 341 49 27.48 55

TPOO.11 8.533 104 31 8.452 215 31 8.314 339 44 26.49 49

TPOO.12 9.135 . 125 6 9.031 215 4 8.972 339 82 25.55 42

TPOO.13 7.698 102 30 7.627 216 35 7.480 343 40 27.80 36

TPOO.14 7.646 111 36 7.614 229 33 7.512 348 37 27.63 26

TPOO.15 6.079 152 86 6.062 280 3 6.007 10 3 23.47 18
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TABLE A3.5 (CONTINUED) Directions ofthe principal susceptibilities, weig1h (9) and position oftoothpaste lava (Chapter 5).

SPECIMEN K",ax Dmax Imax ~nt Dint lint K",I" Dmln
'
mln Weight SP

x 10.3 X 10.3 X 10.3

TP01.01 6.713 128 25 6.690 30 16 6.676 271 60 23.61 53
TP01.02 5.542 171 3 5.512 281 82 5.508 80 8 22.72 48

TP01.03 5.633 175 17 5.604' 80 19 5.557 305 65 22.78 43

TP01.04 5.962 143 22 5.934 50 7 5.892 303 67 22.55 37

TP01.05 7.221 94 26 7.202 184 0 7.144 274 64 23.14 26

TP01.06 7.475 175 21 7.448 69 36 7.373 289 47 24.97 19
TP01.07 6.569 96 36 6.563 286 54 6.554 189 5 24.07 13

TP01.08 3.726 101 47 3.709 207 14 3.704 309 39 22.37 9

TP01.09 4.409 240 19 4.408 139 27 4.397 1 56 21.02 4
58

~



TABLE A3.S Directions (0 - declination, 1- inclination) ofthe principal susceptibilities, weigth (g) and position (last column: lower section
(CRO.001-CRO.023B): height above base of outcrop; upper section (CRO.138A - CRO.1 01): depth below top of unit, in m) of all specimens
from the Birkett flow, eRB, used in Chapter 7.

SPECIMEN K.nax Omax lmax Kmt Dint lint K.nln °mln Imln Weight SP
x 1(t3 x 1(t3 x 10-3

CRO.001 2.066 338 5 2.058 76 57 2.055 245 32 21.96 7.86

CRO.OO2A 1.552 87 41 1.532 339 20 1.511 230 43 14.68 8.04

CRO.OO2B 2.720 282 4 2.713 189 41 2.706 17 49 19.19 8.06

CRO.003 2.549 55 18 2.542 152 21 2.537 288 62 21.28 8.08

CRO.004 1.639 142 39 1.638 29 26 1.634 275 40 17.29 8.36

CRO.OOSA 1.533 229 56 1.529 319 0 1.527 49 34 17.80 8.47

~
CRO.OO5B 2.259 172 13 2.255 76 25 2.254 286 62 21.83 8.49

e..t CRO.OO6A 2.309 341 55 2.305 80 7 2.304 175 34 20.44 8.55

eRO.006B 3.860 58 22 3.852 291 56 3.835 159 25 24.29 8.57

CRO.C07A 3.842 270 36 3.838 168 17 3.831 57 49 24.10 8.84

CRO.007B 4.202 104 13 4.196 215 56 4.196 6 31 21.26 8.86

CRO.OOB 6.250 63 68 6.238 213 19 6.231 307 10 23.11 8.93

. CRO.009 3.532 37 55 3.526 137 6 3.520 231 34 24.37 9.08

CRO.D10 7.034 272 18 7.023 33 56 6.940 173 26 26.90 9.60

CRO.011 2.185 156 25 2.181 53 26 2.177 284 52 18.55 9.83

CRO.012 2.729 93 9 2.718 188 32 2.716 350 57 18.64 9.85

CRO.013 4.919 246 15 4.914 10 63 4.827 150 21 21.12 9.99

CRO.014 2.272 289 5 2.269 22 34 2.260 192 56 21.61 10.07



TABLE A3.6 (CONTINUED) Directions ofthe principal susceptibilities, weigth (g) and position of Birkett flow (Chapter 7).

SPECIMEN Kmax Dmax lmax Kint Dint lint K",ln °mln Imln Weight SP
x 10.3 X10.3 X 10.3

CRO.015 2.493 280 1 2.488 12' 64 2.477 190 26 21.80 10.13

CRO.016 2.810 275 <4 2.799 86 85 2.793 185 1 25.88 10.21

CRO.017 2.122 275 13 2.112 17 43 2.108 172 44 24.45 10.22

CRO.018 4.656 28 77 4.622 257 9 4.525 165 10 27.43 10.29

CRO.019 5.991 26 77 5.955 254 9 5.829 162 9 27.32 10.36

CRO.020A 2.308 263 12 2.306 24 68 2.301 169 18 23.92 10.42

CRO.020B 4.544 337 72 4.514 68 0 4.433 158 18 21.37 10.44

.'oJ CRO.021 3.947 32 59 3.933 273 17 3.885 175 26 25.82 10.52
N
~ CRO.022 3.565 1 24- 3.547 121 48 3.478 255 32 22.50 10.58

CRO.023A 5.403 42 70 5.360 260 16 5.175 167 11 26.25 10.64

CRO.023B 9.322 309 76 9.267 77 8 8.798 168 11 25.84 10.66

CRO.138A 1.800 203 44 1.795 44 44 1.790 304 11 24.61 22.50

CRO.1386 1.839 189 48 1.836 11 42 1.833 280 1 26.11 22.48

CRO.137 6.187 270 19 6.145 1 3 6.126 99 71 25.96 22.50

CRO.136 3.014 15 54 3.073 147 26 3.069 249 24 24.30 21.80

CRO.135 6.516 69 48 6.548 279 38 6.502 176 15 29.33 22.00

CRO.134 5.632 44 41 5.624 284 30 5.613 171 34 24.18 21.50

CRO.133 6.180 183 1 6.147 93 2 6.117 300 88 22.69 20.60



TABLE A3.6 (CONTINUED) Directions of the principal susceptibilities, weigth (g) and position of Birkett flow (Chapter 7).

SPECIMEN Kmax Dmax Imax K.rt Dint lint Kmln Dml" Imln Weight SP
x 1(t3 x 1(t3 x 10-3

CRO.132 3.460 313 74 3.447 78 9 3.433 170 13 19.41 20.50

eRO.131 12.340 281 77 12.240 64 10 12.130 155 8 28.49 19.90

CRO.130 10.200 83 43 10.160 254 47 10.030 349 4 29.85 19.80

CRO.129 19:270 266 75 18.720 95 15 17.480 5 2 29.89 19.25

CRO.128 18.250 47 76 18.040 248 13 17.020 157 5 29.82 19.10

CRO.127 8.888 1 81 8.853 236 5 8.547 146 7 28.13 18.45

CRO.126 6.124 181 27 6.080 351 63 6.024 89 4 19.35 17.30

~
CRO.125 6.042 185 12 6.017 277 7 5.951 35 76 26.31 16.60

(II CRO.124 14.360 189 15 13.950 98 4 13.540 354 74 28.57 15.10

CRO.123 "0.930 359 2 10.750 268 20 10.380 95 70 27.49 14.90

CRO.122 9.216 322 26 9.135 89 51 9.045 218 27 24.38 13.70

CRO.121 4.103 314 68 4.066 81 13 4.038 175 17 19.51 12.60

CRO.120 4.405 167 50 4.394 303 31 4.386 47 23 26.11 12.10

CRO.119 8.579 204 13 8.487 113 4 8.441 8 76 23.28 11.50

CRO.118 8.743 357 3 8.419 88 12 8.268 256 78 20.73 11.20

CRO.117 4.547 5 55 4.499 100 3 4.493 192 35 30.23 10.60

CRO.116 6.468 316 78 6.459 175 9 6.442 84 7 22.39 10.15

CRO.115 6.022 305 41 5.984 122 49 5.955 213 1 26.04 9.60

CRO.114 6.262 254 42 6.206 72 48 6.180 163 1 22.46 9.10



TABLE A3.6 (C.ONTINUED) Directions of the principal susceptibilities. weigth (g) and position of Birkett flow (Chapter 7).

SPECIMEN Kmax Om"" ImOl( K..t Ohlt lint Kmln Dmln Imln Weight SP
x 1(t3 X 10"3 x 10-3

CRO.113 6.263 154 60 6.210 268 13 6.130 4 26 28.75 8.50

CRO.112 8.516 259 59 8.400 107 28 8.309 11 12 27.58 7.70

CRO.111 10.060 55 61 9.875 264 26 9.466 168 12 29.72 7.30

CRO.110 16.570 299 41 16.490 99 47 16.200 200 10 29.50 6.45

CRO.109 12.350 178 77 12.260 331 12 11.990 62 6 28.38 5.90

CRO.108 24.210 108 78 23.220 330 9 22.800 239 8 29.61 5.00

CRO.107 13.520 315 83 13.190 87 4 12.710 178 5 30.04 4.40

CRO.106 12.980 252 60 12.730 68 30 12.480 159 1 29.53 3.80
~

16.620 . 21 85 16.190 2780) CRO.105 1 15.930 188 5 29.69 2.80

CRO.104 15.940 209 56 15.680 71 27 15.510 331 20 29.41 2.50

CRO.103 17.650 290 89 17.380 94 1 17.020 184 0 29.89 1.80

CRO.102 15.740 32 18 15.530 189 70 15.290 299 7 30.00 1.30

CRO.101 27.010 351 55 26.650 157 34 26.050 251 7 30.69 0.79
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